Synthesis of Polymer-DNA Origami
Hybrid Nanostructures

Dissertation

zur Erlangung des Grades “Doktorin der Naturwissenschaften”
im Promotionsfach Chemie

am Fachbereich Chemie, Pharmazie, Geographie und Geowissenschaften
der Johannes Gutenberg-Universitat Mainz

Pia Winterwerber

Mainz 2023

JG|u

MAX-PLANCK-INSTITUT sonannes GUTENBERG
FUR POLYMERFORSCHUNG UNIVERSITAT MAINZ



Dekan I

1. Berichterstatter _
2. Berichterstatter _

Datum der miindlichen Priifung: 24.07.23



D77 — Mainzer Dissertation

Die vorliegende Arbeit wurde in der Zeit von Juni 2018 bis Juni 2022 am Max-Planck-Institut fur

Polymerforschung | - cfetist.

Hiermit versichere ich, Pia Winterwerber, gemall § 10 Abs. 3d der Promotionsordnung vom
24.07.2007:

Ich habe die jetzt als Dissertation vorgelegte Arbeit selbststandig angefertigt und alle benutzten
Hilfsmittel (Literatur, Apparaturen, Material) in der Arbeit angegeben. Ich habe die Dissertation nicht
als Prifungsarbeit fir eine andere Priifung eingereicht. Ich habe weder die jetzt als Dissertation
vorgelegte Arbeit noch Teile der Abhandlung als Dissertation bei einer anderen Fakultdt oder einem

anderen Fachbereich eingereicht.

Mainz, Juni 2023

Pia Winterwerber



Danksagung



Publications

Over the course of my PhD project, | was working on the publications presented below. The

publications are listed according to their appearance in this thesis.

Publication list

1. ,,Functional DNA-Polymer Conjugates”

Whitfield, C. J.¥, Zhang, M.*, Winterwerber, P., Wu, Y. Z., Ng, D. Y. W., Weil, T. Chemical Reviews 2021
121 (18), 11030-11084.

doi.org/10.1021/acs.chemrev.0c01074

2. “DNA Origami meets polymers: A powerful tool for defined nanostructure design”

Hannewald, N.*, Winterwerber, P.}, Zechel, S., Ng, D. Y. W. Hager, M. D., Weil, T., Schubert, U. S.

Angew. Chem. Int. Ed. 2021 60 (12) 6218-6229.
doi.org/10.1002/anie.202005907

3. “Photocontrolled Dopamine Polymerization on DNA Origami with Nanometer Resolution”

Winterwerber, P., Harvey, S., Ng, D. Y. W., Weil, T. Angew. Chem. Int. Ed. 2020, 59, 6144.

doi.org/10.1002/anie.201911249

4. “Multiple Wavelength Photopolymerization of Stable Poly(Catecholamines)-DNA Origami
Nanostructures”

Winterwerber, P., Whitfield, C. J., Ng, D. Y. W., Weil, T. Angew. Chem. Int. Ed. 2022, accepted article

doi.org/10.1002/anie.202111226

5. “Squaric Ester-Based, pH-Degradable Nanogels: Modular Nanocarriers for Safe, Systemic
Administration of Toll-like Receptor 7/8 Agonistic Immune Modulators”
Huppertsberg, A., Kaps, L., Zhong, Z., Schmitt, S., Stickdorn, J., Deswarte, K., Combes, F., Czysch, C., De

Vrieze, J., Kasmi, S., Choteschovsky, N, Klefenz, A., Medina-Montano, C., Winterwerber, P., Chen,

C., Bros, M., Lienenklaus, S., Sanders, N. N., Koynov, K., Schuppan, D., Lambrecht, B. N., David, S., De
Geest, B. G., Nuhn, L. JACS 2021, 143 (26) 9872.
doi.org/10.1021/jacs.1c03772



https://doi.org/10.1021/acs.chemrev.0c01074
https://doi.org/10.1002/anie.202005907
https://doi.org/10.1002/anie.201911249
https://doi.org/10.1002/anie.202111226
https://doi.org/10.1021/jacs.1c03772

6. ,,Fluorescent Nanodiamond— Nanogels for Nanoscale Sensing and Photodynamic Applications”

Wu, Y., Alam, M. N. A,, Balasubramanian, P., Winterwerber, P., Ermakova, A., Miiller, M., Wagner, M.,

Jelezko, F., Raabe, M., Weil, T. 2021 Advanced NanoBiomed Research, 1(7), 2000101.
doi.org/10.1002/anbr.202000101

7. “Supramolecular Toxin Complexes for Targeted Pharmacological Modulation of
Polymorphonuclear Leukocyte Functions”

Heck, A. J., Ostertag, T., Schnell, L., Fischer, S., Agrawalla, B. K., Winterwerber, P., Wirsching, E., Fauler,

M., Frick, M., Kuan, S. L., Weil, T., Barth, H. Adv. Healthc. Mater. 2019, 8, 1900665.
doi.org/10.1002/adhm.201900665

* These authors contributed equally to this work.

Publication context

The fusion of biomolecules and synthetic polymers has paved the way to a novel class of hybrid
materials that combine the advanced features of both building blocks in a synergistic fashion. In
particular, DNA nanostructures can benefit from various functional groups and responsive properties
that can be imparted by polymers, whereas the unique programmability and supramolecular

recognition of DNA can assist in constructing higher ordered architectures.

Within this PhD project, the current state of the art in the field of DNA-polymer conjugates was
surveyed and discussed. Herein, the manifold approaches towards DNA-polymer conjugates, their
supramolecular assemblies, and the functions and applications thereof are described. With respect to
the outline of this thesis, chapter 3.2 of our review (1) on “Noncovalent DNA — Polymer Conjugates” is
of great relevance for the research presented later on and thus, included into the introduction.
Likewise important for the introduction of this thesis is publication 2 on “DNA Origami Meets
Polymers”, which can be regarded as a follow-up, narrowing the focus to conjugates involving DNA
origami platforms. Explicitly, bottom up and top down methodologies together with their

characteristics and prospects are compared, leading over to the results and discussion part.

Here, two research papers describe the bottom up fabrication of defined poly(catecholamines)-DNA
origami nanostructures. In 3, we established a photopolymerization system on DNA origami tubes with
spatiotemporal control at nanometer resolution. The preinstalled photosensitizer protoporphyrin IX
responds to white light and triggers formation of polydopamine at designated areas, yielding polymer-
ring DNA tubes. In a subsequent study (4), we could further develop the technique towards multi-

wavelength polymerization of various catecholamines via facile sequential processes. By imprinting
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polymeric layers at these designated areas, we modulate the surface chemistry of the DNA objects,

subsequently promoting cellular uptake.

In addition to DNA-polymer nanoobijects, there is a vast range of nanocarriers built from different
platforms that emerged prominently in the area of biomedical applications. Supramolecular
interactions allow for the formation of polymeric nanogels (5), coating of fluorescent nanodiamonds
(6), and the assembly of protein complexes (7), among others. For thorough analysis of these
nanoparticles, imaging techniques are essential to deepen the understanding of size distribution and
homogeneity, as well as morphology. Here, | could provide further insights into the investigated

systems by atomic force microscopy studies.

In summary, the first presented reviews set the framework for our investigations on the
photopolymerization of catecholamines on DNA origami templates. The obtained polymer—DNA
hybrids benefit from the precisely defined DNA playground and the advanced features of the formed
poly(catecholamines), e.g., in a biological context. Further nanocarriers systems are introduced to

cover the current research in the field broadly.



Abstract

While seminal advances have extensively refined polymer chemistry, the absolute control over sequence,
monomer addition and directionality remain elusive. Among Nature’s macromolecular systems, the
simplicity of DNA interactions has inspired and paved the way toward DNA nanotechnology and
engineering. Herein, the complementary base pairing responsible for the famous double helix structure
provides unique programmability, granting the capability to create complex geometric objects as DNA
origami. As an engineering material with pinpoint accuracy in the range of nanometers, DNA origami can
reliably assist in the molecular and functional organization of other molecules. Polymer chemistry, on the
other hand, has seen large advances in directing polymerization processes, rheological features and phase
separation. By merging the fields of DNA origami and polymer chemistry, their respective potential can be
integrated into hybrid objects of advanced properties, to achieve complementarity and to break traditional
boundaries that have limited their use.

In the context of this thesis, representative DNA origami structures are combined with the formation of
bioinspired polymers. By equipping the DNA origami within a photopolymerization system to direct polymer
growth, we show that complex nano-objects can be synthesized with full 3-D customization of the surface
contour and polymer patterning. Conventionally, densely packed DNA origami structures can only exist in
the presence of divalent cations and are degraded through nucleases in biological settings. On the other
hand, the formation of polydopamine, a prominent representative of poly(catecholamines), is typically a
straightforward yet rather uncontrolled process used for coating of substrates. Within this work, DNA
origami tubes in the 100 nm regime are built from the bottom-up so that reaction centers can be introduced
at the designated positions. These reaction centers are composed of a specific DNA sequence that builds
tertiary G-quadruplex structures to host catalytic macrocycles. Here, photosensitizers were chosen to be
embedded that generate reactive oxygen species when exposed to light of a specific wavelength. In this
oxidative environment, the multistep polymerization of the monomers, dopamine and norepinephrine, is
triggered and due to their adhesiveness, polymeric layers are imprinted alongside the reaction centers. This
process offers exclusive spatial-temporal control enabled through the synergy of DNA and polymer
technologies: On/off switching of the light source directly starts/stops polymerization and in turn polymer
layer dimensions, whereas nanopatterning is achieved through the positioning of reaction centers across
the origami pegboard. Furthermore, by applying photosensitizers with different absorption profiles,
multiwavelength responsiveness can be installed, and the versatility of DNA complementary binding allows
for multistep reaction processes as well as post modifications. Importantly, polymer-decorated DNA
origami tubes exhibit enhanced stability in challenging chemical environments like ion-depleted media.
From a biological perspective, polymer modification could impact the DNA origami fate in vitro with
polynorepinephrine coating in enabling and enhancing cellular uptake.

Collectively, the presented approaches herein illustrate how the combination of DNA nanotechnology and
polymer chemistry can not only alleviate intrinsic limitations but also complement each other. This paves
the way for future endeavors 1) to create soft polymeric objects with full geometric versatility, 2) in
rebuilding reaction vessels in cells similar to Nature’s compartmentalization strategy and 3) exploiting the

DNA origami’s modularity to mimic and study viruses.
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Zusammenfassung

Das Feld der Polymerchemie ist gepragt durch kontinuierlichen Fortschritt und Weiterentwicklungen, doch
die absolute Kontrolle Uber Sequenz, Monomerzugabe und Richtungsabhangigkeit bleibt schwer zu
erreichen. Unter den biomakromolekularen System der Natur haben die Einfachheit der DNA-
Wechselwirkungen den Weg zur DNA-Nanotechnologie inspiriert und geebnet. Die komplementare
Basenpaarung, die zur beriihmten Doppelhelixstruktur fihrt, bietet eine einzigartige Programmierbarkeit
und ermoglicht die Herstellung komplexer geometrischer Objekte wie DNA-Origami. Als Baumaterial mit
punktgenauer Adressierbarkeit im Nanometerbereich kann DNA-Origami zuverldssig die molekulare und
funktionelle Organisation anderer Molekiile ermdglichen. Die Polymerchemie wiederum hat grofe
Fortschritte bei der Steuerung von Polymerisationsprozessen und resultierender Polymere gemacht. Durch
die Fusion der Bereiche DNA Origami und Polymerchemie kann ihr jeweiliges Potenzial in hybriden Objekten
mit fortschrittlichen Eigenschaften integriert werden, die von einer Disziplin allein kaum erreicht werden.
Im Rahmen dieser Arbeit werden reprasentative DNA-Origami-Strukturen mit der Bildung von
bioinspirierten Polymeren kombiniert. Indem die DNA-Objekte mit einem Photopolymerisationssystem zur
Steuern der Polymerbildung ausgestattet werden, soll das Verstandnis der DNA-Polymer-Kombination
vertieft werden. Ublicherweise erfordern die dicht gepackte DNA-Origami-Strukturen die Gegenwart
zweiwertiger Kationen und werden in biologischen Umgebungen durch Nukleasen abgebaut. Andererseits
ist die Bildung von Polydopamin, einem prominenten Vertreter der Poly(catecholamine), typischerweise
ein unkomplizierter, jedoch eher unkontrollierter Prozess, der zur Beschichtung von Substraten verwendet
wird. Im Rahmen dieser Arbeit werden DNA-Origami-Rohrchen mit einer GrofRe von etwa 100 nm aufgebaut
und Reaktionszentren an gewiinschten Positionen eingefiihrt. Diese Reaktionszentren bestehen aus einer
spezifischen DNA-Sequenz, die tertidre G-Quadruplex-Strukturen bildet. Hier kdnnen Photosensibilisatoren
eingebettet werden, die reaktive Sauerstoffspezies erzeugen, wenn sie mit Licht einer bestimmten
Wellenldnge bestrahlt werden. Die oxidative Umgebung leitet die mehrstufige Polymerisation der
Monomere Dopamin und Noradrenalin ein, und aufgrund ihres Haftvermégens werden polymere Schichten
entlang der Reaktionszentren abgelagert. Dieser Prozess bietet eine exklusive rdaumliche und zeitliche
Kontrolle, ermoglicht durch die Synergie von DNA- und Polymertechnologien: Durch das Ein- und
Ausschalten der Lichtquelle wird die Polymerbildung und damit die Héhe der Polymerschicht direkt
ausgeldst bzw. gestoppt, wahrend die Nanostrukturierung durch die Positionierung der Reaktionszentren
auf dem Origami-Vorlage sichergestellt wird. Durch die Verwendung von Photosensibilisatoren mit
unterschiedlichen Absorptionsprofilen kann auRerdem eine Multiwellenlangenempfindlichkeit eingebaut
werden, wahrend die komplementdre DNA-Hybridisierung mehrstufige Reaktionsprozesse sowie
nachfolgende Modifikationen ermdglicht. Es ist hervorzuheben, dass die mit Polymeren dekorierten DNA-
Origami-Rohrchen eine verbesserte Stabilitdt in herausfordernden chemischen Umgebungen wie etwa
fehlende lonenstarke, aufweisen. Aus biologischer Sicht zeigt sich, dass die Polymermodifikation das
Schicksal der DNA-Origami in vitro beeinflusst, wobei die Polynorepinephrin-Beschichtung vielversprechend
die Aufnahme in die Zellen ermoglicht beziehungsweise verbessert.

Zusammenfassend zeigen die hier vorgestellten Methoden wie die Kombination von DNA-Nanotechnologie

und Polymerchemie nicht nur den jeweiligen Limitierungen entgegenwirkt, sondern zusatzliche Vorteile
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schaffen kann. Dies bildet die Grundlage fir kinftige Bestrebungen, 1) polymere Objekte von
geometrischer Vielseitigkeit zu schaffen, 2) nanoskalige Reaktionsrdume nach dem Vorbild von
Zellkompartimenten nachzubauen und 3) die Modularitdit der DNA-Origami zur Nachahmung und

Untersuchung von Viren zu nutzen.
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1. Introduction

The programmability of DNA and its structural fidelity render it the molecule of choice for the self-
assembly of exceptionally precise structures on the nanoscale. Polymer chemistry, on the other hand,
provides synthetic as well as bioinspired or biomimetic macromolecules of broad chemical diversity
and responsiveness. The merging of these fields leads to a novel class of hybrid materials that could
advance our understanding of soft material engineering and chemistry at interfaces. In this respect,

functional DNA-polymer conjugates, particularly DNA origami-polymers are highlighted.

1.1 DNA 1.3 Functional DNA—polymer conjugates
nanotechnology 1.4 DNA origami meets polymers

1.2 Polymers in a
biological world

1.1 DNA nanotechnology

1.1.1 DNA as a building material

DNA s a precision polymer that functions as the main avenue of information storage in biology,
coding the entire spectrum of components that represents life in the smallest unit.. DNA stores
information within its sequence and thanks to next-generation sequencing techniques, it currently
takes only mere hours to screen undiagnosed patients and provide analytical data on a genetic level."
2 However, it was tumultuous times when Watson and Crick postulated a molecular structure for
deoxyribonucleic acid in 1953.>* An X-ray based fiber diffraction image taken by Rosalind Franklin’s
student provided critical evidence in identifying the structure of DNA.> Namely, DNA consists of two
chains that wound helically round a common axis whilst running in opposite directions (Figure 1). The
chains are built from only four monomers — nucleotides — that are in turn composed of nitrogen-
containing nucleobases cytosine (C), guanine (G), adenine (A) or thymine (T) together with a
deoxyribose unit and a phosphate group. Two DNA chains coil around each other according to base
pairing rules. Pyrimidines T and C pair with purines A and G through two or three hydrogen bonds,
respectively. Remarkably, the double helical structure of DNA will always form as long as the chains
are complementary in sequence. The hydrophobic bases point inward while the alternating sugar-
phosphate backbones form a negatively charged exterior.® However, there are examples of
extraordinary nucleotide sequences that lead to DNA superstructures different from the double helix.’
Notably, base recognition and the formation of hydrogen bonds results in perfect binding of two
complementary DNA strands but base-stacking interactions predominantly contribute to duplex

stability in aqueous environment.® Furthermore, double-stranded DNA (dsDNA) is considered as rather
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stiff over a range of tens of nanometers, single-stranded DNA (ssDNA) in contrast acts like a flexible
and elastic polymer adapting a coiled conformation.’
A B C

Adenine 3

. Guanine
Cytosine

Figure 1 Deoxyribonucleic acid (DNA) consists of two chains that wound helically around a common axis whilst running in
opposite directions. (A) Double helix structure of two complementary nucleotide strands (orange and green) in solution. (B)
Duplex stability is mainly driven by base pair stacking, as shown in top view. dsDNA images were created from PDB: 2M2C.10
(C) Hydrogen bonding between base pairs adenine-thymine and cytosine-guanine further stabilizes the structure and ensures
complementary recognition.

Two remarkable features of DNA are accounted for its extraordinary impact on biology: its
digital nature and its complementarity.!* Firstly, digital information is encompassed in genes that
encode proteins as well as the gene regulatory network controlling the behavior of genes. Secondly,
the complementarity of DNA is not only recognized as the basis of replication in living systems, but
also gives rise for the field of DNA nanotechnology. Here, DNA is taken out of the biological context
and is utilized as a non-biological engineering material for the manufacturing of 2D and 3D DNA
structures of nanoscale dimensions.” The predictable nature of DNA interactions enables the rational
design and self-assembly of nanostructures and has truly transformed nanoscience.™ In this regard,
what is it that makes nanoscale objects a cutting edge research area? For over a century, synthetic
chemists have manipulated countless molecules on the angstrom level, which is an order of magnitude
smaller than the scale exploited in nanoscience.® However, as the length scale increases to the
nanometer regime, the energy landscape become more complex as molecules need to overcome
entropic effects where both molecular and long-range order becomes critical. Here, Nature sets
superlative standards when it comes to matters like bottom-up synthesis and self-assembly processes.
Self-assembly describes the autonomous and spontaneous organization of individual components into
patterns or structures without external instruction.’ * Nature masters the design of chemically
complementary and structurally compatible constituents to organize nonliving components into living,
biological systems. The dynamic cell membrane is an exquisite example for the assembly of different
molecules into a complex asymmetric pattern.'” *® In order to guide the subsequent self-assembly of
the molecules, they have to be coded with intrinsic information such as shape, surface properties,
charge, polarizability, magnetic dipole, mass, among others.” Molecular self-assembly relies on the

14



formation of numerous non-covalent or weak covalent bonds including hydrogen and coordination
bonds as well as van der Waals, electrostatic, and hydrophobic interactions. While each of the bonds
is rather weak on an individual level, collective interactions can result in a directionality that
determines bulk behavior such as attraction and repulsion.'® While this programmed self-assembly
process represents a bottom-up approach in creating functional structures, top-down techniques
begin with larger structures and decrease their dimensions by means of external assembly tools. Yet,
building from the bottom up enables larger chemical diversity and closer proximity between entities.™

Four decades ago, Nadrian Seeman recognized the potential of self-assembling DNA for
controlled bottom-up nanofabrication.” He pursued the idea of arranging biomacromolecules such as
proteins into well-ordered lattices for crystallography through DNA-based scaffolds, thus, laying the
foundation for DNA nanotechnology. Structural DNA nanotechnology is based on several pillars of
which the aforementioned hybridization is probably the most apparent. However, little biology would
happen if DNA was permanently locked in its double helical structure.? It is the branched
manifestations that occur during semiconservative replication (triply branched replication forks*) and
genetic recombination (four-arm branched Holliday junctions®') that significantly give biological
meaning to DNA (Figure 2). With respect to controlled self-assembly of artificial DNA nanostructures,
however, these branched junctions have two limitations: their geometric flexibility and instability
resulting from branch migration due to sequence symmetry. By making DNA arms with unique
sequences, Holliday junctions can be rendered immobile which marks the turning point in creating
DNA nanostructures. Furthermore, predesigned ssDNA overhangs — so-called sticky ends — can be
introduced to the DNA arms to potentially extend the structure into an infinite lattice. The symmetry-
lacking sequences required here cannot by readily obtained from natural sources, emphasizing the
need for the synthesis of DNA strands of arbitrary sequences. This demand could be met through the
advent of phosphoramidite chemistry and adaption of solid-phase oligonucleotide synthesis.?> ** The
availability of immobile junctions then led to the first 3D DNA nanoobject, a DNA cube, where the
vertices are built from the branched junction points and the edges are formed by rigid dsDNA domains,
resulting from hybridization of the sticky ends.?* Another milestone in the field was the introduction
of a double-crossover molecule (DX) where two DNA double helices are linked together via two strand
exchanges.” *° In detail, a strand exchange occurs when a DNA strand starts on one helix and switches
to the next helix. In contrast to Holliday junctions, a DX motif cannot rotate freely and offers sufficient
stability necessary for the formation of rigid periodic structures. This strategy was then employed to
assemble the first crystalline 2D DNA array which was imaged by atomic force microscopy.”’ Later on,
triple crossover molecules (TX) were designed and besides these diverse lattice geometries, structural
DNA nanotechnology has produced polyhedrons, nanotubes, nanowires, and walking devices, among

others.?3?
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Figure 2 (A) A Holliday junction contains four double-stranded arms. In case of symmetrical sequences, the branchpoint is
mobile and can migrate. (B) Employing unique sequences, however, renders these junctions immobile and incorporation of
single-stranded overhangs further enables creation of infinite latices. (C) A three-dimensional cube-like structure can be
created by formation of interconnected rings from ligated DNA strands. (D) Double-crossover molecules can be programmed
by controlling their sticks ends in such a way that they produce two-dimensional arrays. (E) Atomic force spectroscopy image
of a crystalline 2D DNA array made from DX motifs. Reprinted and adapted with permission from 33.34.27,

In brief, the success of DNA as the molecule of choice in nanotechnology attributes to the
programmability of Watson—Crick base pairing, the predictability of the DNA double helix together
with stably branched DNA motifs, automated synthesis of configurable oligonucleotides as well as the

chemical stability and inertness of DNA that leaves little space for secondary interactions.

1.1.2 DNA origami

While DNA nanotechnology was continuously gaining attention in the late 1990s, the field experienced
an impressively fast expansion starting in 2006. This development is to be credited to the emergence
of a new technique called “DNA origami” by Paul Rothemund.?® Similar to the Japanese art of folding
a flat sheet of paper into arbitrarily formed objects, a long ssDNA strand can be folded into predesigned
shapes and patterns. The DNA origami methodology circumvents certain obstacles that previous
strategies were facing and significantly increases the complexity and size of the assembled structures.
Formerly described techniques rely on short DNA oligonucleotides only and are therefore sensitive to
stoichiometric ratios. Furthermore, purification of individual strands is necessary to obtain reasonable
yields and infinite periodic arrays only provide limited individual addressability.>®*” In DNA origami,
however, a long ssDNA (scaffold DNA) can be folded into a desired and fully predefined shape assisted
by hundreds of short synthetic oligonucleotides. They are designed to bind to distinct positions along

the scaffold DNA in crossover motifs, thus, bringing formerly distant parts into close proximity and
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locking the scaffold in place (Figure 3). In accordance to their literal function, these oligonucleotides
are referred to as staple strands.

The most prominent scaffold strand in the field is a circular 7-kilobase phage genome whose folding
creates a surface area of roughly 8000-10000 nm? and an overall mass of approximately 5 mega
Daltons.”® Likewise, the size of the corresponding origami structure depends on the length of the
scaffold DNA and researchers have examined various ways to generate tailored scaffolds.?” * The fact
that the sequence and consequential position of each staple strand is predefined and precisely known
renders origami structures being portrayed as a programmable pegboard with a resolution of 4—6 nm.
As a further benefit of the scaffold-based approach, stoichiometry considerations are negligible since
staple strands can be applied in excess without the need for preceding purification steps. Noteworthy,
each nanostructure demands for a unique set of several hundred ssDNA strands but the continuously
decreasing costs of oligonucleotide synthesis have eased this concern.®® *° In line with the original
rectangle proposed by Rothemund, two-dimensional origami structures entail a single layer of helices
that have interhelical crossovers every 180°, leading to a planar sheet. In order to generate three-
dimensional structures, multiple 2D-sheets can be assembled into higher-ordered objects by additional
crossovers at the edges.”’ The resulting 3D structures then encompass an internal cavity as
demonstrated by Andersen and Coworkers in 2009. Their famous DNA box even exhibits a flexible lid,
making the DNA object changing its topology in response to the addition of complementary DNA-
keys.*?

Multilayered 3D origami is an expedient extension since single-layer structures tend to deform and
fluctuate in solution. To increase the resistance to mechanical stress, DNA helices are densely packed
through a defined arrangement of crossovers at, for instance, every 270°.** While the connection of
one helix to three adjacent helices results in an hexagonal cross-section, rectangular structures with
higher density can be made from layers of helices packed on a square lattice geometry.** However,
lattice-based designs are not suitable for the formation of material-efficient, hollow, or porous DNA
nanoobjects. In contrast to multi-layered structures, wireframe approaches, i.e. DNA designs based on
3D meshing, require less material per volume and produce DNA-economical constructs.”* Here,
macroscopic engineering methods are applied to the nanoscale: In a top-down manner, the object of
interest is transcribed into a mesh (vertices, edges, and faces), followed by rendering a wireframe
model with a scaffold strand routing through the mesh and the generation of respective stapling
sequences.*® This way, highly curved and complex 2D- and 3D-structures such as spheres, screws,
various meshes, even up to bunny-shapes were fabricated.”’”* Further endeavors focus on scaffold-
free approaches to omit the need for a long scaffold DNA and the so derived objects are therefore not

constrained in size and scale.”®
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Scaffold-based DNA origami approach
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Figure 3 (A) DNA-based architectures can be built in a multistranded (hierarchical assembly of oligonucleotides through
cohesion of sticky ends) or scaffold-mediated approach (folding of a single-stranded scaffold by a set of designated
oligonucleotides). (B) Mainly 32-mers are spanning three helices, thus, forming the scaffold strand into any desired origami
design. (C) Examples of rectangular and triangular origami, imaged by atomic force microscopy. (D) Depending on the design
of the crossover patterns, various 2D- and 3D-origami can be constructed. (E) Wireframe approaches, i.e. DNA designs based
on 3D meshing, require less material per volume and produce DNA-economical constructs. Reprinted and adapted with
permission from 35 41,4648,

Functionalization of origami structures

While the chemical inertness of the DNA molecule is essential to impart high stability and high fidelity
in DNA nanotechnology, it leaves the mere DNA nanostructures lacking in function. Except for
functional DNA structures such as aptamers or DNAzymes, DNA is mainly considered as a molecular
scaffold. In order to make functional DNA nanostructures, the integration of other molecules and
materials is necessary which often requires chemical modification of the DNA strands. Automated
phosphoramidite-based DNA synthesis is performed from the 3’- to the 5’-end and supports
modification of oligonucleotides at the 3’-site (modified solid support), internally (either modified
nucleobases or non-nucleobase phosphoramidites containing modifications), and at the 5’-site
(modified phosphoramidites without the possibility for further chain elongation) (Figure 4).>* In many
cases, required phosphoramidites are not commercially available, synthetically demanding, or that the
functional moiety is not compatible with either DNA synthesis or succeeding workup. Here, milder
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reactive handles are introduced to the DNA strand synthesis and the desired functionality is coupled
to the handle in a post-synthesis fashion. Noteworthy, these conjugation reactions involve
unprotected and charged oligonucleotides and are preferably performed in aqueous environments,
further narrowing down the possible chemistries. Most prominent chemical handles are amino groups,
thiols, and (cyclo-)alkynes that react with activated carboxylates (e.g., NHS esters), maleimides, and
azides, respectively. Two basic methods are distinguished for subsequent incorporation of the
modified oligonucleotides into DNA nanostructures. The functionalized DNA strands is either (A)
directly integrated in the origami structure as a staple strand that contributes to the folding of the
scaffold strand or (B) attached after origami annealing by hybridization to staple strand extensions

protruding from the surface.*
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Figure 4 (A) Automated phosphoramidite-based DNA synthesis allows for modification of oligos and is performed from the
3’- to the 5’-end. It supports internal and 5'-modifications through respective phosphoramidites as well as 3'-modifications
through modified solid supports. (B) Modified oligos can be used to introduce functional moieties into DNA origami. Either
through direct integration in the origami structure as a staple strand or attached after origami annealing by hybridization to
staple strand extensions protruding from the surface.

The first method offers high positional control and is facile since it only necessitates one hybridization
step (i.e. folding of origami structure), however, the desired entity has to withstand high temperatures
employed in the denaturation step prior to origami annealing. If several copies of the same
modification are to be introduced at multiple position within the DNA framework, a unique DNA strand
of the specific sequence is required for each modification site, potentially making it costly. The second
method circumvents these drawbacks. Hybridization of the modified oligonucleotide to staple strand
extensions occurs at much lower temperature (or even room temperature) and since these staple
strand extensions can comprise the same sequence, only one kind of modified oligonucleotide is

necessary to decorate several positions. Still, if orthogonal reactions are of interest, sequences of

19



protruding staple strands and complementary oligonucleotides can be easily adjusted. Although
superior in the aspects described above, the second technique might have less position fidelity and
lower functionalization density compared to the first approach.

Once integrated into the DNA nanostructure, chemical functionalities can aid in performing chemical
reactions with further control over distances, ranging from covalent reactions, polymerizations, cross-
linking, and metallization of the template. Furthermore, precise incorporation of macromolecular
entities such as proteins or inorganic nanoparticles has received considerable attention. The efficiency
of enzyme cascades, for instance, could be increased through controlled spacing between the
enzymes.’”** The most common modification in DNA nanotechnology, however, involves

>5¢ and applying them within the

chromophores in Forster Resonance Energy Transfer (FRET) studies
development of sensors,”” photonic wires,® *° light-harvesting systems,*® among others. Since the
decoration on DNA/DNA nanostructures with fluorophores is rather straightforward, Jungmann et al.
took super-resolution microscopy on a next level by making use of transient binding events of short
oligonucleotides in “DNA-PAINT” (i.e. points accumulation for imaging in nanoscale topography).t*
Here, the dynamic binding and unbinding of dye-labeled ssDNA (imager strands) to complementary

targets (docking strands) fixed on DNA origami or cells creates stochastic fluorescence on/off-states

necessary for imaging.

DNA origami in a biological context

In a cell-free setting, accompanied by continuous reduction in the cost of DNA synthesis, the increase
in complexity of DNA nanostructures become more accessible. However, the full potential offered by
DNA objects in terms of small sizes, biocompatibility, and programmability has yet to be exploited at
the interface with biology. Prevailing hurdles entail stability of the structures after administration and
reaching of target cells, uptake, endosomal escape and subcellular localization which have impeded
adequate progress of the field. It is therefore necessary to bridge the gap from experiments in simple,
isolated solutions to complex, heterogeneous cellular environments. In order to do so, two major
factors that limit the stability of DNA nanostructures have to be taken into account: low level of

).5* Divalent magnesium ions are typically

magnesium ions and the presence of nucleases (Figure 5
required to compensate electrostatic repulsion between neighboring helices in DNA origami whereas
nucleases are found in virtually all kinds of body fluids and tissues, thus, putting a threat on the
nanostructures’ integrity.

In order to stepwise elucidate the origamis’ performance in a biological context, various

approximations of the final target environment can be conducted first. Lysates as mixtures of cellular

components after homogenization of cells can be used to evaluate the integrity of DNA nanostructures
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in a medium that closely resembles intracellular environment. Serum stability studies can also mimic
certain parts of cellular environment due to the lack of stabilizing cations and by exposing the
structures to nucleases. In an early study, DNA origami nanostructures were found to be stable in cell
lysate for up to 12 hours, whereas long single- and double-stranded nucleic acids could not be
recovered after incubation.®® In addition, high-speed AFM studies revealed that degradation profiles
of 2D shapes are structure-dependent.®® To date, numerous reports on enhancing the stability of
origami have been published. The envelopment of DNA nanostructures in PEGylated bilayers, for
instance, furnished protection against nuclease digestion, mimicking the morphology of enveloped
viruses.®” Since DNA is negatively charged, electrostatic interactions with positively charged molecules
can be exploited for origami coating to enhance stability. In that respect, cationic albumin could be
either directly bound to origami structures or indirectly after modification of the native protein with a
dendron part acting as a cationic binding domain.®® * Furthermore, decoration of DNA objects with
DNA itself, e.g., oligonucleotide strands, also offers promising results: Functionalization of the outer
surface with dendritic ssDNA reduces nuclease digestion due to putative steric hindrance.”® Through
enzymatic polymerization, DNA origami nanostructures can site-specifically be modified with
polynucleotide brushes of different heights and compositions, thus, contributing to their stability and
also providing a route to smart, cleavable objects by asymmetric decoration.”* Very recently, minor-
groove binders were shown to control DNase-mediated degradation rates of wireframe origami
structures in serum under in vitro conditions.”” As an alternative to the modification of DNA origami
with external molecules, the structures themselves can be manipulated intrinsically. Whereas
conventionally employed DX motifs connect two adjacent helices, a so-called paranemic crossover (PX)
is a four-stranded DNA structure that connects strands of the same polarity at every possible point.
Importantly, PX DNA demonstrates significantly enhanced resistance against nucleases that scales with

the number of crossovers.”®
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Figure 5 (A) In a biological context, DNA origami structures are susceptible towards the presence of nucleases and a lack of
stabilizing ions, leading to denaturation or digestion processes, respectively. (B) Site-specific and enzyme-catalyzed
modification of origami tubes with polynucleotide chains increases their nuclease resistance. (C) Contrary to DX motifs,
paranemic crossovers connect strands of the same polarity at every possible point, thus, contributing to stability. Printed and
adapted with permission from 71.73,

For cell targeting it is crucial that DNA origami structures maintain integrity for a sufficient

period of time, i.e., surviving in the blood stream when delivering in vivo. Typically, DNA origami are
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assembled in buffers with high Mg? concentrations (~10 mm) so that the counterions can stabilize the
dense package of negatively charged DNA helices. However, once formed, the structures are able to
withstand low levels of Mg®" whilst this effect largely depends on the individual superstructure.”
Alternatively, 3D origami can be formed in magnesium-free buffer containing low levels of the DNA-
condensing agent spermidine. In contrast to conventionally annealed origami, spermidine-stabilized
structures could be delivered into mammalian cells via electroporation.”

In addition to these strategies, polymer coating of DNA origami attracts considerable attention
and chapters 1.3 and 1.4 highlight respective endeavors in greater detail. However, a prominent
example in this regard is the electrostatic coating of DNA nanostructures with polylysine-polyethylene
glycol block copolymers which is simple to manufacture yet effective in protecting the structures from
nuclease degradation.’® Whereas the attained polymer—DNA hybrid structures were found to increase
nuclease resistance by approx. 400-fold, glutaraldehyde mediated cross-linking of the polymer coating

could extend survival of corresponding DNA origami by another 250-fold even with excess DNase I.””

78

Once the stability issues are adequately addressed, one can finally make use of the
unprecedented addressability of the platform. In order to target specific cells, ligands can be
introduced that specifically recognize and bind to receptors on the relevant cell type. Here, aptamers,
i.e., oligonucleotides whose 3D structures provide affinity for a given target and that resemble the
selectivity and specificity of antibodies, are broadly explored.”*®* Notably, the size and shape of the
pristine DNA origami structure without further modifications already affects the membrane
translocation.®* # Moreover, DNA origami enables investigation of distance-dependent multivalent
binding effect by deterministic positioning of multiple-affinity ligands when targeting thrombin
molecules.” In comparison to small molecule target binding, protein—aptamer complexes can be
visualized in AFM imaging, allowing direct yet fairly labourious analysis. Similarly, DNA rectangles were
equipped with 12 aptamers targeting a malaria biomarker in human blood plasma and binding was
monitored by AFM.®> In a more dynamic approach, a cocaine aptamer-modified DNA nanocage was
capable of sensing cocaine concentrations due to binding-induced conformational changes.®® Also
based on dynamic binding, a DNA nanorobot was constructed to transport payloads specifically to
tumors. Herein, a nucleolin-targeting aptamer is positioned on the outer surface which serves not only
as a targeting domain but also as an opening mechanism of the nanorobot upon binding where the
protease thrombin is loaded into the inner cavity. After intravenous injection in tumor-bearing mouse
models, the inner cavity exposes thrombin, thus, inducing intravascular thrombosis and tumor
necrosis.®’” This example illustrates the capability of the DNA origami technology for orthogonal

modifications in a highly precise fashion.
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1.2 Polymers in a biological world

1.2.1 Poly(catecholamines)

With the advent of modern polymerization technologies, polymer chemists can synthesize a plethora
of polymers with an unprecedented degree of homogeneity and tailorable features. The increasing
global need for sustainable polymers to address environmental and climate challenges has fueled the
community to relook into polymer chemistry and seek inspiration from biopolymers. Synthesized by
living organisms, biopolymers perform purposeful tasks such as cellulose being an important
component of green plants’ cell walls, chitosan stabilizing the outer skeleton of insects, among others.

When human skin is exposed to UV irradiation, for instance, it darkens. This phenomenon is
due to the evolution of melanin, a class of natural pigments that are responsible for the coloring of
skin, hair, feathers, and eyes of organisms.®® Eumelanin, the most common type, is produced in an
enzymatic multistage process, starting with the amino acid tyrosine that undergoes oxidation and
subsequent polymerization to give brown and black pigments.?*°° Melanocytes — melanin synthesizing
cells — are found in the basal layer of the epidermis and once produced, melanin is packed into
organelles — melanosomes — that are delivered to surrounding cells to protect them against UV
radiation (Figure 6).

The first oxidation product of tyrosine in melanin production, the non-proteinogenic amino
acid L-DOPA (3,4-dihydroxy-L-phenylalanine), is further found in the marine world as a vital part in the
byssal fibers of mussels.”* Mussels can adhere to virtually all types of inorganic and organic surfaces, a
characteristic which is attributed to the special composition of their anchoring threads. Rich in both
L-DOPA and amine containing residues (lysine and histidine), mussel foot proteins can form extremely
strong covalent and non-covalent interactions with substrates. Moreover, similar to melanin
production, oxidation of L-DOPA’s catechol moieties in alkaline seawater leads to bulk solidification of
the mussel foot proteins, representing a robust glue. Inspired by the adjacent coexistence of catechol
and amine units, dopamine was therefore considered as a small molecule representing a powerful
building block for spontaneous polymerization processes.”> Together with other natural
catecholamines such as norepinephrine, .-DOPA and dopamine are known for their role as
neurotransmitters, hormones and pigments and are now repurposed in a chemical fashion and
exploited for, e.g., the coating of surfaces.”® * This class of molecules is characterized by the
aforementioned catechol group and ethylamine side chain whereas the individual compounds differ

in their side chain modification on the carbon atoms of the ethyl side chain.
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Figure 6 (A) In melanocytes, a multi-step enzymatic process converts the amino acid tyrosine into melanin when exposed to
UV-irradiation. (B) The ability of mussels to adhere to virtually any surface is attributed to the predominance of both L-DOPA
and amine containing residues in mussel threads. Reprinted and adapted with permission from 9. (C) Catecholamines are
characterized by a catechol group and ethylamine side chain.

In their seminal work in 2007, Lee and coworkers subjected dopamine to conditions similar to
that of mussels in order to mimic and explore the formation of a super glue.’® Simple immersion of
objects into a solution of dopamine buffered at pH 8.5, i.e., resembling the slightly alkaline marine
environment, induced spontaneous deposition of thin polymeric films. Remarkably, this autooxidation
of dopamine in the presence of dissolved oxygen demonstrated to be a universal strategy to coat a
broad variety of surfaces such as metals, glass, polymers, and even PTFE.**® Although the mechanism
of pDA formation is similar to melanin biosynthesis and despite huge efforts in the field, the full
structure of pDA has yet not been fully elucidated (Figure 7).°* *® As in melanin formation, the
polymerization of dopamine starts with oxidation to a quinone molecule. Then, in alkaline
environment, the nucleophilic attack of the free amine at the C6 position leads to cyclization and
formation of leucodopaminechrome. Additional oxidation and isomerization results in 5,6-
dihydroxyindole (DHI) which is further oxidized into 5,6-indolquinon. These two intermediates are
important for polymerization as they can undergo comproportionation to two semiquinone radial
groups which can then couple covalently. Carbon-carbon bonds between adjacent aromatic nuclei can
occur at any free positions on the rings which leads to dimers, trimers, higher order oligomers and
their aggregates.'® *°> However, these pathways are complex and still remain ambiguous, which also
applies for the ultimate chemical structure of pDA. Numerous studies were performed and suggest the
presence of supramolecular aggregates based on charge transfer, n-it and cation-n interactions, non-
covalently self-assembly of dopamine and intermediates as well as covalent oligomers and polymers.*”
99,100 \\ith respect to the latter category, even high molecular weight polymers up to 200 nm in length
were recently found to be existent in pDA films.'%?

In spite of its complex and unclear structure, the simplicity of pDA synthesis and its decent
physical and chemical features have granted pDA much acclaim across a multitude of science and
engineering disciplines. In a biology related context, pDA coatings could assist in building DNA

microarrays and biosensors. In a single-step process, deposition of pDA from dopamine solutions on
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thin gold microarray elements can be achieved and reacted with amine-modified ssDNA strands.
Subsequent detection of biomolecules by surface plasmon resonance imaging benefits from the pDA
layers that interestingly provide good resistance to nonspecific binding events.'® Likewise, the
universal adhesiveness of pDA can be exploited to coat nanoparticles of diverse chemical nature, such
that the intermediate polymer layer covalently bounds oligonucleotides via amine or thiol
functionalities. The decorated nanoparticles exhibit high loading density of DNA while preserving its
biological function which is crucial when aiming for successful cell targeting or subsequent
hybridization steps.'® Evidently, not only oligonucleotides can be bound to pDA-coated NP, also H;N-
and SH-containing BSA, poly-L-lysine, among others, can thereby be attached to modulate
pharmacokinetics of the NP without the need for reactive linker chemistry or pH- and concentration-
sensitive electrostatic adsorption.'® In general, the uptake of nanoparticles into cells is a highly
regulated mechanism and depends on several factors such as size, shape, net charge, among others.
Cationic nanomaterials are conventionally preferred carriers due to their high ability to penetrate the
negatively charged cell membrane. Yet, these nanoparticles are known to cause cytotoxicity and
immune response, thus, limiting their clinical translation. Abandoning positive surface charges of
particles often leads to rather poor cell uptake and numerous counterstrategies have been
developed.'” 1% Notably, polydopamine coating as a non-cationic biomaterial can abundantly enter

various cell types.’® While there is evidence for dopamine receptor-mediated binding of pDA-coated

110 111

NP through monomeric DA units™™ and also three specific pathways in Hela cells***, other mechanisms
involving cell-surface receptors are still under investigation. In an approach to reduce the chemical
variety to only the most essential moieties in pDA while achieving similar properties, a random
copolymer with catechol and amine side chains and a molecular weight of 160-210 kDa was generated.
Incubation with various substrates analogously to classic pDA deposition protocols led to the desired
polymer coating. Noteworthy, no further surface treatment was necessary to immobilize DNA, thus,
presenting a robust and cost-effective method for microarray fabrication. Compared to conventional
pDA coating, this strategy have led to more defined and more homogenous polymer films which can
assist biosensor fabrication.™?

In spite of the attractive attributes, the extensive use of pDA coating is facing certain
limitations. A lack in synthetic control and resulting surface morphology turned out to be a substantial
concern, also prohibiting further translation to applications. During polymerization of DA, formation
of nano-/ microparticulate aggregates of pDA and oligoDA is inevitable. These aggregates either form
in solution and deposit through m- m and van der Waals forces or grow directly from the surface by
polymerization. Surface roughness is therefore significantly higher.”** However, when a smoother
114, 115

surface is required, DA can be replaced by another catecholamine: norepinephrine.

Polynorepinephrine (pNE) coating show similar simplicity in formation and ability to adhere to various
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materials but can provide ultrasmooth surfaces. Although the molecular structure of both monomers,
DA and NE, differs solely in the presence of an additional alkyl hydroxyl group, the respective
intermediates in the polymerization process drastically impact surface morphology later on.'*® ¥/
Under oxidative conditions, NE can be transformed into 3,4-dihydroxymandelic acid, which is followed
by an oxidative cleavage of the side chain. The resulting catechol aldehyde (3,4-
dihydroxybenzaldehyde, DHBA) subsequently reacts with another monomer’s amine moiety in a
reversible Schiff-base formation reaction. The so-formed DHBA-NE product is pivotal in preventing
intermolecular aggregation of NE intermediates and thus, reducing surface roughness. The role of

DHBA is also supported by the observation that simple addition of DHBA to the pDA polymerization

process leads to a smoother surface compared to conventional pDA coatings.***
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Figure 7 (A) The formation of polydopamine involves many oxidation, cyclization, and isomerization steps. The structure of
the polymer is still under elucidation, however, the presence of monomers, oligomers, polymers and supramolecular
aggregates are reported. (B) Polynorepinephrine surfaces are described as ultrasmooth, a feature which is mainly attributed
to the occurrence of the intermediate 3,4-dihydroxybenzaldehyde. (C) SEM and TEM images show the reduced surface
roughness of pNE-coated PS and silver particles compared to pDA-coating. Printed and adapted with permission from 113,
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The presence of an aliphatic secondary amine of DBHA-NE can also be exploited for biomedical
applications as a nitrite oxide (NO)-loading platform. Physical adsorption of NO-containing compounds
as well as stability considerations can thereby be omitted.'® Furthermore, the additional hydroxyl
group in pNE coatings can serve as a handle for post modification by initiating ring opening
polymerization of lactone monomers and inducing a hydrophobic film on top of the pNE layer.'"*
Similar to pDA, the features of pNE such as high biocompatibility and almost substrate-independent
coating have been leveraged in biological applications. Although pNE shows equal or even superior
performance, research on pDA is more established. One minor reason may be higher costs of the NE
monomer. However, there are studies reporting higher suitability of pNE compared to other
catecholamines: Especially with regards to the surface modification of cardiovascular materials, pNE
coating demonstrated best histocompatibility and less adhesion of platelets.* In another work, pNE
nanoparticles were fabricated through autoxidation and loaded with doxorubicin. Here, particle size
optimization was achieved by varying solvent and monomer dosage. The NP exhibited higher
pharmaceutical cytotoxicity than the free drug and are thus regarded as promising drug delivery
vehicles.'®* Also when manufacturing nanoparticles from pNE in an oil-in-water process, the
polymerization protocol can be adapted to influence the later shape of the particles. The concentration
of copper ions, for instance, will impact the diameter of the derived microcapsules and shell
thickness.™® Moreover, particles do not have to be built purely from pNE. The adhesiveness of pNE can
be utilized to coat, e.g., FeEOOH particles and to entrap an anticancer drug. Here, again, the authors

favored pNE over pDA because of more uniform and thinner coating properties.*?°
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Figure 8 (A) The universal adhesiveness of pDA can be exploited to coat nanoparticles with oligonucleotides via amine or thiol
functionalities, directing cancer cell targeting. Overlaid dark field and fluorescent image of aptamer-modified Au-PDA
particles, scale bar is 20 um. (B) Polynorepinephrine particles can be loaded with DOX for delivery into Hela cells.
Quantification of cell viability upon treatment with only pNE particles, free DOX, and DOX-loaded pNE particles illustrates the
efficacy of the combined approach. Printed and adapted with permission from 105,118,
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Concluding, whenever a biocompatible and versatile coating in the nm Range is required,
catecholamine monomers are promising candidates with almost 15 years of extensive research going

on.
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1.2.2 Photodynamic Therapy, Photosensitizer, and Photopolymerization

Polymerization of monomers can be triggered by various stimuli such as by chemical, thermal, or
electrochemical means to successfully overcome the energy barrier. Compared to these conventional
processes, photoinduced polymerization systems can be fairly easily exploited for complex and
selective macromolecular synthesis at ambient conditions. Chemically induced reactions, for instance,
require the addition of a reactive agent, and — if no quenching reaction is applied — the reaction will
continue until these triggers are fully exhausted. Thermal processes are enabled through an increase
in heat, limiting in certain cases the use of temperature-sensitive substrates, e.g., biomolecules. The
success of photopolymerization, however, is founded upon the rise of light emitting diode (LED)
technology on the one hand, and the advent of controlled radical polymerization on the other.**
Herein, a chromophore is excited through photons from the incident light, promoting an electron to
higher energy orbitals and thus, generating more energetic species. The excited state chromophore
will eventually undergo one of several processes to transfer the additional energy and thereby fall to
an energetically stable state again. A photochemical reaction is only started when energy is transferred
to another molecule, instead of deactivation through thermal radiation or luminescence.
Photosensitizers (PS) represent a class of molecules that possess these particular features and are
therefore exploited in photopolymerization. They absorb energy from light spanning the UV, visible or
infrared-spectrum and transfer this energy either directly or by a chemical reaction to nearby
molecules.’?” ' According to their mode of action, they can be classified as type | or type Il PS (Figure
9). Type | PS in their excited triplet state react directly with the substrate, forming the product and
releasing the PSin its initial relaxed state. Excited type Il PS, however, firstly excite ground state oxygen

into the singlet state which in turn reacts with the substrate, leading to product formation.
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Figure 9 Photosensitized reactions can be classified into two pathways. Activated type | photosensitizer react with the
acceptor, in a one-electron transfer reaction, to produce a radical ions and reactive oxygen species. In type Il photosensitized
reactions, the excited PS reacts with a ground state oxygen molecule into singlet oxygen which then react with the substrate
to form product. Reprinted with permission from 122,

A prominent example of the application of a PS in a biomedical context can be found in photodynamic
therapy (PDT).*** PDT is a mainly minimally invasive method for the treatment of tumors or defective
tissue and relies on three components: light, a photosensitizer, and tissue oxygen. The PS is either
locally or systemically applied, whereas specific tumor characteristics such as excessive cell growth,
increased metabolic activity or increased perfusion enforce the accumulation of PS at the required side

of action. Strong absorption of the PS in red/near infrared spectrum is preferred as it allows for deeper
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tissue penetration, referred to as the therapeutic window.'* Once brought into its excited triplet state,
the PS can either directly interact with the substrate such as the cell membrane (type 1) or forming
highly cytotoxic singlet oxygen which in turn reacts with amino acid residues or unsaturated lipids (type
I1). The half-life of singlet oxygen in biological systems is approximately 40 ns, defining a radius of action
in the range of 20 nm so that only proximal cells are directly affected in PDT. The so caused destruction
of cellular membranes and deactivation of enzymes eventually lead to cell death, marking therapeutic
success.™® Cell death can comprise apoptosis, necrosis, and autophagy events and the dominance of
each pathway also is significantly influenced by the localization of the photosensitizer (Figure 10). As a
consequence, the multifactorial photodamage thus depends on the type of photosensitizing agent, its
concentration and localization, light exposure dose as well as oxygen availability.

More than 100 years ago, Eosin Y was used in the first medical photosensitization reaction in which
the interplay of the fluorescent compound and light was exploited to treat skin tumors.*?’” This was
preceded by the observation that the oral application of Eosin Y provoked dermatitis in sun-exposed
areas of the skin. Eosin Y is an anionic xanthene dye derived from fluorescein that exhibit intense
absorption bands in the green wavelength range from 480-550 nm and its high singlet oxygen
quantum yield is marking Eosin Y primarily as a type Il PS."?®?° This capability is for instance reflected
in a study where excitation of incorporated Eosin Y causes lipid hydroperoxidation of unsaturated
chains in Langmuir monolayers.™*® Furthermore, by incorporating the PS into smart carrier systems it
is even possible to elevate the level of spatiotemporal control in PDT. Conjugation of Eosin Y to pH-
responsive block copolymers results in inactive drug micelles in extracellular milieu but upon
endosomal uptake, however, micellar breakdown release makes the PS responsive for PDT again.'*
Similar to other medical treatments, PDT also benefits from utilizing pharmacologically inactive
prodrugs instead of readily available drug molecules to ensure selective targeting, increased
biodistribution and minimize side effects. Aminolevulinic acid (ALA) combines extraordinary benefits
for PDT in that respect: Being an endogenous key precursor in the bioformation of heme, its external
administration outplays downstream enzyme activity, leading to accumulation of the prodrug in the
cell. In particular, ALA, marketed as Levulan, is quickly converted into protoporphyrin IX (PPIX) — being
the potent photosensitizer herein — but not further into heme due to insufficient enzyme rates in
subsequent synthesis.”® PPIX is a planar, tetrapyrrolic molecule that exhibit the typical porphyrin
absorption spectrum with a strong Soret band around 400 nm and weaker absorptions between 450—
700 nm, so-called Q bands. Several hours after ALA administration, PPIX accumulation enables for
excitation at 635 nm and 375-400 nm and subsequent formation of singlet oxygen.'”® Notably,
excitation with artificial light sources can be rather painful, such that topical application on skin and

exposure to daylight showed to have similar effects but with far milder symptoms.******
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While ALA localizes in mitochondria, another effective PS, methylene blue, is mainly localizing in
lysosomes.™?” 13> This target-specific knowledge could be leveraged to improve PDT: The efficiency of
photoinduced cell death showed to primarily depend on the specific location of the generation of
reactive species rather than the amount of oxidant species. Due to their relatively short lifetime, they
cause damage with the nm-vicinity of the PS and can thereby equip PDT with spatial control. The
phenothiazinium dye methylene blue is a promising candidate for PDT also because of its high
absorbance in the red spectral region (550—-700 nm), i.e., within the therapeutic window and its triplet
state exhibits appropriate energies for the sensitization of oxygen.?® Once more, the involvement of
nanomedicine demonstrated to increase the therapeutic effect. Compared to free MB, MB-modified
gold nanoparticles significantly enhance PDT efficiency (2-fold) while reducing the PS’s dark toxicity.**®
Furthermore, simultaneous imaging and PDT could be achieved through the encapsulation of MB into

silica nanoparticles, thus, providing in vivo image-guidance for site-specific therapy.™’
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Figure 10 (A) In photodynamic therapy, the interplay of light, photosensitizer and tissue oxygen is critical for therapeutic
success. (B) Eosin-conjugated pH-responsive polymeric nanoparticles enable spatiotemporal switching in PDT. At neutral pH
in extracellular environment and cytosol, PS is trapped in micelles and only exposed under acidic conditions, restoring its
photodynamic effect. (C) Cancer cells show a precedence in converting the prodrug ALA into protoporphyrin IX, a very potent
PS whose accumulation in mitochondria enables PDT with reduced side effects. (D) When investigating the photodynamic
effect of MB on cancer cells (Detroit 562), best results were achieved by irradiation of MB. Here, up to 95% reduction of the
cell viability compared to the control was observed, whereas almost half of this cell loss is attributed to light specific effects.
MB treatment alone accounts for only 67% reduction of cell viability and laster treatment alone rarely had an effect at all.
Reprinted and adapted with permission from reference 126, 131,138,139,

Similar to PDT but in a less biological setting, photo-responsive molecules such as chromophores can
also be exploited to implement extrinsic control into polymerization reactions through light (Figure
11). While the chromophore’s molecular structure determines its physical and chemical properties
such as excited state lifetime or wavelength-responsiveness, the solvent environment and
temperature impact quantum yields.*** Being an externally applied stimulus, both wavelength and
intensity can be simply adjusted for any particular reaction, providing high degree of adaptability. The
major benefit associated with photopolymerization is the facile temporal control of polymer growth
by switching the light source between ON/OFF states. Thereby, the generation of reactive species can
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be initiated and stopped on demand and the monomer conversion follows a step-like process. In an
ideal scenario, no additional conversion occurs during the dark phase, however, in some reported
systems, a minor polymer growth can be observed. In situ monitoring by NMR spectroscopy revealed
that this particularly impacts Cu-mediated CRP where increased lifetimes of residual Cu(l) catalyst
support chain growth after initial photoactivation.™*® Although this observation is not applicable to the
broad range of photopolymerization systems, it reveals the necessity to ensure careful investigation
of off-cycle measurements in appropriate time periods. In contrast to the vast amount of oxygen
tolerating polymerization techniques, advanced temporal control can be achieved through a dual-
gated polymerization system based on light and oxygen presence. Here, oxygen is not only tolerated
but indispensably integrated into the RAFT process. Only upon illumination and under aerobic
conditions, the photocatalyst together with a co-catalyst can activate the RAFT agent. Thus, purging of
the reaction with an inert gas even during irradiation results in cessation of polymerization while
reapplying oxygen has the reverse effect.***

As an extension of aforementioned temporal control, spatial control can exclusively extend the
application of photopolymerization. The precise activation of polymer growth only in certain areas can
for instance be implemented through physical barriers, so-called photomasks, or laser technologies.***
143 Comparable to PDT, the creation of polymer brush patterns benefits from the rather short excited
life state of the photocatalyst: Since reactive species cannot diffuse over distances greater than 20 nm,
structural resolution does not suffer from significant losses. In particular, substrates are modified with
a layer of initiators and through application of a photomask, brush growth can be spatially confined

whereas non-exposed areas of initiators are still active for subsequent reactions steps.'**
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Figure 11 (A) LEDs are a convenient light source for photochemistry thanks to low cost, precise emission wavelength, and
simple equipment. (B) Temporal control, i.e., switching between ON and OFF states, is one of the major benefits of
photopolymerization. (C) Photomask technologies can further provide spatial control and distinctly localize areas of chain
growth. Figures adapted from 121,
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1.3 Functional DNA—polymer conjugates: Noncovalent DNA—polymer interactions
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The biological role and impact of DNA is fairly evident, however, its integration into the synthetic world
of chemists and material scientists shed a different light. Here, solid phase synthesis paved the way for
facile generation of short DNA strands of arbitrary sequences and incorporation of chemical
functionalities and handles. Together with the near limitless capacity of polymer chemistry to yield
macromolecules with complementary features, novel hybrid materials with unique characteristics can
be created. Most prominent are amphiphilic DNA—polymer conjugates that give access to various
morphologies such as spherical and rod-like micelles. These nanostructures can further be equipped
with stimuli-responsiveness towards physical properties and competitive complementary DNA

binding, giving rise to functional and dynamic systems.

The review presented in this chapter discusses the progress of DNA—polymer conjugates, picking up
synthetic routes and state-of-the-art applications. Of particular importance for this thesis is the review
section on “Noncovalent DNA—polymer interactions” as it combines the two fields of “DNA
nanotechnology” and “polymers” described in introduction chapters 1.1 and 1.2 and gives
fundamental knowledge into the work discussed in the “Results and discussion” (3) part later on in this
thesis. The review section “Noncovalent DNA—polymer interactions” also reflects my contribution to
the Chem. Reuv. article as the section’s conceptual structure, literature screening and discussion as well
as writing was performed by me. In brief, the chapter reports how the rather inert structure of DNA
can be exploited for touch points with polymer chemistry through its nucleobases, the negatively
charged phosphate-deoxyribose backbone, the major/minor grooves of the double helix as well as the

5’/3’ termini.
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ABSTRACT: DNA nanotechnology has seen large developments over the last 30 years through AN ®. %6 ,4“'
the combination of solid phase synthesis and the discovery of DNA nanostructures. Solid phase © e

synthesis has facilitated the availability of short DNA sequences and the expansion of the DNA N\'\ ?
toolbox to increase the chemical functionalities afforded on DNA, which in turn enabled the oo
conception and synthesis of sophisticated and complex 2D and 3D nanostructures. In parallel,
polymer science has developed several polymerization approaches to build di- and triblock
copolymers bearing hydrophilic, hydrophobic, and amphiphilic properties. By bringing together
these two emerging technologies, complementary properties of both materials have been
explored; for example, the synthesis of amphiphilic DNA—polymer conjugates has enabled the
production of several nanostructures, such as spherical and rod-like micelles. Through both the
DNA and polymer parts, stimuli-responsiveness can be instilled. Nanostructures have
consequently been developed with responsive structural changes to physical properties, such
as pH and temperature, as well as short DNA through competitive complementary binding. These responsive changes have enabled
the application of DNA—polymer conjugates in biomedical applications including drug delivery. This review discusses the progress
of DNA—polymer conjugates, exploring the synthetic routes and state-of-the-art applications afforded through the combination of
nucleic acids and synthetic polymers.
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addition of defined monomers via stepwise coupling and
washing was realized. In this instance, two phosphoramidite
oligomers consisting of either a hexaethylene glycol or
hexaethylene (HE) unit were adopted as hydrophilic and
hydrophobic monomers and ordered in a controlled manor
(Figure 10B). In their first work, polymer lengths of up to 12
units were explored and shown to have high control over the
sequence. They next explored polymer lengths up to 24 units
with varying content demonstrating the ability to increase
polymer length through this approach. ? This method
highlighted the potential for DNA—polymer conjugation
where both the DNA and polymer content are sequence
defined, although polymer length is still limited and may
require further exploration to improve the solid phase
monomer conjugation SCOPE.

The examples so far have produced a conjugate containing
DNA as a polymer block; however, they have not exploited the
capabilities of DNA to guide the polymerization to precise
assemblies through its sequence-specific interactions. DNA
sequences can be programmed through their specific base
pairing to form folded nanostructures. DNA nanostructures
were first envisaged by Seeman in 1980, beginning as lattice
structures up to more recent examples of sophisticated DNA
origami structures as reviewed previously.'** DNA origami was
proposed by Rothemund'” and has provided a powerful
approach to engineer nanoscale functional structures.'**'**
Structural DNA nanotechnology was first employed in covalent
conjugation with polymers by O'Reilly’s group, demonstrating
the use of a DNA tetrahedron as a structural anchor for
polymer attachment.”” The polymer-decorated DNA nano-
structure was realized through Cu-catalyzed click chemistry
between the alkyne bearing DNA tetrahedron and azido-
functionalized pNIPAM (Figure 11A). A 100-fold decrease in
reagent concentrations was stipulated in comparison to their
ODN equivalent solution-based click reactions. Additionally,
CuSQO,/tris(hydroxypropyltriazolylmethylJamine (THPTA)
was adopted rather than Cul-P(OEt);. However, as with the
attempts using polymer brushes, steric effects are deterministic
on the efficiency and can result in low coupling yields. By
grafting from the nanostructure, steric restraints are reduced
for the monomer polymerization processes. The added
advantage of employing a 3D DNA nanostructure backbone
afforded polymer patterning through the site specific attach-
ment.

In the previous example, the functionalized DNA strand was
part of the folded nanostructure. However, in another instance,
site specific control was employed through complementary
base pairing an ODN bearing the radical initiators.”” The
origami was designed to exhibit “sticky” ssDNA at precise
locations to guide the initiator-ODN to the predesignated sites
(Figure 11B). To perform the polymerizations from DNA
origami, ATRP was employed to achieve reactions in aqueous
conditions and at room temperature—a requirement when
handling DNA origami. Due to the low concentrations of DNA
origami available, sacrificial ATRP initiators were required in
solution to maintain the radical equilibrium. Under these
conditions, polymerization of PEGMA successfully generated a
polymer brush. By adopting copolymerization with the cross-
linker PEG dimethacrylate (PEGDMA), a dense polymer
network can also be created. The DNA origami tile structure
can also fold to form a tube shape, converting the 2D patterned
surface to a 3D dual-surface containing specific internal and
external contours (Figure 11C).° Here, ATRP initiators were
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Figure 11. 2D and 3D DNA polymer conjugates on “solid” DNA
nanostructures. (A) Grafting to DNA tetrahedron through click
chemistry of pNIPAM to the alkynyl-DNA nanostructure.” Adapted
with permission from ref 99. Copyright 2013 American Chemical
Society. (B) Grafting from DNA origami tiles through Cu-catalyzed
ATRP. Initiators are initially bound to the origami structure through
complementary sticky sequences followed by the ATRP reaction.”

Adapted with permission from ref 57. Copyright 2016 John Wiley and
Sons. (C) Grafting from a DNA origami tube through ODN bound
initiators.”* Adapted with permission from ref 56. Copyright 2018 the
Royal Society of Chemistry.

similarly placed in precise patterns to decorate the outer
surface of the tube. The polymerization conditions remained
unchanged between the tile and tube configuration, therefore
demonstrating the versatility of ATRP on DNA origami for
nanoscale precision of DNA—polymer hybrid nanostructures.

3.2. Noncovalent DNA—Polymer Interactions

Apart from the covalent DNA—polymer conjugates reviewed
above, there is also the emerging class of supramolecular
assemblies of DNA and polymers which is driven by
noncovalent interactions. Here, intermolecular communication
is enabled through the close proximity and attraction of both
materials, which lead to systems of dynamic nature. While
covalent conjugation requires chemical manipulation of the
DNA strands to equip them with reactive handles, noncovalent
approaches do not face these constraints and can typically be
realized with nonmodified and readily available nucleic acids.
The highly programmable primary structure of DNA as well as
the ability to shape secondary and tertiary structures can be
exploited to control the sequence of polymers that are
structurally unrelated to nucleic acids. This strategy takes
inspiration from one of the essential processes found in living
nature, where the DNA-encoded information on life is
replicated, transcribed, and translated through RNA into
proteins. Noncovalent assemblies can be classified by their
mode of interaction as well as by the designated purpose. DNA
provides multifaceted interaction modes that arise from its
unique structure in all three dimensions as discussed in section

https://doi.org/10.1021/acs.chemrev.0c01074
Chem. Rev. 2021, 121, 11030—11084
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Figure 12. Various strategies to sequence-controlled polymer growth with ssDNA. (A) DNA-templated polymerization of PNA pentamer
aldehydes on an amine-terminated hairpin DNA template.” Reproduced with permission from ref 78. Copyright 2008 American Chemical Society.
(B) Codon-mediated linkage of AA/BB-substrates yields polymers that can be released from the templating DNA by cleavage of the disulfide
linkers.”” Reproduced with permission from ref 59. Copyright 2013 Springer Nature. (C) The combination of segregation and templatin
techniques ensures confined chain growth along a template in discrete micelle cores that affords polymers of high molecular weights."’
Reproduced with permission from ref 138. Copyright 2012 Springer Nature.

2. ssDNA is accessible via Watson—Crick base pairing whereas
the negatively charged phosphate backbone is prone to
electrostatic interaction with polycations. dsDNA expands
the toolkit by enabling hydrophobic groove binding and
intercalation of planar molecules into the stacking bases along
the DNA backbone. In comparison to covalent conjugation
strategies, the herein described noncovalent interactions are
per se not specific, yet several studies aim to circumvent these
intrinsic restrictions and seek for spatially controlled attach-
ments. Since DNA is a multifaceted platform, one can utilize its
exceptional customizability to design tailor-made polymers by
either templating or patterning approaches. On the one hand,
ssDNA and dsDNA allow sequence transfer onto growing
polymers and the templating of supramolecular 1D and 2D
structures, respectively. On the other hand, DNA can be
arranged in complex nanostructures which can be covered with
polymers, rendering new features to the synthetic building
block and yielding three-dimensional constructs. Furthermore,
the extraordinary fidelity of certain DNA arrays, e.g, DNA
origami, permits the patterning of polymers in distinct shapes
and with a precision that outcompetes other techniques, such
as lithography or conventional self-assembly. However,
independent of the applied technique, the DNA template
can be either removed after polymer synthesis or become part
of the reaction product. In line with the focus of this review, we
survey promising strategies to develop DNA—polymer
conjugates via noncovalent interactions.

3.2.1. Templating of Polymers by Single and Double
Stranded DNA. One of the greatest advantages of DNA over
synthetic polymers is the unprecedented level of sequence-
control as well as the consequential precision in molecular
weight and distribution. It therefore is attractive to exploit this
unique characteristic and potentially transfer the molecular
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information onto polymers. In this way, ODNs can function as
molecular matrices that recognize and interact with guest
molecules and, thus, organize them according to their sequence
and guide subsequent polymerization. An early example of how
the sequence of nucleic acids might be harnessed was
demonstrated by Liu and co-workers % wherein short PNA
sequences were arranged in a sequence-specific fashion along
an amine-end-modified ODN template via complementary
base pairing. Aldehyde moieties on the tetrameric PNA
monomers allowed for distance-dependent reductive amina-
tion coupling, ligating the monomeric units, which con-
sequently generated polymers with molecular weights of 10
kDa. Introduction of mismatches afforded no or only truncated
polymers, depending on the position at which the error was
placed. Furthermore, the presence of additional building blocks
with closely related sequences did not disturb the formation of
the desired product. Thus, efficient and sequence-specific
conjugation of nucleic acid templates and non-natural
polymers steered by hydrogen bonding of base pairs could
be established. In a follow-up study, the group expanded their
monomer scope through a side-chain-functionalized PNA
tetramer and pentamer aldehydes™ (Figure 12A). Thereby,
they could fabricate densely functionalized polymers, involving
a PNA 40-mer with more than half the nucleotides bearing side
chains. Interestingly, the polymerization efficiency mainly
depended on the position and stereochemistry of the side
chains rather than on size, hydrophobicity, or charge. As briefly
mentioned above, Nature has the capability to translate the
genetic information stored in nucleic acids into amino acid-
based peptides and proteins. Based on their previous work,
Liu's group aimed to mimic the last step of Nature's protein
machinery where the sequence of a nucleic acid template
allows a codon-mediated conversion into an amino acid

https:/doi.org/10.1021/acs.chemrev.0c01074
Chem. Rev. 2021, 121, 11030—11084
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Figure 13. Electrostatic interactions allow the alignment of positively charged monomers and polymers along the DNA backbone. (A) Complexes
of DNA with two polycation chains for DNA—PEI, DNA—PLL, DNA—-PVA, and DNA—PAA systems.'*' Reproduced with permission from ref
141. Copyright 2018 Elsevier Ltd. (B) The electrostatic alignment of aline-monomers on DNA, either in solution or on Si substrates, and
subsequent oxidation leads to the formation of poly(aniline) structures along the DNA template. Oxidation can be induced enzymatically (HRP),
via photo-oxidation of Ru complexes or by using oxidants (APS). (C) AFM images of the polymerization process could reveal four distinct stages in
the formation and growth of poly(pyrrole).'*” Reproduced with permission from ref 149. Copyright 2014 American Chemical Society.

sequence and, in the end, a protein is released (Figure 12B).*”
These codons bear a template recognition site as well as the
corresponding amino acid. In order to exploit this strategy and
likewise introduce sequence-specificity to non-natural poly-
mers, the group designed a codon comprising a PNA pentamer
for template recognition and a synthetic polymer building
block. Through the employment of PEG as the initial polymer
model and by achieving molecular weights of up to 10 kDa,
they could further incorporate a-(p)- and ff-peptide backbones
with various side-chain functionalities to accomplish longer
and structurally more diverse polymers (26 kDa). Among
several investigated conjugation strategies, copper-catalyzed
alkyne—azide cycloaddition of AA-/BB-substrates proved to be
most efficient. Moreover, by equipping the codon with a
disulfide bridge between the polymer building block and the
PNA adapter as a cleavable linker, the polymeric product could
be liberated afterward. Though the approach described here
utilizes Watson—Crick base pairing to produce sequence-
controlled polymers without the need for Nature’s enzymatic
toolbox, the structural diversity of the substrates is still limited
to macrocycles for entropic reasons. However, the codon
design theoretically supports the incorporation of several
building blocks without the need to readjust the template
recognition site.

Another seminal approach to adopt from Nature’s capability
to make exact copies of nucleic acid strands was investigated by
the Sleiman group.]'w Step-growth polymerization techniques
typically suffer from poor control over molecular weight which
inevitably leads to broad molecular weight distributions. They
therefore employed nucleobase recognition to surpass these
barriers and to synthesize conducting polymers of low
dispersities. Instead of using pure ODNs as a template, a
thymine-decorated polymer was manufactured via living ring-
opening metathesis polymerization (ROMP). Alignment of
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adenine-containing monomers by complementary base pairing
along the template strand and subsequent Sonogashira
coupling afforded well-defined daughter strands of conducting
polymers. Whereas nontemplated polymerization or polymer-
ization with an incorrect template only produced low
polymerization degrees and high dispersities (PDI > 2), the
presence of the correct template significantly narrowed the
molecular weight distribution (PDI = 1.2) and yielded similar
polymerization degrees compared to the parent strands. Thus,
the all-synthetic strategy proved to be capable of programming
the structure, length, and dispersity of commonly poorly-
defined polymers by hydrogen bonding interactions. Following
this, O'Reilly and co-workers furthered nucleobase-promoted
polymer templating by combining the methodology with a
segregation strategy that makes use of block copolymer self-
assembly (Figure 12C)."** Their bioinspired dual templating/
segregation approach relies on the isolation of propagating
radicals in discrete micelle cores, thus enabling confined chain
growth along a template. Briefly, a block copolymer of styrene
(St) and the thymine analogue 1-(vinylbenzyl)thymine (VBT),
PSt;,5-b-PVBT |, was synthesized that forms stable micelles in
chloroform. The hydrogen bond interaction of the thymine
template with a vinyl derivative of adenine (VBA) ensured the
solubility of the adenine monomer in the solvent. Furthermore,
the addition of the complementary adenine monomer led to a
dynamic exchange of adenine-loaded templates into the micelle
where the ensuing polymerization was taking place. A so-called
“hopping” mechanism of propagating radicals along adjacent
templates in the micelle core can theoretically explain the
remarkably high molecular weights of the daughter polymers of
up to 400 kDa, even though the template only counts 18
thymine residues. Hence, nucleobase templating enriched the
free radical polymerization to yield narrowly distributed

https:/doi.org/10.1021/acs.chemrev.0c01074
Chem. Rev. 2021, 121, 11030—11084
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daughter strands (PDI < 1.08) by suppressing bimolecular
termination in a confined environment.

The examples discussed so far mainly report on nucleobase-
modified polymers or closely related structures such as peptide
nucleic acids. To further develop the field, Zhou et al. studied
the triplex hybridization of a polymer with a full carbon
backbone alongsidle DNA and RNA ODNs to produce
conjugates that might be suitable for DNA loading onto
nanoparticles or delivery of siRNA in biomedical applica-
tions."*” Here, RAFT polymerization of various acrylates
yielded polyacrylates with tunable side chains. As a key step,
these copolymers were equipped with triaminotriazine (so-
called melamine) handles by amidation of NHS moieties along
the backbone. Melamine can recognize thymine and uracil
hydrogen bonding patterns in various media and, therefore,
ensured the hybridization with ODNs comprising two blocks
of the respective amino acid that are bridged by a cytosine
linker (dT,(C,oT)p). Notably, the RAFT copolymers are
intrinsically characterized by stereoregio backbone hetero-
geneity and still engage T/U rich ODNs with nanomolar
affinity upon mixing in a 1:1 ratio. The supposed triplex
hairpin binding model of the compounds was further affirmed
by FRET studies.

The work described here represents a rare example of
DNA~—polymer conjugates that are solely based on hydrogen
bonding between a fully synthetic polymer and complementary
nucleic acids without the support of electrostatic interaction.
However, substantially more studies address the negatively
charged phosphate backbone of DNA with respective
polyplexes due to the convenient and spontaneous mode of
interaction. For instance, electrostatic complexation can be
exploited to condense siRNA onto a positively charged
supramolecular polymer for drug delivery purpcoses.Hn The
cationic polymer can enter cellular membranes via charged-
mediated endocytosis and successfully deliver its cargo, thus
inducing gene silencing, Supramolecular complexes of nucleic
acids with cationic polymers have emerged prominently in the
area of gene delivery in order to circumvent viral delivery
vectors. In this respect, several positively charged polymers
such as polyethylenimine (PEI), poly vL-lysine (PLL),
polyvinylamine (PVA), and polyallylamine (PAA) are subjects
of current research (Figure 13A).""

Electrostatic interactions also play a key role in the studies of
the Herrmann group where they fabricated light harvesting
DNA complexes and described the salt-free hybridization of
PEGylated ODNs in water."”'** In a two-step process, a
water-soluble surfactant is employed to transfer the DNA into
an organic phase where it is substituted by an amine-
containing molecule, for instance, amine-PEG. Hereby,
ODNs can be noncovalently encapsulated with a PEG shell
that allows for the formation of metal-free dsDNA with
remarkably high thermostability.

Likewise, electrostatic interactions can be further utilized to
template polymerization along DNA, enabling these inter-
actions to dictate bond formation processes. There are a high
number of studies demonstrating the use of DNA templates to
exert control over the respective sequence and structure as an
appealing strategy in the field of conducting nanowires. In
particular, po!lyaniline, polypyrrole, and polythiophene are well
irwesl:igated..1 * Polyaniline (PANI) is commonly synthesized
in a strongly acidic environment through chemically or
electrochemically induced oxidation of aniline monomers.
However, these harsh conditions prevent the use of biological
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templates as they are highly sensitive materials. Oxidative
polymerization of aniline therefore necessitates the adjustment
of reaction conditions toward mild pH ranges and tolerable
oxidation agents (Figure 13B). In an initial attempt, Simmel
and co-workers employed three different stimuli to trigger the
polymerization of aniline along a A-DNA template in solution
as well as on a chip surface.'*® Prior to polymerization, DNA
and monomers were simply incubated in phosphate buffer at
pH 4.3, without the need for any chemical modification.
Positively charged anilinium ions act as counterions for the
negatively charged phosphate backbone and are organized
accordingly. Enzyme-mediated oxidation through horseradish
peroxidase (HRP) and hydrogen peroxide, photo-oxidation
using a ruthenium complex, and ammonium persulfate as an
oxidant all proved to be capable of yielding PANI-decorated
DNA conjugates. In a similar approach, the group of He aimed
to fabricate conducting polyaniline nanowires along preor-
iented DNA templates which were aligned on a Si substrate.'*
Oxidation of aniline was also induced enzymatically by HRP
and hydrogen peroxide. Adjusting the pH value to pH 4.0
turned out to be crucial with regard to wire quality: at a pH of
S, the continuous formation of wires was interrupted by
polyaniline particles; however, lowering the pH to 3.2 yielded
only incomplete polymerization. Thus, the optimal pH range
to ensure continuous and regular polymerization was on the
one hand determined by the optimized electrostatic alignment
of aniline monomers along the template and on the other hand
helped to retain sufficient enzyme activity. By incorporating
AuNPs into polyaniline nanowires derived from DNA
templates, Wang et al. showed the novel construction of
hybrid nanowires with expanded electrical properties.'*’
Therefore, a sequential assembly process was applied:
positively charged AuNPs were aligned on surface-immobilized
DNA templates, affording narrow AuNP chains. The gaps
between neighboring particles were then bridged by Ru-
mediated photopolymerization of aniline derivatives in acidic
media. The alternating AuNP—polyaniline hybrid nanowire
could then be visualized by atomic force microscopy (AFM).

As with many other aromatic heterocycles, pyrrole can also
be polymerized in oxidative environments. Thus, double helical
DNA permits the construction of 1D nanostructures through
the organization of the pyrrole precursors and subsequent
oxidation and polymerization. In order to generate pure
polypyrrole—DNA conjugates with alkynyl side groups,
Horrocks and co-workers implemented chemical modifications
into a thienyl-pyrrole monomer (TP)."** It could be shown
that monomer functionalization had no negative impact on the
oxidative polymerization that was mediated through ferric
chloride (FeCl;). Treatment of the conjugates with Tollen’s
reagent led to the binding of silver cations to alkynyl residues
which facilitated nucleation and growth of Ag clusters along
the backbone. Compared to unmodified poly(thienyl-pyrrole),
many small nanocrystals are formed closely to each other,
attaining uniform distribution and enhanced conductive
properties. In an ensuing study by Hannant et al, the same
monomer was employed to further investigate click chemistry
for postmodifications which might be of interest for sensing
app]ications.l‘w Importantly, the pentynyl-substituted pyrrole
derived nanowires retained structural integrity and remained
active, i.e,, conductive, after addition of azido molecules via the
succeeding click reaction. To broaden the monomer scope and
to demonstrate the generality of the electrostatically driven
templating approach, Houlton and co-workers polymerized
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dithienyl pyrrole monomers (TPT) along DNA templates.'®'
Though this monomer only comprises 1/3 of the number of
hydrogen donor sites compared to pyrrole and therefore
reduced bonding capabilities, successful DNA recognition and
interaction was still possible. The higher structural regularity of
the polymer justifies the use of a less active monomer, since
simply mixing thiophene and pyrrole monomers only yields
randomly alternating sequences.

Investigation of the growth mechanism of pyrrole monomers
along DNA templates by AFM imaging unveiled a stepwise
polymerization process. First, low densities of conducting
polymer bind to DNA as apparently spherical particles,
followed by denser particle packing in a beads-on-a-string
fashion, which then resulted in subsequent dynamic reconfigu-
ration, finally elongating and merging the particles in highly
regular nanowires with smooth morphology (Figure 13C)."*

The controllable interplay of not only electrostatic but also
hydrophobic interactions between DNA and polymers opens
up a completely different possibility to define the morphology
of resulting conjugates. Once more, nature was used as a role
model with respect to its outstanding ability to store genomic
DNA with the help of histones. Chen and co-workers tread
new pathways for the noncovalent interaction of block
copolymers and DNA by establishing a two-step self-assembly
pmcess.LSZ Notably, the micelle formation of amphiphiles is
not only determined by their concentration (critical micelle
concentration, CMC) but also significantly relies on the ratio
of water phase to organic phase, which is known as the critical
water content (CWC). Based on the latter phenomenon, the
group designed a self-assembling system of polymers and DNA
which is first guided by weak electrostatic interactions that are
subsequently caught up by hydrophobic driving forces. They
therefore utilized a copolymer that comprises two blocks, a
hydrophilic PEG and a hydrophobic poly(4-vinylpyridine)
(P4VP). Below the CWC for micellization, the positively
charged P4VP interacts with DNA, forming linear complexes
in which the DNA is encapsulated by the polymer. Gradual
increase of the water content allows for hydrophobic
aggregation of the P4VP blocks between polymer chains in
solution and polymer chains on the DNA. The hydrophobic
interaction then forces rearrangement of the complex and
finally leads to core—shell nanofibers in which DNA wraps
around the hydrophobic polymer aggregate. When employing
monodisperse and relatively short DNA templates, these
properties were transferred into the DNA—polymer conjugates
which are monodisperse in both length and width. The
necessity of the DNA template is clearly evident since the
copolymer alone only accumulated in spherical micelles under
identical conditions.

Besides the binding modes discussed here, the Watson—
Crick base pairing and resultant double helix structure further
render DNA attractive for the intercalation of planar
molecules. In duplex DNA, the environment of nucleobases
leads to 7—n-stacking of adjacent aromatic systems, a structural
motif that has a greater impact on helix stability than hydrogen
bonds of complementary bases. Compounds that recognize
DNA via interaction within the stacking bases are therefore
potential handles for attaching or growing polymers along the
DNA template. Hence, respective initiators, monomers, or the
a priori synthesized polymer have to be equipped with suitable
intercalators. Although ethidium bromide is a very strong DNA
binder, utilization of weaker intercalating molecules such as
acridine can add the potential for reversibility to the complex.
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O'Reilly and co-workers employed RAFT polymerization to
synthesize a series of acridine end-terminated polymers,
including pNIPAM and pDMAm and investigated the effect
of polymer structure on the nature and strength of the
interaction with DNA.* Indeed, differences in complexation
behavior were observed, which were potentially caused by the
relative tendencies of the different polymers to self-assemble
when brought into close proximity. For instance, a high load of
pNIPAM onto calf thymus DNA and full occupancy of
intercalation sites induced irreversible aggregation. The DNA-
guided vicinity of polymer chains quasi-imitates the process
when hydrogen bonds between the amide groups of pNIPAM
are formed, normally giving rise to its temperature-responsive
character. On the other hand, the compact structure of
pDMAm tolerated higher densities of polymer intercalation
without aggregation occurring. Thus, the combination of
pDMAm and a significantly shorter and well-defined DNA
sequence (63 base pairs) yielded discrete and possibly brush-
like nanoparticles with sizes of 10 nm. Importantly, DNA or
polymer alone as well as acridine-lacking polymer does not
form comparable assemblies. In a different approach, Pike and
co-workers instead used monomers with z-stacking anchoring
groups to arrange the monomers within the DNA helix and
conducted polymerization after intercalation.”’ Based on the
intercalation of diazido derivatives of proflavine into the
double helix, the azido groups exposed themselves into the
major grooves of the DNA. Here, copper-catalyzed click
reaction with thienyl-pyrrole monomers was performed.
Crucially, proflavine intercalation was not hampered by the
ensuing click reaction of the functional groups nor was
intercalation of a presynthesized unit of intercalator and
monomer successful, due to hydrophobic and steric impedi-
ments. Polymerization of the spatially organized pyrrole units
was initiated by residual oxygen species in the solvent, without
the need for a chemical oxidant.

While this strategy relies both on intercalation within the
stacking nucleobases and on chemical reactions taking place in
the major groove of DNA, DNA grooves alone also provide the
opportunity for noncovalent attachment of polymers. Fur-
thermore, the impact of adjacent base pairs on the groove
environment adds a certain level of sequence-specificity to the
system which is less prominent among intercalators. To ensure
an ideal interaction, groove binding compounds typically
comprise at least two aromatic rings while still being flexible in
contrast to rigid polycyclic planar molecules that are suitable
for intercalation. Deiana et al. investigated the binding mode of
an anthracenyl polymer with dsDNA as well as the binding
strength and mechanism.'** The polymer was synthesized by
ATRP from an anthracene macroinitiator with 4 initiator sites,
and DNA interaction was induced by simple mixing of the
compounds. Association constants in the 10° M! range are
higher than those found for intercalating molecules or
electrostatic interactions, thus indicating successful groove
binding. Furthermore, the association stoichiometry was
ascertained to be 1 polymer-adduct for every 5 base pairs,
showing that most sites of DNA participate in the association
process. Although groove binding is mainly attributed to
hydrophobic forces, van der Waals forces and hydrogen
bonding may also be involved in the process, promoted by the
hydrophilic polymeric arms.

As already emphasized in the previous section (3.1), the
synthesis of covalent amphiphilic conjugates of ODNs and
polymers is problematic, especially due to solvent incompat-
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ibility, low conjugation yields, and phase-separation. Host—
guest interactions can potentially alleviate some of these
concerns by constructing a special hydrophobic molecular
environment to compensate for the difference between
hydrophilic and hydrophobic components in solution. This
environment exists as hydrophobic cavities within a general
hydrophilic exterior thus allowing the encapsulation of
molecules that would otherwise phase-separate, Varghese and
co-workers exploited this interaction mode by equipping DNA
with a prominent host molecule (f-cyclodextrin) which can
trap adamantine-modified hydrophobic guests.l"’4 Supramo-
lecular chemistry widely explores this class of host—guests due
to their efficient and highly specific molecular recognition, low
price, and simplistic modification. The spontaneously formed
self-assemblies from the generated DNA-amphiphiles were
found to be thermally stable which is attributed to extremely
strong hydrophobic interactions. However, this technique is
predominantly exploited to attach small molecules or
oligomers rather than polymers.'> At this point it is important
to note that this observation applies to almost all approaches
relying on noncovalent interactions. A rare example for a
polymer-based strategy is reported by Thelu et al. in a follow-
up study to their work described above."*® Herein, adamantyl-
terminated 8-arm PEG polymer is encapsulated by X- or Y-
shaped DNA carrying f-cyclodextrin at the end of all ODN
arms. The combination of a multivalent host with a star-like
guest led to nanogel formation, and the gelation was
concentration dependent. Moreover, the applicability of these
nanoparticles in a biomedical context was accomplished by
demonstrating successful drug loading, good cell permeability,
and delivery into cells. Thus, due to the universal and modular
nature of the host—guest interaction, the approach holds the
potential to be further developed.

3.2.2. Polymer Decoration of DNA Nanostructures.
While ss- and dsDNA are extensively leveraged to tailor the
polymer sequence and nanostructure and to provide
integrative functions, polymers themselves can also benefit
DNA in several ways. Higher ordered DNA arrays such as
DNA origami are exceedingly versatile building platforms, but
they face intrinsic stability drawbacks. Due to their nature,
DNA objects are prone to enzymatic degradation through
nucleases when encountering physiological environments, thus
limiting their progress in biomedicine. Even though degrada-
tion might be delayed by packing DNA structures of high
density or by having multi;)]q \interstrand crossings, it cannot
be completely impeded.IS 155 In addition, DNA origami’s
integrity is highly dependent on sufficient levels of divalent
cations that allow close proximity of DNA strands by
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compensating charge repulsion of the phosphate backbones.
Hence, several studies seek to diminish DNA susceptibility
through polymer-based approaches. Despite the drastically
reduced accessibility of 2D and 3D DNA objects in contrast to
nonfolded DNA sequences, electrostatic interaction can still be
exploited in order to achieve an efficient polymer coating.
Divalent cations are hereby substituted by polymeric
polycations, either naturally derived or of artificial origin,
However, without the possibility of confining the electrostatic
interactions in a designated area, coverage will occur
nonspecifically which might hamper additional postmodifica-
tions.

Various polymers were investigated to determine their
structure-binding relationship and their impact on origami
stability. For instance, ATRP-generated block copolymers of
PEG (to improve biocompatibility and protection efficiency)
and methacrylate derivatives (to serve as cationic blocks) were
attached to a 60-helix bundled DNA structure.”” Notably, for
successful binding, the ratio of amines within the polymer to
phosphate groups within the DNA backbone (N/P ratio) was
found to be pivotal. The number of cationic blocks of the
copolymer; however, only had a minor impact on binding
affinities. Ahmadi et al. followed suit and studied the effect of
polymerization degree, charge density, and N/P ratio of linear
PEI and chitosan on coating efﬁciency.'sg In line with other
studies, the N/P ratio significantly determines the extent of
interaction with DNA. However, LPEI performed better than
chitosan in protecting DNA from salt-depletion and nucleases,
even at lower ratios which the authors attributed to its higher
charge density. Moreover, the study reveals how challenging
the characterization of polymer-decorated DNA nanostruc-
tures might be. While bare origamis could be imaged by
negative stain TEM, LPEI-coated origamis were only visible
after removing the polymer shell. The indirect proof of
polymer coverage described here is often the only way to
analyze the conjugate (more examples to follow within this
section). In 2017, electrostatic coating of DNA origami
structures by copolymers from PEG- and polylysine-building
blocks were reported by two different groups.”"'®" The
polylysine block interacts with DNA while the corresponding
PEG block builds a protective layer and shields the sensitive
DNA backbone. The Schmidt lab synthesized PEG; 1p,PLys;5
by ring-opening polymerization induced by an amino-
terminated PEG macroinitiator while the Shih group utilized
commercially available PEG; ,,,PLys,, polymers (Figure 14A).
Both coatings proved to enable DNA nanostructures to
withstand low salt and high nuclease conditions. However, it
is important to note that the coating produced with the in-
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Figure 15. By exploiting the unique addressability of DNA origami, polymer patterning on the nanoscale can be realized. (A) The Gothelf lab
developed various strategies to synthesize sophisticated polymers that can be routed on DNA origami platforms on a single-chain level.
Furthermore, repetitive switching of the polymer chains was achieved. Switching of the polymer conformation could be monitored by FRET
pairs.”* Reproduced with permission from ref 54. Copyright 2016 American Chemical Society. (B) The spatially controlled formation of
polydopamine in designated patterns was demonstrated by the Weil group by installing enzyme mimicking reaction centers on DNA origami that
guided the polymer growth.(’“ Reproduced with permission from ref 62. Copyright 2018 John Wiley and Sons. (C) Further temporal control over
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house synthesized copolymer did not allow for further surface
functionalization due to the shielding effect by the polymers.
Schmidt and co-workers circumvented these restrictions by
applying the shorter polymer as it was utilized in the Shih lab,
and thus, modifications using AuNP were no longer hampered
by the polyplex formation. An important consideration for an
electrostatic-based polymer coating is its suitability in a
physiological context where charged interactions are subjected
to the influences of complex fluids. Interestingly, Shih and co-
workers could not only reach a 1000-fold increased stability
under cell culture conditions but also confirm the integrity of
protected DNA origamis after cell uptake. Remarkably, these
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results were achieved with dendritic cells that are known for
highly efficient DNA degradation, which therefore represent a
challenging scenario for the DNA nanostructures. Recently,
Gang and co-workers expanded the polymer scope for
electrostatic protection by presenting peptoids as valuable
candidates.'®" (Figure 14B) Peptoids are peptide mimetics in
which side chains are anchored to the nitrogen atom of the
backbone instead of the @-carbon, so that secondary structures
and proteolysis are suppressed. Positively charged motifs and
PEG monomers were used to construct block-type and brush-
type copolymers via solid phase synthesis. The latter
architectures were advantageous in stabilizing DNA in

https://doi.org/10.1021/acs.chemrev.0c01074
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biomimetic fluids due to multivalent interactions along the
backbone.

In summary, electrostatic polymer coatings provide appeal-
ing simplicity when aiming for increased stability of DNA
nanostructures. Additionally, polyamines are even more
competent in their stabilizing effect than commonly utilized
magnesium ions during origami synthesis.ml Nevertheless, the
polymer—DNA conjugates derived are of rather low specificity,
which is adequate in only addressing stability issues. For more
sophisticated objectives, polymer deposition with spatial and
temporal control is more ideal. Additionally, unspecific coating
inadvertently wraps reactive handles within the polymer shell
thus jeopardizing the key aspect of DNA origami structures. In
order to conserve the fidelity of DNA origami, some
researchers designed individual strategies to orchestrate
polymer alignment. Among the spectrum of suitable non-
covalent interactions, complementary base pairing can enable
highly precise attachment of polymers, even on a single
polymer chain level. Therefore, it is necessary to furnish both
DNA origami and polymers prior to conjugation: comple-
mentary ODNs have to be mounted on the DNA origami
scaffold at designated positions as well as on the polymer
chains, guiding the interaction of both building blocks. Gothelf
and co-workers developed a method to equip several side
groups of a polymer with ODN handles allowing a polymer to
interact with a DNA origami template on multiple sites, not
only via, e.g., end-group modification. Thus, the alignment of
single polymer chains alonig a predestined path on DNA
origami was envisioned.'®™ In detail, solid phase DNA
synthesis was employed to graft ODNs from several side
chains of a poly(phenylenevinylene) polymer while additional
PEG side chains ensured water solubility of the construct
which is required for successful DNA conjugation later on. The
sophisticated nature of the polymer led to a rather broad size
distribution as characterized by GPC (340—3300 kDa) and
AFM (length range of 20 to 200 nm), presumably due to
partial degradation during purification. However, binding
yields of polymers to various DNA origami tiles were still
very high according to AFM images. It should be noted that
more complex alignments, for instance, a staircase path instead
of a U-shape, lower the assembly efficiency. While the
visualization of these 2D origami structures was accessible by
AFM, the same analysis was highly difficult for 3D objects. 3D
characterization was only possible when applying the DNA
PAINT technique, again highlighting the challenges in
investigating polymer—DNA origami conjugates. In a follow-
up study, the Gothelf lab further developed their strategy by
installing a programmable switch within the polymer
configuration on DNA origami (Figure 15A).°% Since
complementary base pairing is always of a reversible nature,
a so-called toehold mechanism can be applied to trap and
release the ODN-modified polymers through different anchors
on the DNA origami platform, thus guiding the polymer along
various routes. Despite the elaborated efforts, the approach is
hampered by synthetic and analytical issues, arising from the
very low dimensions on the nanometer scale. Notably, only
half of the origami structures exhibited well-aligned polymers,
demonstrating challenges during conjugation. Furthermore,
repeated switching of the polymer conformation and
subsequent AFM imaging was not possible due to very strong
background noise resulting from added displacement strands.
Subsequently, each cycle of conformation switch was
performed in solution, which enabled purification after each
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step. Moreover, simultaneous alignment of two different
conductive polymers and the ensuing interpolymer energy
transfer was not successful, indicating the limits for conjugation
of intricate polymers.'**

Despite the rather low number of reports on distinct
polymer patterning on DNA origami, there are some studies
that do not involve base pairing but electrostatic interactions.
In contrast to the studies discussed above, here, electrostatic
coating is restricted to only occur within distinct boundaries.
This is enabled by pursuing a fundamentally different strategy
compared to the aforementioned interactions of polycations
with the DNA origami. Here, polymers are grown directly from
the DNA surface while simultaneously forming stabilizing
electrostatic interactions. As mentioned earlier, the aniline
monomer responds to oxidative polymerization as it can be
activated by oxidants, photoreactive metal complexes, or
enzymes, such as horseradish peroxidase (HRP). Ding and
co-workers took inspiration from the latter mechanism and
established a HRP-mimicking system to polymerize aniline on
DNA.'® Therefore, they equipped a DNA template with
guanine-rich sequences that are known to build so-called G-
quadruplexes, representing DNAzymes. Upon incorporation of
hemin as a cofactor and the addition of hydrogen peroxide,
oxidation of aniline
interactions, generated aniline radicals adhere to the negatively
charged phosphate backbone in close proximity, thus attaining
local polyaniline formation close to the DNAzymes. The group
then transferred the regioselective polymer growth to 2D DNA
origami tri:mgles.(’3 They could demonstrate that polyaniline
was only fabricated around the catalytic sites whereas
DNAzyme-free regions did not form any polymer. However,
polymerization directly on DNA origami templates required
specific adjustment to the ionic strength of the system to
balance reaction kinetics and DNA stability. Weil and co-
workers adapted the HRP-mimicking polymerization system
for the shape-controlled formation of polydopamine (Figure
15B).% Normally, dopamine tends to self-polymerize in
neutral and basic pH, yielding a highly adhesive polymer
comprising a multifaceted structure of covalent and non-
covalent interactions that is not yet fully understood. By
conducting the polymerization in acidic milieu with the help of
DNAzymes, the group could implement significant control
over dopamine formation. Various polymer patterns on a DNA
nanosheet were accomplished, and furthermore, polydopamine
acted as a “supramolecular glue”, shaping the origami
conformation as the polymerization progressed. It is important
to recognize that a slightly acidic pH was crucial for
successfully controlling polymer formation as well as the
ionic strength of the reaction. High ionic concentration
disfavored the electrostatic interaction of dopamine and
subsequent reaction intermediates with the DNA template,
giving rise to polymerization in solution instead of the origami
surface. Nevertheless, DNA stability has to be monitored
closely when operating in ion-deficient environments.
Recently, the Weil group further developed the method by
switching from a chemically induced polymerization to a photo
triggered variant allowing the control of the reaction over time
(Figure 15C).%* G-quadruplexes were employed to trap the
photosensitizer protoporphyrin IX at distinct positions on 3D
DNA origami tubes, and upon irradiation with visible light,
polydopamine formation was induced without the need for
further reagents. Not only was the process locally confined,
temporal control was dictated by simply switching off and on

is induced. Due to electrostatic
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the light. Despite the noncovalent nature of the polydop-
amine—DNA hybrid structure, electrostatic interaction be-
tween polydopamine and the DNA survived the total depletion
of ions in aqueous medium, confirming its high binding
capabilities. Additionally, it was shown that just the presence of
one or two polymer rings was sufficient to confer stabilization
of the DNA origami in pure water.

In the studies reviewed here, the patterning of polymeric
structures on a DNA template via noncovalent interactions
remains relatively scarce due to several aforementioned
challenges. Complementary base pairing appears to be the
most intuitive approach to arrange polymers along several
ODN anchors on a DNA template; however, it necessitates a
modification of both building blocks. Electrostatic coating
leads to nonspecific coverage in general, yet various groups
designed DNAzyme-based systems to locally restrict polymer
growth from the DNA surface. The nanopatterning achieved
using this method has allowed the customization of structures
in nanoscale resolutions that are yet unachievable by other
technologies.

3.3. Chemistry of DNA—Polymer Conjugates Postcoupling

3.3.1. Chemistries on the Polymer. In the synthetic
approaches reviewed above, we describe the conjugation of
polymers to DNA where reactions are often compromised by
the combined limitations of the polymer and the DNA.
However, postfunctionalization of the DNA-—polymer con-
jugate offers further access to manipulate nanostructure
behavior and function. To realize these postfunctionalization
prospects, functional groups need to be embedded in the
polymer backbone or at the antipodal terminus. Depending on
the polymer employed, modifications can be implemented at
points along the backbone; however, functional groups must
be compatible with or protected from the coupling chemistry
employed for DNA conjugation. In doing so, there are several
avenues for secondary polymer functionalization, such as cross-
linking or small molecule attachment. Postconjugation polymer
cross-linking of an amphiphilic polymer was demonstrated to
create a nanoparticle bearing six ODNs.'%® Here, a DNA
nanocage was synthesized bearing 8 ssDNA—amphiphile
conjugates at the cube corners. The amphiphiles were found
to self-assemble in the hollow cube core, demonstrating the
guided self-assembly through DNA structures. The polymer
consisted of HE and amino groups (Am) in the sequence §'-
Am-(HE)3-Am-(HE)3-Am-DNA-3’ and was cross-linked with
sebacic acid bis(N-succinimidyl) ester to produce the nano-
particle. Cross-linking the polymer chains provides the
opportunity to alter the physical properties as well as structure
and function, which will be considered in section 4.2.1.

Small molecular attachment is also possible through
secondary coupling reactions. In one example, a PEG chain
was functionalized by a NHS group at one terminal and a
maleimide at the other.'®” DNA coupling was performed
through amine-NHS coupling, leaving the maleimide group
available and unchanged. A thiol-modified folic acid could then
be coupled through a thiol Michael addition to yield a doubly
conjugated polymer chain. Although there are a few examples
in the literature, the development of biorothogonal reactions
directly fuels the available prospects of postconjugation
functionalization of DNA—polymer conjugates. In doing so,
this strategy can potentially enable an increase in functional
diversity as well as the capability to program complex solution
behavior.
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3.3.2. Chemistries on the DNA. Likewise, postconjuga-
tion modification can be achieved through the DNA block,
offering several additional strategies unique to the DNA such
as chain extension with PCR or hybridization of a
complementary ssDNA. One drawback of DNA—polymer
synthesis with a user-defined DNA sequence is the length
limitation of solid phase synthesis. The polymerase chain
reaction (PCR) is a well-established technique employed to
replicate short (50 bp) to long (30 kb) lengths of DNA using
specific primers to amplify the region of interest. In the case of
DNA—polymer conjugates, PCR was employed to synthesize
di- and triblock copolymer conjugates of defined DNA length
and content bearing polymer termini.”' This PCR method
employs presynthesized ODN-—polymer conjugates as the
primers, where the conjugation was produced via grafting to, to
amplify a specific length of DNA. The amplification occurs
through the binding of each primer to the long ssDNA
sequence, followed by extension from the 3'-ODN-end by the
DNA polymerase. This results in a long length of DNA bearing
a polymer at the 5’-end. Monodispersity of the central block is
therefore achieved and yields either a single or double terminal
polymer conjugate determined by the primers used. Addition-
ally, as the primers are independent of each other, the
conjugated polymer can be varied and therefore can bear two
alternative polymers as part of the triblock, for example, PEG—
DNA-PPO or NIPAM-DNA-PEG. In this example,
amplification was employed to reshape the conjugate structure.
Amplification can also pose benefits for downstream binding or
signal enhancement. Rolling circle amplification is an
alternative DNA replication technique where DNA sequences
are copied from circular DNA. In the case of DNA—polymer
conjugates, ssDNA penetrating from the conjugate is available
to perform primer functions for DNA polymerase extension
from the 3-end. Specifically, ssDNA was bound to polymers at
the 5'-end and could bind to the circular DNA at designated
positions through complementary base pairing.ms Once
bound, the DNA polymerase can perform the extension and
displacement for continued amplification resulting in long
ssDNA protruding from the polymer conjugate. Through the
employment of postmodification, the long DNA chain is not
present during the conjugation reaction, thus avoiding steric
challenges. Therefore, the use of postcoupling extension to the
DNA block through PCR and RCA demonstrates a synthetic
approach to long DNA—polymer conjugates. Chemistries
could also be envisaged on DNA postcoupling. As with the
polymer reactions, the compatibility with the DNA—polymer
coupling reaction is required.

3.4, Characterization of DNA—Polymer Conjugates

The characterization of DNA—polymer conjugates requires a
range of techniques due to the variety of approaches and
products synthesized. In particular, the production scale of
DNA—polymer conjugates has been a primary concern, which
is often the bottleneck for analytical tools with poor limit of
detection. For conventional polymer synthesis, there are two
key techniques: gel permeation chromatography (GPC) and
dynamic light scattering (DLS), which are the benchmark
characterization techniques to determine polymer quality. For
both techniques, approximately 10—50 nmoles of conjugate is
required to provide an adequate signal for analysis. This often
restricts the number of experimental variables one is able to
explore due to the limited amount of material available. GPC
and DLS analysis can be applied to all conjugates formed
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DNA origami is an exceptional demonstration of DNA nanotechnology’s versatile toolkit and since its
advent in 2006, the field has received great attention and proved to reliably produce highly precise
nanostructures. As a natural consequence of its inherent programmability, DNA origami represents
the ideal template for the routing and directing the assembly of polymers. It surpasses conventional
top-down approaches such as lithography and bottom-up approaches such as self-assembly due to its
flexibility and molecular engineering capacities on the nanometer scale. Equally, DNA origami
nanostructures benefit from polymer integration in various areas: increased stability, stimuli

responsiveness, reversible actuation, among others.

The review presented in this chapter concludes the introduction by focusing on the synergy of DNA
origami and polymers in particular and embeds the work in the main part of this thesis. Various
techniques to create DNA origami—polymer hybrid structures are exemplified, namely grafting from
and grafting to approaches: The polymer is either grown from the initiator-equipped origami in situ or
formed and modified prior to origami attachment. In addition, the different modes of interaction
forces and anchor points of both building blocks are discussed. The emphasis is on the future
perspectives as well as exploring the limitations in synthesis and analysis of the field which delay its
progress.

As a shared first author | was involved in the conceptual design of the article, the elaboration of
discussion and focal points, and writing of the manuscript. Together, we aimed to give a realistic and

rationale point of view on the current state of DNA origami—polymer nanostructure research.
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The combination of DNA origami nanostructures and polymers
provides a new possibility to access defined structures in the 100 nm
range. In general, DNA origami serves as a versatile template for the
highly specific arrangement of polymer chains. Polymer-DNA hybrid
nanostructures can either be created by growing the polymer from the
DNA template or by attaching preformed polymers to the DNA
scaffold. These conjugations can be of a covalent nature or be based on
base-pair hybridization between respectively modified polymers and
DNA origami. Furthermore, the negatively charged DNA backbone
permits interaction with positively charged polyelectrolytes to form
stable complexes. The combination of polymers with tuneable char-
acteristics and DNA origami allows the creation of a new class of
hybrid materials, which could offer exciting applications for controlled
energy transfer, nanoscale organic circuits, or the templated synthesis

of nanopatterned polymeric structures.

1. Introduction

The fabrication of functional nanoparticles and defined
nanoscale surfaces represents an intensively investigated
topic of current research. Besides the synthesis of such
materials, the improvement in the fabrication of smaller and
more precise geometries as well as the development of
precisely addressable surfaces is also of interest. Significant
improvements in such fabrication techniques could be of
further usage for, for example, reducing the size of data
storage, optical devices, or the development of new drug-
delivery systems.!

Such nanostructures can be fabricated in many ways, but
two of the most important methods are lithography and self-
assembly. Lithography, as a top-down technique, enables
manipulation of larger objects to result in smaller-size geo-
metries with the desired shape.! Nevertheless, it often
requires expensive and complicated setups, thus making the
fabricated samples expensive and not suitable for the large-
scale fabrication of nanostructures.”) In contrast, self-assem-
bly, as a bottom-up process, relies on the interactions of the
assembling units without any external stimuli, which will be
discussed in the following only for small molecules.”! Such
moieties can be, for example, based on hydrogen bonding,”
van der Waals forces,” hydrophobic and hydrophilic®*
interactions, or m-m stacking.'”! During the self-assembly
processes of synthetic molecules, various desired structures
could be formed, which makes this process a low cost and fast
alternative compared to lithography.'!! However, not all
geometries can be realized in this way.

One prominent example for a versatile self-assembling
process in nature is the formation of the DNA double helix,
which is based on hydrogen bonding between complementary
base pairs. In 1982, Seeman took inspiration from such
processes and realized the folding of DNA into designed
superstructures."”>" This idea was further expanded by
Rothemund in 2006, by establishing the so-called DNA
origami technology, which led to a breakthrough in the
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construction of DNA objects."¥) In this
approach, a long, circular single-
stranded DNA (“scaffold DNA”) is
folded into a distinct shape with the
help of a set of short “staple strands”.
These staple strands are designed to
hybridize to complementary sequences
within the scaffold DNA. Elongating
particular staple strands by short oli-
gonucleotides results in surface-
protruding  single-stranded ~DNA
(ssDNA), which can subsequently un-
dergo hybridization to additional mol-
ecules. (Figure 1) Thus, DNA origami
provides a precisely addressable sur-
face and has been shown to be a power-
ful tool for the distinct positioning of,
for example, nanoparticles in a prede-
fined manner.[>"

In this Minireview, we focus on the
functionalization of DNA origami
nanostructures with synthetic polymers or polymer-oligonu-
cleotide conjugates to afford unique hybrid nanostructures
that are very challenging to achieve with other techniques.
However, in contrast to previous contributions, the pure
self-assembly behavior of polymer-DNA conjugates will not
be discussed."""® However, a range of methods for the
attachment of polymers onto DNA nanostructures in a
predesigned manner is described in detail. Additionally,
the advancements as well as the limitations of the function-
alization of DNA origami is discussed and compared to
lithography and traditional self-assembly methods. Finally, we
show that the functionalization of DNA origami can be
a powerful tool for the preparation of polymeric nanostruc-
tured objects.
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Figure 1. DNA origami structures are created by annealing a scaffold
DNA, respectively designed staple strands, and elongated staple
strands. The protruding DNA strands can be hybridized to comple-
mentary, functionalized oligonucleotides and DNA-polymer conjugates.

2. Polymers and DNA Origami: How to Bridge the
Fields

The combination of polymers and DNA origami has the
power to merge the fields of synthetic and natural macro-
molecules, while getting the best of both worlds.'”?") On the
one hand, the unprecedent addressability of DNA origami
may organize polymers on the nanoscale into structures as
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and macromolecular Chemistry. She is cur-
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architectures for attachment to DNA
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polymers are typically known for entanglement and, thereby,
pave the way for nanotechnological devices and structure-
function investigations. On the other hand, there is a large
pool of polymers with a vast range of appealing and adjust-
able characteristics such as various charges, hydrophobicity or
hydrophilicity, as well as stimulus-responsiveness, and they
may also stabilize DNA objects. There is a versatile range of
ways to guide the process and achieve this fusion (Figure 2).
Two fundamental strategies have to be distinguished here:
Either the polymer is grown insitu on the DNA origami
template (see Section 2.1) or the polymer is preformed and
modified prior to conjugation to the DNA platform (see
Section 2.2).

On the molecular level, the underlying principles for
polymer attachment are manifold. The polymer can be
electrostatically trapped to the negatively charged DNA
backbone by the incorporation of respective positive counter
charges or be bound to the DNA origami surface through
base-pair hybridization. The oligonucleotides required for
this can be introduced by click reactions, by established
bioconjugation techniques, or grown from nucleotides. Fur-
thermore, hydrophobic interactions between the implement-
ed polymers can be exploited to arrange polymer-DNA
constructs into higher ordered structures (see Section 2.3).
However, the rather small number of publications in the field
of DNA origami and polymer hybrids gives a first hint of how
challenging this topic seems to be. Not only does synthesis
suffer from various issues, such as solubility issues or steric
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Figure 2. Schematic representation of polymer structures immobilized
on DNA origami. The bottom box depicts the attachment mechanisms
and moieties involved.

hindrance of both the DNA and polymer reactive sites, but
the characterization techniques are also very limited. One of
the key drawbacks is the typically extremely low amount of
DNA origami structures available, which impedes or even
prohibits, for example, freeze-pump-thaw cycles for con-
trolled radical polymerizations, sufficient amounts of at-
tached initiator sites, or conventional polymer analysis by
size-exclusion chromatography (SEC), nuclear magnetic
resonance (NMR), or dynamic light scattering (DLS).

2.1. Polymer Growth from DNA Origami

The grafting from strategy is a convenient approach
towards the synthesis of biomolecule-polymer constructs with
tailored properties, which are characterized by facile purifi-
cation of the conjugate and commonly a high graft density.?!)
Controlled polymerization techniques have emerged as
a powerful method to create polymers of controlled molec-
ular weights and well-defined architectures.”” Among others,
atom transfer radical polymerization (ATRP) provides the
possibility to conduct the polymerization under biologically
relevant conditions that are suited to the stability of
biomolecules, a low concentration of functional groups, or
the presence of salts when working with buffers.”! However,
successful polymerization from the biomolecule surface
demands the installation of reactive handles which serve as
initiator sites. We employed the highly precise scaffold of
DNA origami to anchor ATRP initiators at predefined
positions and, thereby, achieve directed polymer growth on
the nanoscale (Figure 3).” DNA origami sheets were
equipped with different patterns of surface-protruding, short
oligonucleotide sequences. Complementary oligonucleotides
were modified with ATRP initiators and attached to the DNA
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© 2020 The Authors. Published by Wiley-VCH GmbH

3.0

25 [ Polymer

20
15

L-origami
1.0 &

Height [nm])

0.5
0.0

0 30 60 90 120
[nm]

3.0
25

J | Polymer
2.0 1

1.5

1.0

05

0.0 T T T T T

0 20 40 60 80 100
[nm]

S-origami

Height [nm]

Figure 3. Top: Schematic representation of the DNA origami initiators
used in the ATRP of PEGMEMA. Bottom: AFM images and height
profiles of the L- and S-origami after polymerization on DNA.
Reprinted from Ref. [24] with permission.

origami template by base-pair hybridization. This macro-
initiator was then utilized to induce the polymerization of
poly(ethylene glycol) methyl ether methacrylate (PEGME-
MA). This monomer was chosen because of its biocompat-
ibility as well as its solubility in water, and the rather bulky
side chains were considered to facilitate monitoring of the
polymerization process by atomic force microscopy (AFM).
Furthermore, the presence of sacrificial initiators (excess
amount of free initiator DNA not attached to the DNA
origami) was found to be crucial for successful polymer
growth. Visualization of the origami structures by AFM, in
particular recording the height profile, revealed the appear-
ance of new objects where initiator sites were located at
defined positions on the DNA nanotile. Furthermore, these
objects have different mechanical properties which corre-
spond to features of soft polymeric materials, such as
PEGMEMA. Nevertheless, typical characterization of the
polymer, such as determination of the chain length or
dispersity by size-exclusion chromatography, is not feasible
here because of very low quantities. The incorporation of the
bifunctional monomer PEG dimethacrylate (PEGDMA) to
the polymerization process led to a cross-linked polymer,
whose structure could be preserved even after removal of the
DNA template.

An essentially different polymerization technique, but
also a grafting-from strategy from DNA nanostructures, was
introduced by Ding and co-workers.” They decorated
a double-stranded DNA template with guanine-rich oligonu-
cleotide sequences, the so-called DNAzymes, which are
capable of mimicking the activity of the enzyme horseradish
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peroxidase (HRP). Upon incorporation of the cofactor hemin
and addition of hydrogen peroxide, the active DNAzyme
catalyzes the polymerization of aniline. Thus, 1D polyaniline
(PANI) structures were formed by a para-coupling reaction,
wherein the generated aniline radicals diffuse to the charged
DNA surface. The regioselective formation of PANI was then
transferred to 2D origami triangles (Figure 4).”*) However,
the use of DNA origami structures was challenging and
required optimization of the reaction conditions: Whereas
a high ionic strength disfavored the para-coupling reaction of
PANI, an insufficient Mg*" concentration compromises the
stability of the DNA folding. By AFM imaging, the group
could show that polymer growth was favored around the
DNAzymes and did not grow over the DNAzyme-free
regions. Thus, structural information transfer from the
origami pattern to PANI was achieved, thereby leading to
a polymer of predesigned geometry. Furthermore, the rever-
sible redox behavior of polyaniline, which can be triggered by
pH changes, renders these conductive hybrid objects promis-
ing candidates for the fields of electronics, sensors, and energy
storage.

The relatively simple and tolerant polymerization strategy
was also applied to the polymerization of dopamine on DNA
origami nanostructures.”” Polydopamine is a mussel-inspired
polymer which has aroused great interest among material
scientists because of its excellent capability for surface
functionalization.”™®*! However, the self-polymerization of
dopamine and the not yet fully elucidated multifaceted
polymer structure hamper its full potential. By employing
the same DNAzymes as described above, we could induce and
promote polydopamine formation on a 2D DNA nanosheet.
It was essential to conduct the polymerization in an acidic
milieu to suppress the self-polymerization of dopamine and to
gain control over the process. Different polydopamine shapes
and sizes were obtained by arranging the catalytic centers in
different patterns on the origami scaffold, and the reaction

aniline
o 0 60 120

Figure 4. A) DNA-templated synthesis of polyaniline (green) on ori-
gami triangles (gray) with DNAzymes (red structures with black dots)
in the presence of aniline and H,0,. B) AFM image of a single PANI-
coated origami triangle. C) Structure of the emeraldine salt form of
PANI. Reprinted from Ref. [26] with permission; Copyright (2020)
American Chemical Society.
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kinetics could be manipulated by altering the ionic strength
and hydrogen peroxide concentration. The fabricated poly-
dopamine nanostructures could serve as a “supramolecular
glue”, thus guiding the origami conformation. This is an
illustrative example of how the DNA template can affect the
polymer formation and vice versa. In a follow-up study, 3D
origami structures were decorated with a photosensitizer,
which was trapped at distinct positions by guanine-rich
oligonucleotides (G-quadruplexes; Figure 5).*” Upon irradi-
ation with visible light, dopamine was oxidized and polydop-
amine was deposited around the reaction centers. As a con-
sequence of the light stimulus, the presence of hydrogen
peroxide is no longer needed, which keeps the system simple.
In addition, the polymerization process could be temporally
controlled by simply switching the light on and off. In this way,
photopatterned 3D nanostructures with dimensions far below
100 nm were created, which could not only preserve the DNA
template in salt-depleted media but they could also be
released from the template under strong acidic conditions.

Polydopamine formation

G4/hemin nanodomain
o o

o =

Dopamine @
H,0, +
—_

Low ionic strength
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Figure 5. A) Chemically triggered formation of polydopamine on 2D
DNA origami by DNAzymes to create highly precise hybrid objects.”
B) Photoinduced formation of polydopamine on 3D DNA origami
under spatiotemporal control with the help of a locally trapped
photosensitizer. Reprinted from Ref. [30] with permission.

2.2, Polymer Attachment to DNA Origami

In all the examples discussed above, the polymer chain
was grown from the DNA origami surface in distinct patterns,
either covalently attached to the initiators by a controlled
polymerization technique or noncovalently deposited next to
the initiators on the DNA template. In contrast to this
methodology, one can also make use of a preformed polymer,
artificially synthesized or biologically derived, with graft-
suitable reactive handles and attach it to DNA nanostruc-
tures. Besides the rather intuitive idea of trapping a positively
charged polymer by electrostatic interactions, it is also
appealing to hybridize polymers by base-pair recognition or
to exploit the attractive areca of click chemistry. However,
many of the studies illustrate the boundaries of the bespoke
strategies, such as the steric hindrance of polymers, their
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solubility, and the stability of DNA, which all impair
successful conjugation.

2.2.1. Electrostatic Interactions

The ionic nature of the phosphate backbone of DNA
makes it possible to attach polymers through electrostatic
interactions to DNA origami. Usually, the DNA origami
structures are stabilized by the divalent cation Mg*", which
screens the negatively charged phosphate backbone of the
DNA sequence to compensate charge repulsion between
closely packed DNA strands. In a multitude of studies, the
applied polymers comprise amino moieties in the side chain
or backbone that undergo quaternization of the nitrogen
atom when applied in acidic media. These polycations can
then interact with DNA origami through ionic interactions.

Based on this idea, Kiviaho et al. investigated the electro-
static binding between a 60-helix-bundled DNA nanostruc-
ture and cationic block copolymers.”!! To assess the effect of
the polymer structure on the binding affinity, the authors
synthesized AB- and ABA-type copolymers by ATRP. For
this, they utilized a respective mono- and bifunctional PEG-
based macroinitiator to polymerize 2-dimethylaminoethyl
methacrylate (PDMAEMA), where the PEG moiety was
intended to increase the poor biocompatibility of PDMAE-
MA. Coating was achieved by simply mixing the compounds
under mild acidic conditions to ensure protonation of the
amines. It could be demonstrated that all the polymers had
a suitable binding efficiency but, interestingly, the block
structure only had a minor impact. Instead, the ratio of total
number of polymer amines and the total number of phos-
phates in DNA (referred to as the N/P ratio) was pivotal,
irrespective of the arrangement of the nitrogen atoms in the
polymer. Moreover, various polymer coatings were suited to
control the activity of enzyme-loaded DNA origami nano-
containers, as indicated by the bioluminescence reaction of
luciferase enzymes. In a further study, commercially available
linear polyethyleneimine (LPEI) and chitosan as a natural
polymer were applied to form polyplexes with DNA origami
nanostructures (Figure 6).*2 The authors aimed to investigate
several factors that might have an impact on the origami
stability under physiological conditions, such as degree of
polymerization, charge density, and nitrogen to phosphate
ratio. Three different DNA objects were synthesized and
applied for this purpose: a nanorod, a nanobottle, and
a wireframe origami structure. After simple mixing of the
DNA and polymer compounds, successful coating was
demonstrated with the PicoGreen assay, which relies on the
intercalation of the dye into the DNA double helix while
exhibiting strong fluorescence. As a consequence of the
polycation coating, PicoGreen was expelled from the poly-
mer-DNA complex, thereby resulting in a decrease in the
fluorescence. Although bare origami could be imaged by
negative-stain transmission electron microscopy (nsTEM),
the staining of the LPEI-modified origami was only possible
after removing the polymer coating by treatment with
polyanionic dextran sulfate; this revealed intact origami
structures and, thus, indirectly indicated successful encapsu-
lation by the polymer. It could be shown that LPEI protects

Angew. Chem. Int. Ed. 2021, 6o, 6218 —6229

Minireviews

© 2020 The Authors. Published by Wiley-VCH GmbH

A

Figure 6. Representation of the different DNA origami structures.

A) nanorod, B) nanobottle, and C) wireframe structure. D) TEM images
of uncoated DNA origami structures. E) Origami structures stained
with uranyl acetate after decomplexation with dextrane sulfate revealed
intact origami structures. Reprinted from Ref. [32] with permission.

the structural integrity of the DNA origami more efficiently
than chitosan and that this ability strongly depends on the
nitrogen to phosphate (N/P) ratio. However, it must be
considered that the unique addressability of the DNA origami
surface might be masked by the polymer coating.

In 2017, two studies investigated the use of PEG-
oligolysine-based copolymers to protect DNA origami struc-
tures against low-salt denaturation and nuclease degradation,
while the lysine block provides the positive charges to
electrostatically interact with the DNA object, and the PEG
is envisioned to have a shielding effect.’** The Schmidt
group synthesized poly(ethylene glycol)-b-poly(L-lysine)
(PEG 5wp.-PLysis) by ring-opening polymerization of N'-
trifluoroacetyl-L-lysine N-carboxyanhydride initiated by an
amine-terminated 12 kDa PEG macroinitiator. In contrast to
bare origami structures, polymer-coated objects resisted the
treatment of DNase I, fetal bovine serum (FBS), and low salt
levels, and maintained structural integrity. However, the
attachment of sterically demanding gold nanoparticles
(AuNP) did not survive the process of polyplex formation;
detachment could by visualized by transmission scanning
electron microscopy (tSEM). The problem could be circum-
vented by employing shorter PEG chains, which still offer the
same protection efficiency. These findings are in agreement
with a similar study by Shih and co-workers, who examined
the beneficial contribution of the PEGg,,,PLys,, polymer
coating to the origami stability. They could further prove that
surface addressability of the DNA nanostructures was not
constrained by the polymer film and immobilized ligands
were capable of targeting receptors, thereby leading to
cellular uptake of the hybrid objects. Very recently, Gang
and co-workers endeavored to also push the limits of the
stability of DNA assembly in complex biological fluids
(Figure 7). They put a novel class of polycationic polymers,
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Brush-type

Block-type

Figure 7. “Brush-" and “block-type” peptoids should lead to different
surface coatings on octahedra-shaped DNA origami. Reprinted from
Ref. [35] with permission.

namely peptoids, to the test. Peptoids are emerging peptido-
mimetics, whose side chains are not appended to the a-carbon
but to the nitrogen atom of the peptide backbone, thus,
preventing secondary structure formation through hydrogen
bonding and providing proteolysis resistance. In line with the
approaches discussed above, the group explored the effect of
peptoid architecture and sequence dependency on the
origami stability. For this, they synthesized, by solid-phase
peptoid synthesis, brush- and block-like peptoids that were
built from positively charged monomers (electrostatic DNA
complexation) and neutral oligo(ethyleneoxy) moieties (sur-
face passivation). They could demonstrate that brush-like
peptoids were superior in protecting wireframed octahedra-
shaped DNA origami. Moreover, the capability of these
structures to serve as a drug carrier with controlled release of
doxorubicin was shown, which had not been achieved before.
All these coating strategies are rather easily achieved by
simply mixing the origami nanostructures with an excess of
polymer, but they lack the possibility to arrange the polymer
in distinct patterns.

2.2.2. Oligonucleotide Hybridization

The attachment of polymers through ionic interactions,
which are often just used to stabilize DNA, is very advanta-
geous in terms of synthesis as well as the ease and
straightforward fusion of a polymer and DNA origami.
Nonetheless, this strategy does not consider the unique
addressability provided by the DNA origami scaffold; on
the contrary, it might even hinder it. Hence, the linkage of
polymers to DNA objects by complementary base-pair
recognition allows the highly precise positioning of single
polymer chains and overcomes their lack of intrinsic self-
assembly properties. To equip polymers with the necessary
handles, namely, oligonucleotides that are complementary to
ssDNA sequences on the origami surface, one can either
functionalize the polymer’s end group or the side chains
accordingly. It has been proven useful to either “click” the
oligonucleotide to the polymer or to grow oligonucleotides
directly from the polymer backbone. In both cases, hybrid-
izing the respective polymer to the DNA origami is always
reversible and should permit programmed switching.

Gothelf and co-workers see a great prospective in binding
conjugated and, therefore, potentially conducting polymers
on DNA origami templates to build molecular-scale elec-
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tronic or optical wires.*) For this purpose, they synthesized
a conjugated poly(phenylenevinylene) polymer with alkoxy
side chains (APPV) from a dithiocarbamate precursor. Each
phenylene unit in the backbone bears a triethylene glycol side
chain and with the help of protective group chemistry, a small
number of hydroxy groups were employed to attach the
polymer to the solid support; the remaining hydroxy groups
were used in automated solid-phase DNA synthesis to graft 9-
mer oligonucleotides. By this approach, they obtained a fully
water-soluble brush polymer with ssDNA extending from the
majority of the repeating units. However, the size distribution
was rather broad, as characterized by gel-permeation chro-
matography (GPC; 340-3300 kDa) and AFM (lengths in the
range of 20 nm to 200 nm), which the authors explain through
partial degradation during purification. By equipping 2D and
3D DNA origami templates with complementary oligonu-
cleotide sequences, they could link single polymer chains to
the template in different geometries. Moreover, they could
observe Forster resonance energy transfer (FRET) between
the attached polymer (donor) and a co-immobilized acceptor
dye, thereby proving that absorption and emission of the
polymer backbone is not harmed by the applied methods.
Further studies that exploit this strategy towards the develop-
ment of nanocircuits are discussed in Section 3.

In contrast to the rather sophisticated and challenging
solid-phase synthesis of oligonucleotides directly from the
polymer backbone, one can also furnish the polymer with
a suitable end group and “click” it to the respective ssDNA.
In this context, copper-catalyzed azide-alkyne reactions
(CuAAC)"" as well as a copper-free variant involving
a strain-promoted azide-alkyne click reaction (spAAC)I*!
have been utilized in different studies. For the development of
a DNA origami assisted electrooptical modulator, Canary and
co-workers equipped two different kinds of organic semi-
conductors, namely oligomers of poly(phenylene vinylenc)
(HPV) and oligoaniline (OANI), with ssDNA strands, which
allows their attachment to a DNA origami scaffold (Fig-
ure 8)."!

By this approach, the symmetric oligomers with azide
groups at each end were “double-clicked” by CuAAc to
oligonucleotide strands containing a propargyl residue. Con-
sequently, the obtained structure consisted of a polymer with
oligonucleotide sequences at both ends. By hybridizing the
polymer-DNA constructs to a DNA origami frame with four
complementary anchor strands, the semiconductors were
brought into proximity, thereby forming a cross-like structure.
By tuning the oxidation state of polyaniline, the energy
transfer from HPV to OANI could be tuned, as visualized by
an altered fluorescence signal. However, the hybridization
efficiency of only 20% correctly formed polymer-DNA
origami structures (determined by AFM) illustrates how
challenging the formation of these hybrid objects is, although
base-pair hybridization is often assumed to be straightfor-
ward. Mertig and co-workers also employed click reactions to
conjugate conducting polymers in distinct patterns to an
origami surface (Figure 9).% For this, they synthesized well-
defined thiophene-based polymers with dispersities between
1.1 to 1.3 by Kumada polycondensation. Oligoethylene glycol
bearing side chains ensured water solubility of the polymer
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Figure 8. Top: Product of the double-CuAAC reaction between an
azide-functionalized oligomer (OPV) and an alkyne-functionalized
oligonucleotide sequence, immobilized on a solid support (controlled
pore glass). Bottom: Schematic representation of the x-shaped OANI-
and OPV-DNA conjugate on the DNA origami frame. OANI (blue) acts
as a modulator of the fluorescence intensity of the OPV (orange).
Reprinted from Ref. [37] with permission. Copyright (2020) American
Chemical Society.
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Figure 9. A) spAAC reaction with a cyclooctyne-functionalized oligonu-
cleotide and azide-functionalized polythiophene. B) The three different
DNA origami pad types. C) lllustration of aggregated P3(EO),T on the
DNA origami (left) and the deaggregated structure (right) after the
addition of surfactant. Printed from Ref. [38] with permission. Copy-
right (2020) American Chemical Society.
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and thereby allowed reaction of the azide-functionalized
polymer and dibenzocyclooctyne-end-capped oligonucleotide
in aqueous solution. It is noteworthy that the degree of
functionalization of the polymers is only in the moderate
range of 38-71 %. However, unfunctionalized polymer chains
are not considered to participate in, or even harm, further
transformations. Three different oligonucleotide sequences
were conjugated to the polymers and were attached to three
different DNA origami pads with patterns of respective
handles to study sequence-hybridization effects. Virtually all
the pads displayed at least one attached object, but the overall
occupation probability per handle was roughly one third. For
example, 4 out of 14 handles on one origami pad displayed an
attached object. This again indicates that hybridization of
polymers to DNA surfaces is difficult and sterically demand-
ing. Applying surfactants to polymer-decorated origami was
accompanied by a blue-shifted increase in the fluorescence
and, thus, indirectly showed that interchain m-m stacking of
polythiophene units occurs. This feature might offer the
possibility to fine-tune optical properties on a molecular level.

2.3. Higher Order Structures

In addition to the attachment methods discussed above,
one can also make use of the hydrophobic effect to form
higher ordered structures built from DNA origami and
polymers. By applying hydrophobic polymers to DNA scaf-
folds, surface properties can be altered significantly and, thus,
self-assembly of amphiphilic structures can be induced.

In 2015, Liu and co-workers showed that attaching
hydrophobic dendrons to DNA origami rectangles could lead
to the formation of surface areas with a high local concen-
tration of hydrophobic molecules, which, as a result of the
hydrophobic effect, guided origami folding into various
thermodynamically stable products. Poly(aryl ether) den-
drons were conjugated to oligonucleotides through solid-
phase synthesis, whereas modification with oligo(ethylene
glycol) tails should increase the water solubility of the
dendrons. Upon traditional origami annealing in the presence
of both elongated capture strands (handles on the origami)
and oligonucleotide-bearing dendrons (complementary to
handles on the origami), sandwich-like structures were
created. In a follow-up study, the same group created polymer
vesicles on the shell of a DNA origami cube (Figure 10).4

The attachment of the above-mentioned hydrophobic
dendrons to origami cubes led to aggregation and precipita-
tion events, most likely because of m-m stacking between
several cuboid frames (frame—frame interactions). The addi-
tion of a second hydrophobic dendron, the so-called principal
amphiphile (PA), to the amphiphilic construct breaks the
frame—frame interactions and promotes stronger PA—frame
interactions, thereby resulting in the formation of hetero-
vesicles. To demonstrate the applicability of this process to
different molecules, the dendrons were substituted by poly-
mers: DNA cuboids were covered with thermoresponsive
poly(propylene oxide) (PPO) and upon heating, the polymer
became hydrophobic and, thus, guided a second PPO polymer
to form heterovesicles.
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Figure 10. TEM images of the DNA-cube-dendron aggregates.

a) Origami cuboid. b) Aggregates formed upon addition of D;DOEG.
c,d) Heterovesicles formed from the aggregate after the addition of
G,Cl18. Reprinted from Ref. [40] with permission.

This is an impressive example of higher order assemblies
based on polymer-decorated DNA origami structures; how-
ever, the intricate technique requires a strong background in
the field of frame-guided assembly to be successful. The use of
hydrophobic interactions between polymers attached to 3D
DNA nanostructures was also shown to yield larger DNA
micelles.**!! For this purpose, DNA nanostructures of three
different forms (trigonal prism, cube, and pentagonal prism)
were decorated with oligonucleotides covalently linked to
hexaethylene phosphate to yield DNA nanostructures with
polymer strands."*!! Tt could be revealed that the number of
hexaethylene phosphate repeating units is crucial for the
micellization: At least six of these repeating units are
required to form higher ordered structures, with micellar
structures being observed when the number of repeating units
is increased to at least eight.l*!! Not only were micelles with
cubic DNA structures synthesized, but trigonal and pentag-
onal prisms were also obtained. TEM, AFM and DLS were
utilized to compare the micelles of the different DNA
structures, which revealed that they appear to have approx-
imately the same size and that the size is only influenced by
the number of repeating units of the hexaethylene phosphate.
The group further investigated the influence of a combination
of hydrophobic and hydrophilic repeating units in the DNA
polymer conjugates attached to the prismatic structures.!”
The hydrophobic block consisted of 1,12-dodecanediol (HE),
and the hydrophilic block was represented by hexaethyloxy
glycol (HEG). First experiments combined the cubic DNA
structure with four DNA copolymer strands, which consisted
of six HE and six HEG units, in different orders. Notably,
higher mobility in the gel electrophoresis was observed as the
HE block length was increased, which was explained by the
folding of the polymer chains into the cage structure.*”) The
nanostructure with the HEGHEG; block copolymer was
exceptional, as it formed rings of three to five polymer-
decorated DNA cubes in a doughnut-like fashion instead of
the expected micellar structures. By increasing the length of
the hydrophilic HEG block, the diameter of the ringlike
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assemblies could be increased, in contrast to the HE;GHEG
block copolymer, which indicates that the HEG block acts as
a spacer.””l Remarkably, the formation of micelles was not
observed when (block) copolymers consisting of hydrophobic
and hydrophilic units were used. These can only be observed
in the case of hydrophobic polymers.®! The previously
discussed examples show that not only can DNA origami be
utilized to direct polymers into larger structures and desired
shapes, but polymer—polymer interactions also allow macro-
molecular structures to be created with prior-folded DNA
origami.

3. Next-Generation Polymeric Hybrid Materials:
Fields of Application

In the previous section, we highlighted different tech-
niques for linking polymers and DNA origami as well as the
influence on each other. Although there are fewer examples
than one might expect regarding the potential provided by
these materials, and although there are still some challenges
to overcome, several studies report the first steps towards
future applications and prospects.

Gothelf and co-workers exploited their system of attach-
ing a conjugated brush-like polymer with oligonucleotide side
chains onto DNA origami tiles to contribute to the area of
nanophotonic and nanoelectronic devices. They not only
attached the polymer to the origami platform, they also
precisely forced the polymer to switch its position and
conformation (Figure 11a).*! For this, two sets of so-called
guiding strands were employed that allow the polymer to
follow two different routes on the origami tile, depending on
which type of guiding strand is applied. The guiding strands
are also equipped with a toehold region—a short sequence of
nucleotides which does not take part in polymer hybrid-
ization. Hence, the guiding strands can be trapped by a fully
complementary remover strand, which leads to the release of
the polymer. By subsequently adding the other set of guiding
strands, the polymer can be routed along the second track on
the origami. These events can be monitored by FRET
between the polymer and arranged reporter dyes. It should
be noted that approximately only half the origami structures
displayed well-aligned polymers (AFM) and that surface
contamination after the conformation switch significantly
harmed imaging. In an ensuing study, the group aimed to
investigate the interaction between two different types of
conjugated polymers by making use of the unique address-
ability of DNA origami (Figure 11b).*! In addition to the
above-mentioned APPV-DNA copolymer, they similarly
synthesized a polyfluorene-DNA pendant (poly(F-DNA)).
However, no interpolymer energy transfer was observed on
conjugating either polymer to the origami rectangle. This
might be caused by a lack of interpolymer contact in
combination with interference from unbound polymers,
which demonstrates the limits for the conjugation of intricate
polymers. The polymers were directly co-localized by hybrid-
ization of the side chains for further investigations.

DNA origami is an emerging platform to direct the
motion of various objects on the nanoscale; however, the
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Figure 11. A) Switching of a polymer strand conformation on a DNA
origami by adding guiding and remover strands. B) p(F-DNA) (blue)
and p(PPV-DNA) (green) on a DNA origami tile with the AFM image
(right). Reprinted from Refs. [43,44] with permission. Copyright (2020)
American Chemical Society.

movement of the attached objects is often “fuel-based”, that
is, employing strand displacement reactions of respectively
designed oligonucleotides to break and create old and new
bonds. Thus, purification after each step is often necessary.
Baumberg and co-workers developed a DNA origami flexor
whose actuation is mediated by a thermoresponsive polymer
which can be stimulated externally (Figure 12).P

They designed a flexible DNA origami hinge structure,
whereby poly(N-isopropylacrylamide) (PNIPAM) was at-
tached on either side of the hinge. In this way, a PNIPAM-
DNA conjugate was formed by catalyst-free strain-promoted
cycloaddition and attached to the complementary capture
strands within the hinge region. By fixing a gold nanoparticle
and a fluorescent dye at opposite ends, the switch between the

Figure 12. Representation of the DNA origami flexor. Upon heating of
the flexor-containing solution, PNIPAM aggregates and leads to

a change in the DNA origami shape. Reprinted from Ref. [39] with
permission.
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opened and closed state of the hinge could be optically
monitored. Upon heating above the lower critical solution
temperature (LCST) of 32°C, PNIMPM becomes hydro-
phobic and forces the hinge to close. This could be conclu-
sively tracked by an increase in fluorescence as well as
changes in the size distribution (DLS). However, the AFM
images obtained are a vivid example of how difficult direct
visualization of conformation-altering DNA origami struc-
tures can be.

Tokura etal. further developed their surface-initiated
ATRP on a DNA origami tile by transferring the technique to
a 3D tube, preliminary paving the way towards 3D engineer-
ing of nanomaterials (Figure 13).*! The authors designed
a system where orthogonal polymer growth is feasible: After
coating of the outer surface with cross-linked PEGMEMA,
the inner cavity of the origami tube was equipped with
DNAzymes to induce the polymerization of dopamine.
Whereas AFM images captured after the first polymerization
step could reveal an increase in the height profile and, thus,
the presence of polymer, no imaging was possible of the
polymer synthesized in the inside. The formation of polydop-
amine could only by monitored by absorbance spectroscopy,
once more emphasizing how complicated the characterization
of polymer-DNA hybrid objects is.

DNA handle

L ar
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1\

aw

Polymer Shell

o

1. Initiator
2. ATRP

Oxidative
Polymerization
—_—

™ Polydopamine

Figure 13. Folding of the DNA origami tube and decoration with
oligonucleotide-modified ATRP initiators and the subsequent polymer-
ization of PEGMEMA and PEGDMA. Reprinted from Ref. [45] with
permission (published by The Royal Society of Chemistry).

4. Summary and Outlook

The combination of DNA origami and polymers is a strong
and emerging tool towards precise surface modification and
the creation of elusively defined nanostructures in the low
nanometer regime, thus, representing a kind of a “top-up”
approach that merges conventional bottom-up and top-down
techniques. To date, the arrangement of polymeric objects in
a virtually infinite variety of geometries with precision of
a few nanometers is not reported by any other methodology.
It thereby pushes the limits of established lithography and
self-assembly approaches by programming distinct nano-
devices. Furthermore, DNA origami allows orthogonal dec-
oration of polymers and other molecules, thereby enabling
the investigation of energy-transfer processes, as well as the
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installation of suitable reporter systems or targeting groups.
In principal, two different strategies lead to the formation of
such hybrid structures: either the polymer is grown from the
DNA origami template or a preformed polymer is linked to
the DNA platform. With regard to the studies discussed
herein, it turns out that there are significantly more reports
within the latter category. The grafting of polymers from the
origami surface is very challenging due to the extremely low
concentration of DNA objects and the, therefore, small
number of initiator sites as well as the increased sensitivity to
oxygen present because of the ultralow reaction volumes.
Moreover, it is not possible to determine average molecular
weights and distributions of the grown chains. Furthermore,
the attachment of polymers to DNA origami faces some
hurdles: the solubility of the polymer is preferred to be
compatible with DNA, and the entanglement of polymers and
the folding of DNA might shield their reactive centers.
However, this strategy allows the larger scale synthesis of
polymers and their thorough characterization prior to DNA
origami fusion.

Whereas the electrostatic coating of DNA nanostructures
with polycations may be considered as straightforward, it
often only aims to stabilize the inherently susceptible DNA
construct in biologically relevant media, but does not exploit
the addressability of the platform to achieve molecular
patterning. Therefore, hybridization of respectively modified
polymers to complementary capture strands on the DNA
origami is more expedient, but the conjugation efficiency and
the grafting density is often reported as rather low. We regard
it as important to once again emphasize the characterization
challenges which come along with the synthesis of polymer-
DNA origami hybrid structures and which hinder fast
progress in the field. The ultrasmall quantities of DNA
origami hamper typical polymer analysis methods such as
SEC, NMR, or DLS. To monitor the impact of polymers on
DNA origami at a qualitative level, agarose gel electro-
phoresis can be employed. However, the integrity of the
structures cannot be confirmed in this way. Therefore,
imaging techniques such as AFM and TEM have to be
performed to visualize the objects. As a consequence of the
small size of DNA origami, such techniques have to be
operated in high-resolution modii, and sample preparation,
for example, drying effects, has to be taken into account. The
most representative image might be captured by performing
AFM in a liquid environment, which corresponds to the
natural occurrence of DNA origami in aqueous solution.
Thus, indirect characterization, for example, FRET, can also
be utilized to monitor conformation changes.

In conclusion, the fusion of polymers with DNA origami
holds great potential for designing programmable nano-
devices with highest structural precision, and there are
already pioneering investigations towards the application of
this class of new materials.

Acknowledgements

We acknowledge financial support from the German Re-
search Foundation (DFG)—project number 407426226, SFB/

www.angewandte.org

© 2020 The Authors. Published by Wiley-VCH GmbH

Minireviews ﬂﬂ.gﬁfmie

TRR 234 (CataLight, BO1). Open access funding enabled and
organized by Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

[1] S. M. Bird, O. El-Zubir, A.E. Rawlings, G.J. Leggett, S.S.
Staniland, /. Mater. Chem. C 2016, 4, 3948 -3955.

[2] M. Scuderi, M. Esposito, F. Todisco, D. Simeone, I. Tarantini, L.
De Marco, M. De Giorgi, G. Nicotra, L. Carbone, D. Sanvitto, A.
Passaseo, G. Gigli, M. Cuscuna, J. Phys. Chem. C 2016, 120,
24314 -24323.

[3] B.S. Bolu, R. Sanyal, A. Sanyal, Molecules 2018, 23, 1570.

[4] A. Biswas, I.S. Bayer, A.S. Biris, T. Wang, E. Dervishi, F.
Faupel, Adv. Colloid Interface Sci. 2012, 170,2-27.

[5] J. E. Poelma, C. J. Hawker, Nat. Nanotechnol. 2010, 5, 243 -244.
[6] C.C. Robertson, J.S. Wright, E.J. Carrington, R. N. Perutz,
C. A. Hunter, L. Brammer, Chem. Sci. 2017, 8, 5392 -5398.

[7] B. Choi, J. Yu, D. W. Paley, M. T. Trinh, M. V. Paley, J. M. Karch,
A. C. Crowther, C.-H. Lee, R. A. Lalancette, X. Zhu, P. Kim,
M. L. Steigerwald, C. Nuckolls, X. Roy, Nano Ler. 2016, 16,
1445-1449.

[8] J. Zhang, I. Tanaka, P. Gurnani, P. Wilson, M. Hartlieb, S. Perrier,
Polym. Chem. 2017, 8, 4079-4087.

[9] S. M. Brosnan, H. Schlaad, M. Antonietti, Angew. Chem. Int. Ed.
2015, 54, 9715-9718; Angew. Chem. 2015, 127, 9851 —9855.

[10] I. Yang, H. Miao, Y. Wei, W. Li, Y. Zhu, Appl. Catal. B 2019, 240,
225-233.

[11] Y. Guo, L. Xu, H. Liu, Y. Li, C. M. Che, Y. Li, Adv. Mater. 2015,
27, 985-1013.

[12] B. Sacca, C. M. Niemeyer, Angew. Chem. Int. Ed. 2012, 51, 58—
66; Angew. Chem. 2012, 124, 60-69.

[13] N. C. Seeman, /. Theor. Biol. 1982, 99, 237-247.

[14] P. W. K. Rothemund, Nature 2006, 440, 297 -302.

[15] V. V. Thacker, L. O. Herrmann, D. O. Sigle, T. Zhang, T. Liedl,
J. 1. Baumberg, U. F. Keyser, Nat. Commun. 2014, 5, 3448.

[16] F. Jia, H. Li, R. Chen, K. Zhang, Bioconjugate Chem. 2019, 30,
1880 —1888.

[17] S. L. S. Hendrikse, S. L. Gras, A. V. Ellis, ACS Nano 2019, I3,
8512-8516.

[18] H. Sun, L. Yang, M. P. Thompson, S. Schara, W. Cao, W. Choi, Z.
Hu, N. Zang, W. Tan, N. C. Gianneschi, Bioconjugate Chem.
2019, 30, 18891904,

[19] M. Madsen, K. V. Gothelf, Chem. Rev. 2019, 119, 6384 —06458.

[20] X. Xu, P. Winterwerber, D. Ng, Y. Wu, Top. Curr. Chem. 2020,
378, 31.

[21] R. Falatach, C. McGlone, M. S. Al-Abdul-Wahid, S. Averick,
R. C. Page, J. A. Berberich, D. Konkolewicz, Chem. Commun.
2015, 51, 5343 -5346.

[22] M. S. Messina, K.M.M. Messina, A. Bhattacharva, H.R.
Montgomery, H. D. Maynard, Prog. Polym. Sci. 2020, 100,
101186.

[23] K. Matyjaszewski, Macromolecules 2012, 45, 4015 - 4039.

[24] Y. Tokura, Y. Jiang, A. Welle, M. H. Stenzel, K. M. Krzemien, J.
Michaelis, R. Berger, C. Barner-Kowollik, Y. Wu, T. Weil,
Angew. Chem. Int. Ed. 2016, 55, 5692—-5697; Angew. Chem. 2016,
128, 5786-5791.

[25] Z.-G. Wang, P. Zhan, B. Ding, ACS Nano 2013, 7, 1591 —1598.

[26] Z.-G. Wang, Q. Liu, B. Ding, Chemn. Mater. 2014, 26, 3364 —3367.

[27] Y. Tokura, S. Harvey, C. Chen, Y. Wu, D. Y. W. Ng, T. Weil,
Angew. Chem. Int. Ed. 2018, 57, 1587—1591; Angew. Chem. 2018,
130, 1603 -1607.

Angew. Chem. Int. Ed. 2021, 6o, 6218 - 6229

56

:sdiiy) SUONIPUO,) PUE SWAS | 43 938 *[£20T/S0/6Z) U0 AreiqrT Suiu) £ “AUBLLIS) SURIYR07) Aq LO6S00ZOT AIUL/ZO01 "0 1/10p/ o fa[1 Aieaquauuo;/:sdiy woy papeojumod 71 1202 ‘ELLEITST

PUE-SLILID} W00 A3

2SUDII'T SUOLIWO,) dAnEar) aqeonjdde oy £q pawserod are sapruE V() DS Jo so|n 1of K1e1qr] suruQ A3 Uo



GDCh
S

[28] Y. H. Ding, M. Floren, W. Tan, Biosurf. Biotribol. 2016, 2, 121 -
136.

[29] H. Lee, S. M. Dellatore, W. M. Miller, P. B. Messersmith, Science
2007, 318, 426-430.

[30] P. Winterwerber, S. Harvey, D. Y. W. Ng, T. Weil, Angew. Chen.
Int. Ed. 2020, 59, 6144-6149; Angew. Chem. 2020, 132, 6200-
6205.

[31] J. K. Kiviaho, V. Linko, A. Ora, T. Tiainen, E. Jarvihaavisto, J.
Mikkila, H. Tenhu, Nonappa, M. A. Kostiainen, Nanoscale 2016,
8, 11674 —11680.

[32] Y. Ahmadi, E. De Llano, 1. Barisic, Nanoscale 2018, 1(), 7494 —
7504,

[33] N. P. Agarwal, M. Matthies, . N. Gur, K. Osada, T. L. Schmidt,

Angew. Chem. Int. Ed. 2017, 56, 5460-5464; Angew. Chem.

2017, 129, 5552 -5556.

N. Ponnuswamy, M. M. C. Bastings, B. Nathwani, J. H. Ryu,

L. Y. T. Chou, M. Vinther, W. A. Li, F. M. Anastassacos, D. J.

Mooney, W. M. Shih, Nat. Commun. 2017, 8, 15654,

S.-T. Wang, M. A. Gray, S. Xuan, Y. Lin, J. Byrnes, A. I. Nguyen,

N. Todorova, M. M. Stevens, C. R. Bertozzi, R. N. Zuckermann,

O. E. Gang, Proc. Natl. Acad. Sci. USA 2020, 117, 6339-6348.

J. B. Knudsen, L. Liu, A. L. Bank Kodal, M. Madsen, Q. Li, J.

Song, I. B. Woehrstein, S. F. Wickham, M. T. Strauss, F. Schued-

er, J. Vinther, A. Krissanaprasit, D. Gudnason, A. A. Smith, R.

Ogaki, A. N. Zelikin, F. Besenbacher, V. Birkedal, P. Yin, W. M.

Shih, R. Jungmann, M. Dong, K. V. Gothelf, Nat. Nanotechnol.

2015, 70, 892 -898.

(34]

[35]

(36]

Angew. Chem. Int. Ed. 2021, 6o, 6218 - 6229

Minireviews

© 2020 The Authors. Published by Wiley-VCH GmbH

57

Internatic

[37] X.Wang, C. Li, D. Niu, R. Sha, N. C. Seeman, J. W. Canary, Nano
Lert. 2018, 18, 2112-2115.

[38] J. Zessin, F. Fischer, A. Heerwig, A. Kick, S. Boye, M. Stamm, A.
Kiriy, M. Mertig, Nano Lett. 2017, 17, 5163-5170.

[39] V. A. Turek, R. Chikkaraddy, S. Cormier, B. Stockham, T. Ding,
U.F. Keyser, J.J. Baumberg, Adv. Funct. Mater. 2018, 28,
1706410,

[40] Y. Dong, Y. R. Yang, Y. Zhang, D. Wang, X. Wei, S. Banerjee, Y.
Liu, Z. Yang, H. Yan, D. Liu, Angew. Chem. Int. Ed. 2017, 56,
1586-1589; Angew. Chem. 2017, 129, 1608 -1611.

[41] C. 1. Serpell, T. G. Edwardson, P. Chidchob, K. M. Carneiro,
H. F. Sleiman, J. Am. Chem. Soc. 2014, 136, 15767 -15774.

[42] P. Chidchob, T. G. Edwardson, C. J. Serpell, H. F. Sleiman, J. Am.
Chem. Soc. 2016, 138, 44164425,

[43] A. Krissanaprasit, M. Madsen, J. B. Knudsen, D. Gudnason, W.
Surareungchai, V. Birkedal, K. V. Gothelf, ACS Nano 2016, 10,
2243-2250.

[44] M. Madsen, R. S. Christensen, A. Krissanaprasit, M. R. Bakke,
C. F. Riber, K. S. Nielsen, A. N. Zelikin, K. V. Gothelf, Chem.
Eur. J. 2017, 23, 10511-10515.

[45] Y. Tokura, S. Harvey, X. Xu, C. Chen, S. Morsbach, K.
Wunderlich, G. Fytas, Y. Wu, D. Y. W. Ng, T. Weil, Chem.
Commun. 2018, 54, 2808 -2811.

Manuscript received: April 23, 2020

Accepted manuscript online: July 10, 2020
Version of record online: October 28, 2020

www.angewandte.org

An dte

Chemie

6229

f1op/woa Kajiw reiquautjuoyssdiy wogy papeojusmod] 21 1Z0Z ‘ELLEIZST

=
=
5
2
ES
i
=3
=
E
3
2
<
S
Z
(o]
g
5
2
a
5
E|
H
g
#
=
&
e
A
2
|
3
3
S
g
o
@
=3
I3
&
=]
5
@
&
2
E
g
o
g
H
a
a
-]
]
ES
S
g
E

LI/ 0d* K] IAY

0 2[qeatjdde ayy 4q pawsaaod aie sa[oe V() SN JO SOJNI Jof AIRIQIT AUNUQ K31 U0

ASUBDI SUOLLILO) .



58



2. Motivation

Nature is considered the gold standard when it comes to the construction of precise and highly
functional macromolecules such as proteins and DNA. Consequently, scientists feel stimulated to
transcribe these into the synthesis of artificial systems with similar advanced properties and the study
thereof. In line with that aim, this thesis seeks to contribute to the endeavor by merging the fields of
DNA nanotechnology and bioinspired polymers.

Despite continuous advancements in polymer chemistry, the spontaneous self-assembling processes
of the polymer chains and the subsequent architectures can only be orchestrated to a limited extent.
Thus, the design of highly defined surfaces and soft materials is a bottleneck for patterning on the
nanoscale. To overcome these limitations, we envision the DNA origami platform to control polymer
growth in a spatiotemporal manner. Herein, we intend to exploit the origami’s accuracy not only for
precise arrangement of molecules but also for directing reactions in situ. This enables us to circumvent
typical constraints faced in top-down approaches such as photolithography in which the patterning
resolution is limited by the wavelength of light. To spatially direct photoinduced polymer formation
only at designated areas, we therefore will build hybrid nanoobjects from the bottom, leveraging the
pinpoint addressability of the DNA template. This way we can benefit from the outstanding temporal
control of photoreactions while we do not have to compromise on the wavelength dependency of the
light source and subsequent nanopatterns.

Our first approach towards a sophisticated DNA-assisted polymerization system is based on tubular
DNA origami structures. These can be derived from furling a 70 x 100 nm DNA rectangle alongside the
long edges and have proven to be sufficiently robust whilst offering modification sides on both the
outer and inner surface. Accordingly, the outer surface will be equipped with a photopolymerization
system to guide formation of polydopamine layers. Even though its natural biocompatibility renders
polydopamine a promising candidate for application in, e.g., nanomedicine, its fast and rather
uncontrolled polymerization kinetics prohibits investigation with defined nanoscale architectures.
Conventionally, polydopamine is synthesized by merely bringing dopamine into a slightly alkaline
environment and due to its adhesiveness, coating of virtually any kind of substrate can be achieved. In
contrast to that, we aim to control polydopamine formation with the combination of DNA origami and
photochemistry. A photosensitizer, protoporphyrin IX, is anchored in G-quadruplex sequences in
distinct patterns on the DNA surface and thus, reaction should be triggered at these catalytic centers
only. Upon white light irradiation, the photosensitizer will locally produce reactive oxygen species
which in turn oxidize the dopamine monomer. Dopamine then undergoes a multistep polymerization
process and polydopamine will be imprinted alongside the initiation sites. Importantly, this photo-
promoted polydopamine formation does not require chemical triggers that could potentially harm

biomolecules, and also provides temporal control by simple on-off switching of the light source.
59



Essentially, not only the dopamine polymerization will benefit from the DNA platform, but also vice
versa, we aim to implement additional features to the origami such as increased stability. While DNA
Origami is typically dependent on cation-supplemented media and the absence of nucleases, we will
investigate how polydopamine rings can contribute to this drawback and potentially enable its broader
application.

In a follow-up study, we intend to build on the newly introduced approach to control polydopamine
formation by means of light and to broaden the scope of photopolymerization. By implementing
further photosensitizers, we can design the system responsive to different wavelengths, enabling a
sequential order of reactions steps. Multicomponent substructures across 3D space are chemically
challenging and we believe that the origami technique together with photopolymerization might be a
powerful construction tool in this respect. We therefore introduce a second catecholamine,
norepinephrine, that on the one hand possesses similar polymerization attributes as dopamine but on
the other hand bears an additional hydroxy group. The additional side group is known to impact
resulting surface morphologies and allows for post modification. Collectively, irradiation of
protoporphyrin IX, eosin Y and methylene blue at their respective wavelengths will be pursued to
induce coating of the DNA origami tubes with rings of polydopamine or polynorepinephrine at distinct
positions. Having a pool of various photosensitizers and monomers will ideally allow for 2-step
polymerizations that could yield heterogeneous polymer layers or rings of both polymers on one
origami structure. Based on the surface modulation of the DNA origami structures, we intend to
explore the fate of these nanoobjects at biological interfaces. Typically, the adhesiveness of
poly(catecholamines) leads to aggregation and uncontrolled adsorption, preventing their application.
Here, we envision to leverage the controlled polymer deposition on a nanometer scale to study
interactions of the nanoparticular hybrid systems with cell membranes and subsequent uptake events.
This is facilitated once more through the addressability of the DNA origami platform which can be
equipped with single stranded DNA handles to allow orthogonal decoration of distinct fluorophores,
enabling colocalization studies within the cells.

By following these concepts, this thesis envisions combining the DNA origami technique and the
photopolymerization of catecholamines in a synergistic fashion to enable spatiotemporal control over
their polymer formation on the nanoscale that is hardly achieved by conventional techniques.
Chemical and biological investigations are designed to contribute to the understanding of how both

building blocks can benefit from each other.
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3. Results and Discussion

3.1 Phtotocontrolled dopamine polymerization on DNA origami with nanometer

resolution
Publication: “Photocontrolled Dopamine Polymerization on DNA Origami with Nanometer

Resolution”
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Pia Winterwerber, Sean Harvey, David Y. W. Ng, Tanja Weil Angew. Chem. Int. Ed. Engl. 2020, 59,

6144-6149.
The publication in this chapter is an open access article under the terms of the Creative Commons Attribution License (CC

BY 4.0).

DNA origami inherits the capability to arrange (macro)molecules such as dyes, proteins, nanoparticles,
among others within a designated 3-D space. This enables investigation of structure-function
relationships or spatial control over distances where required. However, the prospects of DNA origami
technology go beyond the simple positioning of objects and can be further exploited for chemical
reactions. By equipping DNA origami templates with irradiation-sensitive reaction centers,
photopolymerization processes can be spatially and temporally controlled. The nanopatterned
polymer-DNA objects exhibit higher stability compared to their bare counterparts. Thus, this chapter
aims to emphasize how DNA nanotechnology and polymer chemistry may benefit from each other,

resulting in hybrid devices with advanced features.

The herein presented publication is based on DNA origami tubes whose chemically rather inert surface
is turned into a patterned template with precisely distributed reaction centers. This is achieved
through the incorporation of guanine-rich ssDNA handles at distinct positions that would form so-
called G-quadruplexes. These are used for the embedment of a photosensitizer, protoporphyrin IX,
which generates actives species upon white light irradiation that in turn trigger oxidation and
polymerization of dopamine in the vicinity. Polydopamine formation showed to follow the predefined
pattern of reaction centers. Thereby, polymer rings can be formed on the origami tubes under spatial-
temporal control, following the on/off phases of the light source. Furthermore, this modification

significantly alleviates the susceptibility of DNA objects in cation-depleted environment.
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As the first author, | conducted all the experiments and analysis, assisted by Sean Harvey on the
experimental design. The project was supervised by David Y. W. Ng and Tanja Weil. All authors

contributed to writing the manuscript.
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49 Photocontrolled Dopamine Polymerization on DNA Origami with

Pia Winterwerber, Sean Harvey, David Y. W. Ng,* and Tanja Weil*

Abstract: Temporal and spatial control over polydopamine
formation on the nanoscale can be achieved by installing an
irradiation-sensitive polymerization system on DNA origami.
Precisely distributed G-quadruplex structures on the DNA
template serve as anchors for embedding the photosensitizer
protoporphyrin IX, which—upon irradiation with visible
light—induces the multistep oxidation of dopamine to poly-
dopamine, producing polymeric structures on designated areas
within the origami framework. The photochemical polymeri-
zation process allows exclusive control over polydopamine
layer formation through the simple on/off switching of the light
source. The obtained polymer—-DNA hybrid material shows
significantly enhanced stability, paving the way for biomedical
and chemical applications that are typically not possible owing
to the sensitivity of DNA.

The creation of functional materials with high control and
precision during the synthesis process to provide a shape-
customized product is one of the major objectives in the field
of nanoscience. Inspired by Nature, bottom-up strategies
often exploit the self-assembly capacity of various building
blocks to produce ordered structures such as liposomes,
polymeric nanoparticles, and viral protein mimics."! Although
these structures exhibit a relatively high level of uniformity in
terms of size, shape, and functionality, they often lack diverse
shapes and the potential for asymmetric and orthogonal
molecular modifications.”! DNA origami technology, how-
ever, provides the opportunity to simultaneously incorporate
chemically diverse functional components with controlled
stoichiometry to design nanoobjects with ultimate molecular
control.F!

Rationally designed DNA origami objects originate from
the sequence-specific binding properties of DNA: a long,
single-stranded DNA scaffold is folded into a distinct archi-
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the author(s) of this article can be found under:
https://doi.org/10.1002/anie.201911249,
© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co.
KGaA. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly
cited.
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tecture guided by a set of short staple strands, which hybridize
at programmed positions along this scaffold. Each staple
strand can serve as an attachment point for modifications,
cither directly attached to the staple strand or through
a complementary oligonucleotide, furnishing an unprece-
dented combinatorial platform for designing versatile nano-
objects.*! The molecular positioning of, e.g., chromophores,
nanoparticles, and drug molecules on the origami surface
renders these nanoobjects versatile research tools for various
applications in biophysics, medicine, and engineering.”!
Super-resolution microscopy employs dye-modified origami
as a nanoscopic ruler for calibration and applies DNA-PAINT
to in vitro applications, making use of transient binding events
to monitor target-probe interactions.”! Here, fluorescence
allows Forster resonance energy transfer (FRET) studies,
which are extremely sensitive to slight shifts in the distance
between donors and acceptors, thus making it a powerful tool
to monitor changes in the conformation of the DNA
construct.”) In addition, programmable arrays of antenna
systems on DNA platforms provide exciting insights into
light-harvesting complexes and energy transduction effi-
cacy.”! The precise positioning of nanoparticles, e.g., gold
nanoparticles and -rods or nanodiamonds on DNA structures
opens the possibility to investigate near-field plasmonic
coupling with respect to distance, chirality, and orientation.!”!
Furthermore, biological applications benefit from DNA
origami’s advantages in the study of enzymatic nanoreactors,
in which the spatial relationship of reaction cascades of
enzymes can be examined."” The clustering behavior of cell-
surface receptors can be studied by ligands organized with
nanoscale precision on DNA origami."!

However, the prospects of DNA origami methodology go
beyond simply positioning objects and may be expanded to
perform chemical reactions or even the bottom-up synthesis
of macromolecules. In this respect, in situ atom-transfer
radical polymerization (ATRP) on DNA origami is suitable
for the fabrication of polymers with precisely designed
nanopatterns.'? By applying initiator sites mimicking horse-
radish peroxidase activity, it is possible to create template-
mediated polyaniline and polydopamine structures of various
shapes on the nanoscale."”! However, all these reactions are
chemically triggered, which does not provide real-time
control beyond that of stoichiometry. As such, the use of
photochemistry offers an attractive strategy to exert temporal
control."" The spatial resolution to create nanopatterns using
photochemistry is typically limited by the wavelength of light.
Therefore, we envision that these limitations could be over-
come by the combination of photochemistry and DNA
origami.

Angew. Chem. Int. Ed. 2020, 59, 61446149
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Figure 1. A) Concept of light-triggered polydopamine formation on DNA origami. Upon the irradiation with visible light, the photosensitizer
(protoporphyrin IX), which is embedded in G-quadruplex (G4) structures on the DNA template, locally catalyzes the oxidation of dopamine to
polydopamine, resulting in well-defined polydopamine-DNA hybrid materials with nanoscale dimensions. B,C) The multistep polymerization of
dopamine to polydopamine can be followed by recording the absorbance of the intermediates and final product at 320 nm (dopaminochrome),
480 nm (oligomer), and 700 nm (polydopamine), which steadily increase. D,E) AFM topographic images reveal a significant increase in height

where polydopamine is imprinted on top of the G4 pattern.

Herein, we have developed a photopolymerization reac-
tion using a guanine-rich quadruplex (G4) with the embedded
photosensitizer protoporphyrin IX (PPIX). The production of
reactive oxygen species (ROS) upon irradiation with white
light was used to initiate the oxidative polymerization of
dopamine with spatiotemporal control (Figure 1A). These
G4 sequences, which act as reaction centers for dopamine,
were arranged in designated patterns on the DNA origami
surface. The array of reaction centers caused dopamine to
polymerize and, due to the adhesiveness of the oligomers,
allowed the polymer to be imprinted on top of the G4 pattern.
With this approach, we have bridged the fields of DNA

Angew. Chem. Int. Ed. 2020, 59, 6144-6149

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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origami technology and photoinitiated polymerization to
create precisely templated nanostructures far smaller than
the wavelength of light.

The DNA origami platforms—tube I and tube IT with one
and two rings of reaction centers, respectively—were synthe-
sized from scaffold DNA, staples, and G4-extended staple
strands in a one-step process, and their integrity was
confirmed by atomic force microscopy (AFM), whereby the
moderately bulky structure of the G4 sequences appeared as
slight dots and lines on the tubes (Figure S2). Steric hindrance
due to the curvature guided the folding process towards tubes
that present G4 strands on the outside. These extended
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structures were then exploited as anchors for retaining the
photosensitizer protoporphyrin IX at distinct locations within
the DNA framework. Upon binding to the G-quadruplexes,
the fluorescence of PPIX significantly increased, indicating
successful host-guest binding (Figure S3).I""] The specificity of
this binding event was demonstrated by comparing the
employed G4 sequence to an alternately organized guanine-
rich oligonucleotide (Figure S4). To induce the polymeri-
zation of dopamine, an oxidative environment was
required.l'”! The structure of polydopamine is many-faceted
and still under discussion: Apart from covalent bonds, also
noncovalent interactions such as hydrogen bonding and n—mn
stacking, among others, are present (Figure S5)."%'” Common
protocols, i.e., immersing a substrate in an aqueous alkaline
solution of dopamine, suffered from poor control over
polymerization kinetics and spatial resolution."” To suppress
the spontaneous self-polymerization of dopamine, the pH had
to be adjusted to the acidic range.'¥ However, in acidic
medium, polymerization is inducible only in the presence of
strong oxidants such as ammonium persulfate and sodium
periodate.'”! Levkin and co-workers have shown the first
example of a light-triggered dopamine polymerization using
UV light to generate reactive oxygen species (ROS) in situ
that act as oxidants."”) However, the use of UV light in DNA
origami can induce cross-linking and promote nonlocalized
polymerization.” Therefore, we have developed a photo-
sensitizer-mediated system that can be activated by exposure
to visible light.

Protoporphyrin IX is utilized in photodynamic therapy!
and we examined its capability to trigger ROS formation, in

[21]
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particular the generation of singlet oxygen (Figure S6).
Singlet oxygen generated by irradiation with visible light
reacts with imidazole and bleaches N,N-dimethyl-4-nitrosoa-
niline (RNO) through oxidation, while no reaction occurs in
the absence of light.”” The decrease in RNO absorbance by
approximately 20 % proved PPIX to be a moderate photo-
sensitizer with rather slow kinetics, facilitating control over
the reaction. Furthermore, to control the polydopamine
formation, only a narrow pH range proved to permit both
initiating and promoting the polymerization process, with
pH 6.5 being the most selective (Figure S7). According to our
studies, polydopamine formation occurred independently of
any external stimulus in neutral and alkaline media. Under
acidic conditions, a pH value of 6 allowed the oxidation of
dopamine but prohibited subsequent polymerization steps,
whereas at pH S, all reaction was inhibited. At pH 6.5,
polydopamine was formed only in the presence of light and
photosensitizer, which was crucial for establishing a controlled
polymerization process (Figures S8 and S9).

Upon the light-triggered ROS generation by PPIX and
subsequent dopamine oxidation, reaction progress was moni-
tored by recording UV/Vis spectra, tracking the increase of
oxidized species (dopaminochrome), precursor oligomers,
and polydopamine (Figure 1B)."**! Initially, oxidation of
dopamine to dopaminochrome and ongoing oligomer forma-
tion was observed, followed by the emergence of polymeric
components. To further prove that polydopamine formation is
an ROS-mediated process, we studied the impact of oxygen
and imidazole as a singlet oxygen scavenger on the reaction
kinetics. Therefore, the reaction was performed according to
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Figure 2. A) Temporal control over the polydopamine formation when the light is switched on and off (1 cycle consists of 1 h dark + 1 h light).
B,C) UV/Vis spectroscopy indicates a light-dependent, stepwise polydopamine formation process. D,E) The stepwise polymer growth becomes
apparent in AFM topographic images: After 1 cycle, tubes show only a slight increase in height, whereas an approximately 10 nm thick

polydopamine layer is present after an additional cycle.
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an alternative protocol in which the system is degassed. Both
UV/Vis spectroscopy and AFM imaging revealed a suppres-
sion of the polymerization when no oxygen was present
(Figures S10 and S11). The effect was even stronger in the
presence of the scavenger.

As a first indication of successful polymerization, poly-
dopamine-coated structures did not show any migration
during agarose gel electrophoresis in contrast to unmodified
DNA origami (Figure S12). To directly confirm the presence
of the polymer and verify its position, a topographical map of
the obtained structures was recorded via AFM measurements
(compare Figure S2 and Figure 1 D,E). The height profile of
both structures exhibited an enhanced peak where G4
sequences were located and reaction was promoted. Thus,
the oxidized dopamine species were predominantly generated
at the reaction centers and subsequent polymerization
preferentially occurred close by, leading to polymer deposi-
tion in designated patterns. Due to the intrinsic adhesiveness
of the biopolymer, polydopamine-coated areas tend to
aggregate and could even form higher-ordered domains
(Figure S13). The precise polymer formation with nanometer
resolution was further demonstrated by eliminating the DNA
template (Figure S14). After treating the mica-deposited
sample with hydrochloric acid, the DNA scaffold was
degraded through hydrolysis, liberating the polydopamine
nanostructures.

In order to achieve not only exact positioning of polydop-
amine on the DNA platform but also temporal control with
light, the reaction mixture containing tube I was alternatingly
exposed to visible light or kept in dark; the absorbance
spectra were recorded at distinct time points in order to
visualize the polymerization progress (Figure2 A-C). The
experiment commenced with a dark period of one hour and
the light-dependency of the reaction was revealed: In the
absence of light, there was almost no formation of oxidized
species and initiation was efficiently suppressed. The dop-
amine conversion was only triggered after one hour of
irradiation, and early intermediates, e.g., dopaminochrome
and oligomers, developed. During the ensuing dark period,
the absorbance spectra marginally shifted; thus, polymeri-
zation was essentially intercepted due to a negligible concen-
tration of radicals. Resuming irradiation caused significantly
enhanced overall absorption, indicating that polymerization
proceeds. The stepwise progression, as visualized by the
relative absorbance increase, substantiates the temporal
control through simple switching of the light source on and
off (Figure 2C). Furthermore, in addition to qualitative
detection, the impact on polymer density and height was
investigated via AFM (Figure 2D,E). After one cycle of dark
and irradiation phases, there was initial evidence of polydop-
amine formation. Beside the tubes whose height profile was
determined by G4 secondary structures (approximately 3-
4 nm in proportion to tube surface), some tubes increased in
height due to polydopamine deposition. Extensive polymer
coverage occurred upon a successive cycle of dark and
irradiation periods, as seen by the dense rings in the center of
the tubes, corresponding to an average height increase of up
to 10nm and a total height of 15nm at these positions
(Figure 2E).

Angew. Chem. Int. Ed. 2020, 59, 6144-6149
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DNA origami is emerging as a precise and functional
nanomaterial for various biomedical and chemical applica-
tions. However, it would be highly desirable to circumvent the
intrinsic stability issues and push the limits towards a robust
but still versatile nanomaterial in various environments.™!
Apart from nuclease-mediated digestion, magnesium ions are
crucial for DNA origami assembly, but their relatively high
concentration (10-20 mm) can interfere with certain applica-
tions.*!! Hence, polydopamine coating was anticipated as an
suitable tool to contribute to stability. Repetitive spin filtering
was used to transfer bare origami tubes and polydopamine-
decorated tube structures from storage buffer into virtually
pure water, and these mixtures were incubated for several
hours at elevated temperature (Figure 3). Topographical
imaging of the nonmodified DNA tubes after treatment
revealed a loss of integrity for almost all objects, ranging from
small fragments through unfolded segments to intact parts of
the original structure. In contrast, tubes bearing a centered

A

o
0 Mg
(3]

Figure 3. A) Spin-filtering was used to transfer unmodified and poly-
mer-modified origami structures from Mg?*-containing storage buffer
into an ion-free environment. Stability assay of unmodified (B) and
polydopamine-coated tubes (C) was conducted in pure water at 37°C
for 4 h; the structures were subsequently visualized by AFM, showing
that polydopamine deposition enhanced the structural integrity.
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ring of polydopamine seem to be less susceptible to variations
in ionic environment. Apart from clusters of several tubes due
to the adhesiveness of polydopamine, individually resolved
tubes possess an intact architecture. Hence, when polydop-
amine is deposited on DNA origami, the structural integrity
of DNA is maintained since its inherent susceptibility to
lacking ions is reduced.

In conclusion, we have reported the first phototriggered
polydopamine polymerization on 3D DNA origami templates
to create precise nanostructures. The system benefits from
both the unique customization of the DNA origami method-
ology and the adjustability of utilizing visible light as an
external stimulus to achieve unprecedented spatiotemporal
control on the nanoscale. Various DNA origami templates
were equipped with patterns of G-quadruplex secondary
structures, which—along with the embedded photosensitizer
protoporphyrin IX—dictated the locally restricted formation
of polydopamine. By suppressing the self-polymerization of
dopamine at slightly acidic pH and simply switching the light
on and off, the characteristics, e.g., density and height of the
polymer were tailored. Despite the sophisticated nature of the
polydopamine-decorated DNA origami objects, the setup was
straightforward, and all materials were biologically derived.
The combination of DNA origami technology and polymer-
izations initiated by visible light allowed the creation of
precise photopatterned 3D nanostructures with dimensions
far below 100 nm and much smaller than the wavelength of
light. Furthermore, the deposition of polydopamine enhanced
DNA origami stability, so that it can withstand even pure
water conditions, broadening its application scope. Hence, the
technique serves as an advanced toolkit for developing DNA-
based devices with nanometer resolution, which exhibit
customized properties and stability features.
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The generation of multicomponent nanostructures is chemically challenging, and bottom-up routes
often build on the self-assembly processes of amphiphilic molecules. Even though assembly can be
directed through chemical and physical properties such as the ratio of hydrophilic and hydrophobic
parts, control is limited. With the help of DNA nanotechnology, complex polymeric systems are
accessible in a highly predictable manner, even on the molecular level, if desired. Building on the
knowledge from the previous chapter, the potential from the combination of DNA origami and
photopolymerization can be further exploited. Implementing not only one but two photosensitizer of
discrete absorption profiles renders the system responsive to different light sources, enabling a
stepwise exposure and likewise polymer growth. Together with the expansion of the monomer pool,
multicomponent hybrid structures with nanometer resolution can be designed. The advancements
originating from polymer decoration of DNA objects become apparent in a biological context where

cellular uptake can be fostered.

This chapter is envisioned to highlight the potential of merging DNA origami and multistep
photopolymerization for the construction of multicomponent nanostructures. In that respect, eosin y
and methylene blue represent photosensitizers that respond to green and red light, respectively.
Taking advantage of DNA base pairing, preassembled reaction centers can be introduced to the origami
structure to complementary ssDNA overhangs at any time point. This allows distinct patterning of
more than one photosensitizer and stepwise polymer growth responding to the applied light source.
Norepinephrine is a catecholamine similar to dopamine and could be polymerized likewise through
both photosensitizers. Noteworthy, surface roughness of the resulting polymer film is known to be
smoother and indeed, poly(norepinephrine) coating induced less aggregation. This is also reflected in

biological settings where cellular uptake was most successful for this kind of polymer decoration.
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Multiple Wavelength Photopolymerization of Stable
Poly(Catecholamines)-DNA Origami Nanostructures**

Pia Winterwerber, Colette J. Whitfield, David Y. W. Ng,* and Tanja Weil*

Abstract: The synthesis of multicomponent polymer hybrids
with nanometer precision is chemically challenging in the
bottom-up synthesis of complex nanostructures. Here, we
leverage the fidelity of the DNA origami technique to install a
multiple wavelength responsive photopolymerization system
with nanometer resolution. By precisely immobilizing various
photosensitizers on the origami template, which are only
activated at their respective maximum wavelength, we can
control sequential polymerization processes. In particular, the
triggered photosensitizers generate reactive oxygen species
that in turn initiate the polymerization of the catecholamines
dopamine and norepinephrine. We imprint polymeric layers
at designated positions on DNA origami, which modifies the
polyanionic nature of the DNA objects, thus promoting their
uptake into living cells while preserving their integrity. Our
herein proposed method provides a rapid platform to access
complex 3D nanostructures by customizing material and
biological interfaces.

Introduction

The spatial control and engineering of objects at nanometer
resolution is imperative for the miniaturization of smart
materials and devices. In both materials science and
biomedicine, the demand for tools to construct multicompo-
nent substructures across 3D space is required to expand the
understanding of how surface patterns and object contours
modulate interfacial forces. However, the construction of
nanostructured surfaces on soft materials that can be freely
customized is a bottleneck due to the lack of tools to
precisely design them. This problem is further amplified for
patterns that are much smaller than the wavelength of light,
where top-down approaches, such as lithography, reaches its
limits. At this length scale, bottom-up approaches based on
self-assembly provide the natural complementarity to top-
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down strategies in the fabrication of patterned soft materi-
als.

Unlike the limitations posed by other systems based on
synthetic polymers or peptides, DNA nanotechnology is
equipped with the precision necessary Lo program nano-
structured surfaces."! Coupled with a DNA origami design,”!
concepts to investigate ecpitopes,”! protein assemblies,”!
plasmonic devices,”) and biosensing!® have recently resulted
in critical findings in nanomedicine and biophysics.

In polymer chemistry and patterning, advances in radical
and oxidative polymerization as well as the organization of
polymer chains have demonstrated that the stringent con-
ditions necessary for DNA origami can be made accessible
to largely organic compounds.” Conversely, the combina-
tion of DNA nanostructures with charged molecules and
polymers has resulted in increased stability under physio-
logical conditions and even in organic solvents, which has
been crucial for the rapid expansion of DNA origami
platforms in recent years.®! However, in comparison to the
application-driven counterparts, polymers on DNA origami
have yet to show their synthetic potential beyond structured
positioning by DNA hybridization on the template.”

In this study, we control a series of photopolymerization
reactions using multiple wavelengths to guide independent
polymer patterns and fabricate layered structures on the
DNA origami (Figure 1). Previously, we have shown that
dopamine (DA) can be photopolymerized by protoporphyr-
in IX (PPIX) that is intercalated into a DNA G-quadruplex
(G4), which allows polydopamine to form at designated
positions preoccupied by the G4.'! Herein, we establish
broad wavelength flexibility by using G4s containing eosin Y
(EY) and methylene blue (MB), which are activated by
green (525 nm) and red (625 nm) light, respectively. Togeth-
er with blue-light-triggered PPIX (410 nm), these three
catalyst centers produce reactive oxygen species (ROS) at
their maximum wavelengths to initiate the polymerization of
catecholamines. By using both dopamine and norepinephr-
ine (NE), we demonstrate that both monomers can be
polymerized sequentially in different configurations, thereby
allowing DNA-polymer structures to be customized in the z-
direction. The formation of a polymer layer reduces the
polyanionic nature of the DNA origami and can thereby
facilitate its uptake into living cells, which can be imaged by
fluorescence colocalization. Our approach will enable rapid
and facile synthesis of multicomponent polymeric patterns
with precise shapes and dimensions on DNA origami.
Customizing the nano/bio-interphase of DNA objects
through surface modulation is crucial for various applica-
tions, for example, cellular uptake for therapeutic delivery.

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH
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Figure 1. A) Multiple wavelength photopolymerization on DNA origami tubes can be accomplished through the combination of various
photosensitizers and two different catecholamine monomers. In this way, polymers can be imprinted at specific sites on the DNA templates under
temporal and spatial control. Polymer-DNA hybrid structures can be further leveraged to modulate interactions at the cellular interface. B) The
reaction centers, consisting of G-quadruplex (G4) structures and photosensitizers, produce reactive oxygen species (ROS) at their maximum
wavelengths to initiate polymerization. The mechanism and structure of both polydopamine!” and norepinephrine!'” are multifaceted and still the
object of current elucidation. For reasons of clarity, only a few representative structures are depicted here. Further information on the mechanism,
the intermediates, and prevailing interactions is provided in the Supporting Information (Figure 52).

Results and Discussion

To prepare 3D DNA origami tubes for photopolymeriza-
tion, G-quadruplex structures were arranged on the surface
in distinct patterns. These catalytic centers can be tuned for
wavelength selectivity by nominating the photosensitizer
that will sit within the G-quadruplex (5-GGG TA GGG C
GGG TT GGG-3'). As previously reported, the PPIX-G4
complex produces ROS under irradiation with white light,
which in turn trigger the oxidation and polymerization of
dopamine. To suppress the well-known self-polymerization
of dopamine and to control polymer formation, it is crucial
to work in a slightly acidic environment (pH 6.5). Herein,
we found that only blue light (410 nm) possesses sufficient
energy to initiate the polymerization of dopamine (see
Figure S1 in the Supporting Information). Excitation at the
Q-bands of PPIX-G4 in the visible spectrum produced
insufficient oxidized dopamine species to fuel polymeriza-
tion. Wavelength specificity in the green and red region was

Angew. Chem. Int. Ed. 2022, 61, 202111226 (2 of 9)

accomplished by hosting EY™ and MB.,™ respectively,
within the G4 motif. The propensity of each catalyst to
generate singlet oxygen ('O,) was analyzed using an assay
based on imidazole and p-nitrosodimethylaniline (RNO)."*!
Both MB and EY demonstrated higher efficiencies than
PPIX in the production of 'Q,, as reflected by the bleaching
of RNO being 7 and 11 times faster, respectively (see
Figure S3 in the Supporting Information). The initiation of
polymerization using EY-G4 and MB-G4 on a tube DNA
origami was subsequently attempted at their respective
wavelengths (EY: 525 nm, MB: 625nm). The tube DNA
origami scaffold was designed with a central ring containing
photosensitizer-loaded G4 sequences. When using 10 mm
dopamine in 100 mm buffer (pH 6.5), UV/Vis spectroscopy
showed successful polymerization into polydopamine (pDA)
after 3 h (see Figure S4A in the Supporting Information).
The formation of intermediates including dopaminochrome
(320 nm), oxidized oligomers (480 nm), and the eventual
pDA (700 nm) could be monitored through their character-

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-¥CH GmbH
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istic absorbances.” Spatial control over polymerization and
the resulting nanostructure were verified by atomic force
microscopy (AFM; see Figure S4B in the Supporting
Information). A ring of polymers was successfully con-
structed where the patterned G4 sequences were installed,
thus demonstrating that the change of catalytic centers and
excitation wavelengths did not affect the control over the
polymerization reaction. In comparison, the reaction kinetics
of the oxidative polymerization demonstrated that the
generation of each intermediate (dopaminochrome, oligom-
ers etc.) including pDA was more efficient for EY (see
Figure S4C in the Supporting Information). Despite the
differences in kinetics, topological height profile analysis by
AFM did not show significant height differences between
the different photosensitizers (see Figure S4D in the Sup-
porting Information ).

We subsequently investigated different patterns and the
impact of the size of clustered G4 centers on the polymer-
ization process. Firstly, we designed an origami tube with a
diagonal G4 motif of similar density to the standard ring
pattern (see Figure S5 in the Supporting Information). After
polymerization, we could detect formation of pDA on the
tubes, with varying observation perspective of the desig-
nated pattern. The lack of symmetry would mean that the
orientation of the origami on the mica surface is subjected
to inherent randomness and thus affects the imaging process.
Hence, we consider ring patterns as the most reliable to
provide robust characterization. In addition, we examined
the correlation of polymer formation and the width of the
ring system by direct comparison of the structures depicted
in Figure2. AFM images indicate that, when only 22
catalytic centers are incorporated, the oxidative conditions
are not sufficient to induce polymerization on each tube. In
addition, the thickness of the observable polymer rings is
lower compared to the standard origami tube (44 G4). Here,
total heights of typically 10-15nm are attained. When
doubling the number of G4 to 88, polymer rings are
uniformly grown on almost every origami and the overall
heights are similar to the standard 44 Gd4s. Our findings
suggest that there is indeed a minimal number of clustered
catlalytic centers required to induce polymerization. Regard-
ing the activity of these centers, no upper limit seems to
restrict the system. However, full coverage of the tube's
surface with G4 sequences would on the one hand restrict
further modifications and on the other hand may harm the
origami’s integrity due to higher tensions in the rolling up
process of the tube.

Throughout the experiments it was noted that the
polymer-ringed DNA origami tubes tend to aggregate due
to the strong adhesiveness of pDA (see Figure S6 in the
Supporting Information). Therefore, norepinephrine was
introduced as a dopamine analogue to achieve well-disper-
sible nanoobjects that also remain stable in complex media
without aggregate formation. Norepinephrine also belongs
to the catecholamine family and poly(norepinephrine)
(pNE) reveals material-independent modification capabil-
ities similar to pDA but with an ultrasmooth surface
morphology.'™ ¥l Chemically, NE possesses an additional
hydroxy group and this increase in hydrophilic interactions

Angew. Chem. Int. Ed. 2022, 61, €202111226 (3 of 9)
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Figure 2. Studies on the correlation of polymer formation and the
number of catalytic G4 centers. (A1-C1) DNA origami tubes were
designed bearing a ring of 22, 44, or 88 G4 sequences, respectively.
Tubes are rolled up by annealing the folding strands (depicted in red).
A-C) AFM topographical images of the pDA-ringed origami tubes
reveal that a minimal number of 44 catalytic centers is required to
reliably induce polymerization.

could potentially prevent aggregation of the formed nano-
structures. In contrast to pDA, polymerization to pNE using
all three photosensitizers showed a strong preference toward
EY and MB (see Figure S7 in the Supporting Information).
Observations from UV/Vis spectroscopic analysis suggested
that the oxidation of pNE requires a higher performance
photosensitizer to fuel the polymerization reaction. Like-
wise, the eventual formation of pNE on the DNA origami
showed that the polymerization was more efficient with EY
and MB as the photosensitizer. In dynamic light scattering
(DLS) studies, the formation of a pNE ring caused a clear
shift of the intensity-based size distribution towards higher
hydrodynamic diameters, which can also be seen in the z-
average values (Figure 3). Moreover, both bare origami and
pNE-ringed origami are stable for at least three days and do
not show agglomeration (see Figure S8 in the Supporting
Information).

Additionally, agarose gel electrophoresis (AGE) supple-
ments the characterization of the origami tubes before and

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. DLS characterization of bare origami tubes and pNE-ringed
origami tubes. Polymer growth on the origami causes a significant shift
in the intensity-weighted size distribution and z-average values. The
numbers should only be considered as a qualitative indication, since
DLS operates on the principles of spherical objects, which does not
apply that well for these origami structures.

after polymerization of the pDA and pNE polymers (see
Figure SY in the Supporting Information).

A
B
15
E
c
A height = 10
=ring - tube 'En
£ 5
<

(=]

Research Articles

An die

Chemie

Based on the acquired reaction conditions and wave-
length selectivities pertaining to DA and NE, sequential
polymerization steps were performed to fabricate multi-
component nanostructures. The DNA origami tubes were
loaded with MB-G4s, and NE and DA were sequentially
polymerized at 625 nm for 2 h each (Figure 4A). Successful
polymerization was detected for both illumination phases,
giving the characteristic profiles for pNE and pDA (see
Figure S10 in the Supporting Information). The first irradi-
ation phase resulted in the formation of a pNE layer of
52nm=+1.5nm (Figure 4B). Thereafter, excess NE and
oxidized side products were removed by spin filtration and
replaced by DA. The second irradiation phase yielded the
pDA layer that contributed an additional height increase of
43nm=+1.8nm (total height: 9.5 nm=1.8 nm; Figure 4B).
The contributed height increase of each component corre-
lates well to their individual single polymerizations. To
demonstrate that the second irradiation phase had initiated
the polymerization of DA and not the existing pNE (or its
adsorbed oligomers), a control experiment was performed
without the addition of DA. In this case, no additional
polymers were formed (see Figure S1lin the Supporting
Information). The upper limit of the layered components is
dictated by the access of monomers to the catalytic centers.
At a total height of approximately 10-15 nm, the polymer-

15 nm

5.2 nm
(5D: 1.5 nm)

Figure 4. A two-step polymerization process demonstrates the potential of the origami system to induce a layer-by-layer formation of polymers.
A) DNA origami tubes are incubated with methylene blue as the photosensitizer and irradiated at 625 nm. In the first illumination phase,
norepinephrine (NE) is polymerized, followed by a purification step to remove remaining NE, and dopamine (DA} is added as the second
monomer that also polymerizes under irradiation with red light. AFM images show the topographical profile of the DNA origami tubes. The
polymer is imprinted on top of the G4 patterns. Scale bars are 100 nm. B) To quantity the thickness of the polymer layers, z-value heights were

recorded and calculated as depicted (n=20; error bars are SEM).
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ization can no longer be guided by the photosensitizer-G4
complex.

Next, we demonstrated wavelength orthogonality for a
two-step polymerization to achieve reaction selectivity. The
dormancy of MB and EY at opposing wavelengths was first
investigated. MB showed no generation of the oxidized
species of DA when irradiated at 525 nm, and, likewise, EY
was not active at 625 nm (see Figure $12 in the Supporting
Information). To ensure that a consecutive activation of
each photosensitizer can continuously trigger the polymer-
ization of dopamine, the DNA origami tubes were loaded
with ring patterns of EY-G4 and MB-G4 at each tubular
end. Polymerization was initiated with DA (10 mm, pH 6.5)
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by sequential irradiation at 625 nm and 525 nm for 3 h each.
The generation of oxidized intermediates and pDA was
verified by UV/Vis spectroscopy (see Figure SI3A in the
Supporting Information). Control experiments illustrated
that the integrity of the DNA origami tube was not damaged
by the prolonged irradiation and by the ROS produced by
the photosensitizers (see Figure S13B in the Supporting
Information).

Subsequently, to broaden the approach, we decoupled
the loading of both EY and MB photosensitizers into
sequential steps to show that DNA hybridization in a post-
polymerization fashion is robust and reliable (Figure 5). The
first step involved the attachment of MB onto a DNA

1. NE 2. DA
B 0,6 1.irradiation | 625 nm | NE 0.6 2.irradiation | 525 nm | DA
@ o )
204 ~—0 min = 04 =0 min
8 ~60 min £ —60 min
2 . = ;
_‘.% 02 120 min 202 120 min
< L <
0 0
300 500 700 300 400 500 600 700
A/ nm A/ nm
c 15 D 6+ 1. irradiation
L]
£ £
€10 < e I
= g T 4 4.2 nm
= £ b (SD: 0.7 nm)
'%D '%D 4.8 nm 0.6 nm
= 0 S 2] (sp:09nm) (5D: 0.3 nm)
50 150 g
L Sratsation horiz. distance / nm T - s T
1. ring 2.ring A height rings
& §g 15 2. irradiation ™
= E 11.0nm
- X
%D 10 ‘-E 10 ____;£____ ""':E"" (SD: 2.7 nm)
e 5 ‘BCD .
= ] * 9.4nm
£z n
fiE 50 < 5 (SD: 1.9 nm) 1.6 hm
2. irradiation o I (s0:150m)
horiz. distance / nm . . H—
1.ring 2.ring A height rings

Figure 5. In an advanced two-step polymerization approach, DNA origami tubes were equipped with two different photosensitizers and incubated
with two different monomers, which induced polymer formation at distinct rings at different wavelengths. A) DNA origami tubes were endowed
with one ring of G4-sequences (orange) and one ring of sticky sequences (blue). MB was loaded onto the G4 sequences, NE was added and
incubated at 625 nm. After the first irradiation phase, NE was removed by spin filtration. EY-G4 was annealed on the origami tube, and pDA
formation was triggered at 525 nm. B) UV/Vis spectra give the characteristic profiles for pNE and pDA formation, respectively. C) AFM imaging of
origami tubes after each step was performed to track and compare the formation of the first and the second polymer ring. Scale bars are 200 nm.
Representative height profiles of one ring and two ring structures are depicted. D) Histograms show that only one polymer ring is formed in the
first step, whereas a second ring is grown in the second step. Both rings have similar heights (n=5; error bars are SEM).
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origami tube equipped with a single ring of G4 sequences.
Irradiation at 625nm for 2h with NE (10 mM, pH 6.5)
formed the first polymer ring, which could be visualized by
AFM and UV/Vis spectroscopy (Figure 5B,C). Excess NE
was removed by spin filtration and the second photo-
sensitizer, EY-G4, was hybridized onto an opposing ring
pattern of the same DNA tube using a temperature ramp.
The second polymerization step was conducted at 525 nm
for 2 h with DA (10 mm, pH 6.5) as the monomer to afford
the final nanostructure where pNE and pDA each occupies
a single ring. The oxidation profiles of both NE and DA in
this dual component system showed consistent polymer-
ization kinetics when compared to the single component
system. Furthermore, by comparing the average polymer
heights of each irradiation period, sequential ring formation
can be tracked (Figure5D). In the first step, only one
position on the origami tube showed polymer formation
(4.8+0.9nm), which is also clearly depicted in the height
difference of this polymer ring and the adjacent ring pattern
(A of 42£0.7nm). In the second step, a second polymer
ring was grown at the designated position with a thickness
reaching dimensions of the previously grown ring. Interest-
ingly, both polymers exhibit similar heights (A of 1.6+
1.5 nm).

It is important to note that the existing ring functions as
an additional nucleating center, such that activated species
from the adjacent ring can diffuse to it, thus resulting in a
corresponding increase in height during the activation of the
second ring. The presence of all reactive components,
namely, monomers, patterned photosensitizers on the DNA
origami, and the light source, is essential for the formation
of the nanostructure. Control experiments involving only
monomer without irradiation, or without embedded photo-
sensitizer did not show polymerization (see Figure $14 in
the Supporting Information). In both the coupled and
decoupled methods, we demonstrate that sophisticated and
multicomponent 3D DNA-polymer hybrids can be accessed
easily.

Additionally, the formation of these polymer patterns
can be used as a tool to customize the surface chemistry of
the DNA origami. Fundamentally, DNA origami structures
are highly anionic due to the polyphosphate backbone and
thus require divalent cations for stabilization."”! Under
physiological conditions, DNA origami is prone to degrada-
tion through nucleases and the lower concentration of
divalent cations in biological fluids." Furthermore, the
DNA superstructure itself also has a major impact on the
stability of the objects under these conditions."™ 3D
assemblies, for example, significantly slow down the nucle-
ase digestion rate when compared to 2D counterparts.?!

We therefore subjected our DNA structures, bare and
polymer-ringed origami, to cell medium conditions that are
encountered when performing cell-uptake studies. Compa-
ratively. naked DNA structures exhibit a higher level of
fragmentation than pNE-origami when incubated at 37°C
for 24 h in cell medium (see Figure S15 in the Supporting
Information).

Besides stability under physiological conditions, the
polyanionic character of DNA prevents its cellular uptake

Angew. Chem. Int. Ed. 2022, 61, €202111226 (6 of 9)
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due to repulsive forces towards the negatively charged
cellular membrane. Existing strategies to address this
challenge include the attachment of targeting functions (i.e.
peptides, proteins, and aptamers) that promote receptor-
mediated endocytosis.”! In contrast, we hypothesized that
the coverage provided by the polymer patterns would
reduce the effective charge repulsion and thereby improve
transport across the cellular membrane. The respective ring-
patterned DNA origami nanostructures with either pNE or
pDA were synthesized and annealed with Alexa-647"
oligonucleotide (see Figure S16 in the Supporting Informa-
tion). At 10 nM, an efficient cellular uptake into A549 lung
adenocarcinoma cells by pNE-origami was observed by
confocal laser scanning microscopy after 24 h incubation
(see Figure S17 in the Supporting Information). However,
significant aggregation was detected for pDA-origami due to
the well-known adhesiveness of pDA. In agreement with the
literature, Alexa-647%labeled DNA origami alone do not
show uptake into cells and neither does the Alexa-647%
oligonucleotide. To further characterize the stability of the
internalized origami samples, another fluorophore, Alexa-
488", was annealed onto the opposite end of the tube to
facilitate co-localization studies (see scheme in Figure 6A).
The dual-labeled origami was characterized by AGE
followed by gel excision (see Figure $19 in the Supporting
Information). By overlaying both channels, colocalization of
the two fluorophores indicated that a major proportion of
the pNE-origami structures remain intact upon internal-
ization (see Figure S18 in the Supporting Information).
Similarly, controls with bare origami showed no cellular
uptake, while the aggregation behavior of pDA-origami was
apparent. Even though the fluorescence colocalization of
pNE-origami samples was positive and the controls excluded
the possibility that fragmented components were being
taken up, it has to be verified that material is indeed inside
the cells. Several reports have shown that the detected
fluorescent signal might come from surface-attached or
degraded material only.?* ! We therefore treated origami-
incubated cells with DNase I to digest cell membrane
artefacts. In the case of pDA-origami, the aggregates were
removed with DNase I treatment, thus confirming that the
fluorescence signals were largely from membrane-bound
material (Figure 6B, see also Figures S$18,520 in the Sup-
porting Information). In the case of pNE-origami, although
an observable reduction in fluorescence intensity was also
observed,? z-stack analysis demonstrated that the pNE-
origami were successfully internalized (Figure 6B,C). The
experiment demonstrated that the adhesive forces of pDA
were dominant and that the aggregation behavior prevented
the uptake of the conjugates into cells. The collective
observations indicate that the existence of the pNE layer
mediates the repulsive interactions of DNA origami and
facilitated uptake into cells. Through these cell experiments,
we demonstrate that polymer patterns on DNA origami
could be leveraged to alter and modulate interactions at the
cellular interface and to enable the uptake of DNA objects.
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Figure 6. Cellular colocalization of origami nanostructures. A) Schematic representation of the Alexa488- and Alexa647-modification of bare DNA
origami tubes as well as pNE- and pDA- ringed tubes. B) Confocal laser scanning micrographs of A549 cells incubated with Alexa488 and Alexa647
double-labeled DNA origami samples for 24 h, recorded after DNase | treatment. Scale bars are 20 pm. C) Z-stacks of pNE-origami incubated cells
without and with DNase | treatment prior to imaging. Control images for buffer only and Alexa-oligonucleotides are shown in the Supporting

Information (see Figure S18A).

Conclusion

In summary, we have explored the patterned and layered
growth of different polymers (pNE and pDA) on DNA
origami using multiple wavelengths of light. The concept is

Angew. Chem. Int. Ed. 2022, 61, €202111226 (7 of 9)
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facilitated by manipulating the interaction of G4s with
different photosensitizers (PPIX, EY, and MB) such that
their position on the DNA origami can be precisely located.
As a consequence, the activity of each photocatalyst can be
switched from active to dormant states, and vice versa.

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Moreover, the fabrication method is flexible so that the
sequence of the photopolymerization reaction and/or an-
nealing steps can be changed easily without affecting their
efficiencies. The extent of polymer formation can be tracked
easily by UV/Vis spectroscopy and AFM imaging, which
facilitates structural customization in the z-direction. Fur-
thermore, the polymer patterns altered the intrinsic poly-
anionic character of the DNA origami while preserving their
integrity. By modulating the repulsive forces against the
cellular membrane, these hybrid objects could be used for
biological applications. In combination, this platform has
provided a valuable tool to construct complex polymer-
origami architectures that enable the study of customized
surface patterns in nanoscience and biomedicine.
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3.3  Excursus: Further nanoparticular systems based on supramolecular

assemblies

e Publication: “Squaric Ester-Based, pH-Degradable
Nanogels: Modular Nanocarriers for Safe, Systemic
Administration of Toll-like Receptor 7/8 Agonistic
Immune Modulators”

Anne Huppertsberg, Leonard Kaps, Zifu Zhong, Sascha

Schmitt, Judith Stickdorn, Kim Deswarte, Francis Combes,

Christian Czysch, Jana De Vrieze, Sabah Kasmi, Niklas

Choteschovsky, Adrian Klefenz, Carolina Medina-Montano,

Pia Winterwerber, Chaojian Chen, Matthias Bros, Stefan

Lienenklaus, Niek N. Sanders, Kaloian Koynov, Detlef
Schuppan, Bart N. Lambrecht, Sunil A. David, Bruno G. De
Geest, and Lutz Nuhn J. Am. Chem. Soc. 2021, 143, 9872-
9883.

e Publication: “Fluorescent Nanodiamond-Nanogels for
Nanoscale Sensing and Photodynamic Applications”
Yingke Wu, Md Noor A Alam, Priyadharshini
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Michael Miller, Manfred Wagner, Fedor Jelezko, Marco
Raabe, Tanja Weil Adv. NanoBiomed. Res. 2021, 1,
2000101.

e Publication: “Supramolecular Toxin Complexes for
Targeted Pharmacological Modulation of
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Steadily progressing as commodities, the advancement of nanomaterials in medicine is essentially
based on the factor that their size matches those of most biological molecules and structures. Many
endeavors in the field seek to create vehicles in the respective size regime that can be customized
towards the designated application whilst gaining thorough understanding thereof.

While DNA origami technology was excessively discussed in previous chapters, this section intends to
expand the breadth by exploring other platforms based on supramolecular interactions. In that
respect, polymeric nanogels, fluorescent nanodiamonds and enzyme-based approaches are
introduced. Though originating from different chemical scaffolds, they are unified in their objective to
provide targeted therapy and diagnosis with low side effects.

Drug-functionalized nanogels for immunotherapeutic application represent a class of nanomaterials
that exploits the self-assembly tendency of amphiphilic block copolymers. Methacrylamide monomers
with squaric ester moieties are polymerized from a PEG-macroinitiator in a controlled RAFT process,
forming micelles. Crosslinking of the core with the Toll-like receptor agonist imidazoquinoline and
hydrophilization yields pH-responsive nanogels that — contrary to free agonist administration —
demonstrated spatially controlled immunostimulatory activity in vivo.

Nanodiamonds (ND) present unique magneto-optical properties for nanomedicine and bioimaging due
to atomic defects in their lattice, providing non-photobleaching fluorescence. However, colloidal
stability of unmodified ND is extremely poor. Making use of noncovalent adsorption and subsequent
covalent crosslinking, ND can be coated with polyethyleneimine in the presence of
polyvinylpyrrolidone and reactive 4-arm PEG, thus, enabling modification of ND-cell interactions.
Postmodification with photoactive Ru-complexes makes the coated ND attractive candidates for
photodynamic therapy.

Avidin is a biotin-binding protein of a tetrameric structure, possessing one of the strongest non-
covalent interactions between a protein and a ligand found in Nature. By attaching the molecules of
interest to biotin one can make use of the four binding pockets of avidin. Stoichiometric-controlled
assembly of various molecules is particularly challenging. In a “mix and match” assembly, an enzyme-
inhibitor and various targeting peptides could be attached at spatially distinct locations. Cell type-
selectivity could be demonstrated ex vivo, thus providing a proof-of-concept for therapeutic
applications in post-traumatic injury. Here, hyperactivity of the innate immune system can be

downregulated through the targeted delivery of the respective enzyme inhibitor.

In all of the nanoparticular systems discussed above, it is crucial to have narrowly dispersed and
homogenous systems as they are envisioned to be administrated to the human body for targeted
therapy. The sample’s size distribution profile can be accessed by spectroscopy techniques such as DLS

or FCS. However, AFM can further grant visual insights into the homogeneity and morphology of the

83



particles as well as their aggregation behavior. Thus, | could deepen the understanding of the
nanoparticular systems presented in this excursus chapter by providing AFM imaging and analysis,

helping to gain a solid understanding of the nanoparticle systems.

A comprehensive overview of the full articles is listed in the Appendix of this thesis.
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4. Conclusion and Outlook

This thesis strives to contribute to the field of DNA nanotechnology through the implementation of
polymer chemistry into DNA origami, ultimately yielding hybrid objects with advanced properties.
Briefly, the unique programmability of DNA origami along with a photopolymerization system could
be exploited to achieve spatiotemporal control over the formation of two poly(catecholamine)s on 3D
DNA templates which can be hardly achieved by conventional techniques. The herein presented
concepts not only offer an additional prospect to constrain the polymerization of dopamine and
norepinephrine with nanometer resolution but also tackle the intrinsic susceptibility of DNA in certain
contexts.

The first project laid the foundation for a novel photoinduced polymerization of dopamine on 3D DNA
nanotubes without the need for chemical triggers. Typically, dopamine, a neurotransmitter, undergoes
auto-oxidation in alkaline aqueous media leading to spontaneous formation of polydopamine in an
uncontrolled fashion. However, its simplicity in formation and ability to adhere to virtually any surface
renders it a promising candidate for the modification of DNA objects. Herein, self-polymerization of
dopamine was suppressed by keeping the environment slightly acidic (pH 6.5) whereas an irradiation-
sensitive polymerization system ensured controlled initiation of dopamine oxidation through visible
light. The photosensitizer protoporphyrin IX was embedded in designated patterns on DNA origami
tubes and upon white light irradiation, locally produced reactive oxygen species which induced
oxidation and eventually, polymerization of dopamine. Polymeric layers of up to 10-15 nm height were
imprinted alongside the catalytic centers with lateral dimensions far below 100 nm and thus, much
smaller than the wavelength of light. This bottom-up approach can therefore be considered as an
attractive alternative to conventional top-down lithographic approaches in creating precise
nanopatterns. In the presented studies, photopolymerization further proved to be advantageous in
tailoring polymer density and height by simply switching the light source on and off. As anticipated,
not only the polymer side could benefit from the DNA technology but also the DNA object itself could
profit from polymer decoration. In contrast to bare origami DNA tubes, polymer-ringed tubes
demonstrated to withstand pure water conditions. In ion-depleted environment, polymer-DNA hybrid
objects could sustain their integrity.

As a continuation of this initial research on the photopolymerization of dopamine, the toolbox of
photosensitizers and monomers could be successfully broadened: By embedding eosin Y and
methylene blue into the catalytic centers on DNA origami nanotubes, the responsiveness of the
polymerization system was shifted towards activation wavelengths of 525 nm and 625 nm,
respectively. Similar to dopamine, norepinephrine could be deposited in designated patterns on the
origami objects, potentially opening new avenues due to a slightly different surface chemistry arising

from the additional hydroxyl group. In each case, polymer-ringed DNA nanotubes of comparable
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shapes and dimensions were obtained. Thereby, the adaptability of the platform could be
demonstrated as the change of catalytic centers, excitation wavelengths and monomer did not affect
the control over the polymerization reaction. All parameters together paved the way for multistep
polymerizations on DNA origami towards advanced surface patterning on the nanoscale. This way, a
polymer ring spanning around the DNA tube could be produced that comprises layers of
polynorepinephrine and polydopamine. It was further possible to stepwise generate DNA objects with
two polymer rings whereas the rings were activated through different wavelengths and different
monomers. In addition to the chemically driven investigations of the system, the study aimed for a
biological impact of the polymer decoration on the interaction of DNA origami with cells. Indeed, the
polymer patterns altered the intrinsic polyanionic character of DNA origami while preserving their
integrity in A549 uptake studies. Whereas polydopamine mainly led to aggregation, colocalization
studies in combination with DNase treatment revealed successful uptake of polynorepinephrine-
coated origami tubes.

Throughout the above described projects, the well-known challenges in DNA nanotechnology research
were also encountered which, in part, have hindered their progress. Besides the advancements of the
DNA origami methodology, the bottom-up synthesis of polymer-DNA origami objects as well as their
characterization is limited through various aspects. Typically, the grafting of polymers from the origami
surface is difficult due to the extremely low concentration of DNA objects and the consequently small
number of initiators. The amount of DNA objects in the picomole range also prevents classical polymer
analysis tools such as NMR or SEC. Controlled radical polymerization techniques are further impeded
by an increased sensitivity to oxygen because of ultralow reaction volumes. On the other hand, when
grafting preformed polymers onto DNA origami, incompatible solubility effects and the shielding of
reactive centers result in reduced grafting densities and yields. However, the light-induced and
origami-mediated polymerization of poly(catecholamines) — that has parallels to melanin production
in the human body — can circumvent some of these drawbacks. The reaction can not only be carried
out under ambient conditions even in the smallest volumes but can also be monitored by UV-VIS
spectroscopy in real-time. Furthermore, the bulky structure of the formed polymers allows excellent
visualization by atomic force microscopy under liquid conditions that resembles the natural occurrence
of DNA in aqueous solution. Here, topographic images help in drawing conclusions about location and
progress of the polymerization process. Agarose gel electrophoresis can be employed to investigate
the impact of polymers as well as their integrity when exposed to, e.g., physiological fluids. To further
confirm the presence of polymers on DNA origami, dynamic light scattering additionally provides
qualitative information

Since its advent in 2006 and the subsequent progress in fundamental understanding, DNA origami has

established a stronghold in the fields of molecular and cellular biophysics, biomimetic systems, energy
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transfer photonics as well as diagnostics and therapeutics for human health. We hope that our
investigations can especially contribute to the latter topic: In this respect, it could be demonstrated
that modification of the origami platform in a post polymerization fashion could boost their stability
and interaction with cells. Cells in turn can host a variety of chemical reactions which is largely enabled
through compartmentalization and creating demarcated reaction vesicles. Likewise, tubular DNA
origami structures could mimic such a confined space making use of both the outer (polymer shielding,
active targeting) and inner (enzymatic reactions, drug loading) space. By choosing a suitable
photosensitizer that responds to tissue-penetrating wavelengths, even in situ oxidative polymerization
is conceivable. Not only artificial organelles are of interest but also the vision of creating an artificial
virus might be realized through the origami platform. Viruses are naturally evolved nanostructures that
form spontaneously by molecular self-assembly of their two main building blocks, namely nucleic acids
and proteins. Despite their apparent simplicity, they are Nature’s most efficient agents for gene
transfer and reveal a well-defined geometry and precise composition. An outstanding feature of
viruses is their capability of self-reproducing by hijacking the host cell’s replication machinery. Even
though the latter challenge seems incredibly grand, the unique addressability of DNA origami together
with shielding and cell-penetrating polymers could provide sufficient modularity and tunability to

artificially rebuild viruses that could, e.g., carry a genetic code.
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Figure 13 Graphical overview of how photopolymerization on DNA origami can create advanced hybrid objects under
spatiotemporal control and how these can be leveraged for paving the way of biological applications.
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Experimental Procedures

Materials and Instruments

All solvents and chemicals were purchased from commercial sources and were used without further purification (Disodium
ethylenediaminetetraacetic acid (Na;EDTA), Sigma; Trizma® Base (TRIS), Sigma; polyethylene glycol 8000 (PEGsom), Roth;
protoporphyrin IX (PPIX), Sigma; dopamine hydrochloride, Sigma; Sephacryl S-400 HR, GE Healthcare; N, N-dimethyl-4-nitrosoaniline
(RNO), Sigma; imidazole, Roth; SYBR gold, Thermo Fisher Scientific; DNA gel loading dye, Thermo Fisher Scientific). DNA staple
strands, G-quadruplex extended staple strands, and folding strands were purchased from Sigma. M13mp18 plasmid DNA was
synthesized according to the literature.['! Annealing of scaffold DNA and the respective staple strands was performed on a Bio-Rad
MyCycler™ Thermal Cycler. UV/Vis and fluorescence spectroscopy were conducted on a Spark® Multimode Microplate Reader by
Tecan.

DNA Origami Structures

DNA origami tiles were prepared by mixing M13mp18 Scaffold DNA (1 equiv.), staple strands (8 equiv.) and G-quadruplex extended
staple strands (8 equiv.) in origami buffer (1 mM Na;EDTA, 5 mM NaCl, 5 mM TRIS, 12 mM MgCl, pH 8). To form tube structures, staple
strands located at the long edges of the tile were replaced by folding strands (2 equiv.), respectively. Annealing was performed by
running a program from 70 °C to 20 °C over 2 hours (0.5 °C/min to 35 °C, 1 °C/min to 20 °C) and the obtained DNA origami structures
were purified by PEG precipitation.?! Therefore, the PEG solution (15% PEGsoao (W/v), 5 mM TRIS, 1 mM Na;EDTA, 505 mM NaCl) was
added to the reaction solution at a volume ratio of 1:1 and centrifuged for 25 min at 12.5 rpm, room temperature (RT). The supernatant
was removed and the resuspended pellet was precipitated by applying the PEG precipitation method for additional 2 times. Sample
concentration was determined by Spark® 20M with Nanoquant plateTM. DNA origami structures were stored in origami buffer at 4 °C.

Polydopamine Formation on DNA Origami Structures

Standard polydopamine formation on DNA origami structures was carried out in a total reaction volume of 50 pL (or 100 pL, respectively)
in a UV-star 384 well plate. Stock solutions of compounds were prepared in reaction buffer (10 mM BIS-TRIS, pH 6.5) at the following
concentrations: protoporphyrin IX (PPIX) at 10 uMm and dopamine hydrochloride at 0.5 M. A typical reaction was conducted as follows:
DNA origami with G4-sequences (10 nM, final concentration) was incubated with PPIX (1.5 equiv., relative to the amount of G4-
sequences) in reaction buffer for 30—60 min. Dopamine hydrechloride (10 mm, final concentration) was added and the plate was placed
on a shaker (300 rpm), in a distance of approximately 1 cm to the LED array light source (cold white LED, 4600 K-9000 K, 3.0 m\W/cm?,
purchased from Thorlabs, Inc., see Figure S1). After a predetermined irradiation time interval, polymerization was stopped by removing
the light source and polydopamine-DNA objects were purified using size exclusion chromatography (200 pL Sephacryl S-400 HR,
equilibrated with reaction buffer; centrifuge settings: 2 min, 0.8 g, RT).
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Figure $1. Cold white LED array employed in this study (left). Normalized emission spectrum of the cold white LED array (middle). Intensity distribution of the LED
in the plane located 100 mm from the LED along the emission axis (right). Adapted from Manufacturer’s specifications Thorlabs, Inc.

Polydopamine Formation in the Absence of Oxygen

In order to allow degassing of the system, the polymerization was conducted in 0.2 mL PCR tubes. The reaction mixture was prepared
accordingly to the standard conditions. Imidazole stock solution in reaction buffer (0.5 M; adjusted to approx. pH 6.5) was applied at a
final concentration of 100 mM. Oxygen was removed by gently degassing with Argon. To perform UV-Vis spectroscopy, the reaction
solution was transferred to a 384 well plate, using the exact wells as the measurement before. The solutions were degassed after each
measurement. After a reaction time of 180 min, work-up was conducted as described above.

Switch on — Switch off

Switch on — switch off studies were performed according to standard polydopamine formation protocol either on a shaker with 1 cm
distance to the light source (irradiation phase) or in the Tecan plate reader (dark phase) for 1 h, respectively. Absorbance scans were
conducted during the dark phase at ¢ = 0, 15, 30, 45, 60 min. The reaction mixture was prepared in a 3.1-fold excess and split into
3 wells, whereas well 1, 2, and 3 were exposed to 1, 2, and 3 reaction cycles (1 h dark, 1 h irradiation), respectively. After each cycle,
the corresponding reaction mixture was purified as described above for AFM imaging.

Reactive Oxygen Species Assay (ROS Assay)
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Reactive oxygen species assay of PPIX was conducted in a total reaction volume of 150 pL in a 96 well plate. Wells were charged with
PPIX (6.6 pm), N,N-dimethyl-4-nitrosoaniline (RNO, 70.7 pm) and imidazole (7.5 mm) in BIS-TRIS buffer (pH 6.5) and either exposed
to visible light (cold white LED, 4600 K-9000 K, 3.0 mW/cm?) or kept in dark. Absorbance scans from 300-500 nm were conducted at
t=0, 30, 90, 150, 210 min. The decrease in absorbance of RNO could be followed at 438 nm.

Binding Assay

Binding assay of PPIX and G4-sequences on DNA origami were performed in a total reaction volume of 16.6 pL in a black 384 well
plate. PPIX (660 nM) in BIS-TRIS buffer (pH 6.5) was incubated with either DNA origami tile in origami buffer (10 nm) (“bound PPIX")
or the same amount of blank origami buffer (“free PPIX"). Excitation wavelength was set at 420 nm and emission scans were recorded
from 550—-800 nm (bandwidth: 50 nm) every 5 min. Blank values were collected before PPIX addition.

Binding Specificity Assay

Binding specificity assay of PPIX and two different G-rich sequences (G4: 5-TTTTGGGTAGGGCGGGTTGGG-3' and 12G:
5-TTTTGAGTGCGAGTGCGAGTGCGAGTGC-3") was performed in a total reaction volume of 16.6 uL in a black 384 well plate. PPIX
(660 nm) in BIS-TRIS buffer (pH 6.5) was incubated with DNA origami tubes in origami buffer (10 nm), bearing either a ring of G4
sequences (“Origami G4”) or 12G sequences (“Origami 12G”). Excitation wavelength was set at 420 nm and emission scans were
recorded from 600-800 nm (bandwidth: 20 nm) before and after addition of the origami structures.

Template Degradation

Polydopamine-coated DNA origami was added to a freshly cleaved mica substrate and incubated for 5 min to allow deposition. After
selecting a suitable scanning area and taking an image, the scanner head was lifted in the z-direction. Few pL of 1 M HCI were added
to the droplet of the origami buffer covering the mica surface, incubated for 5 min and the surface was approached again. Slight manual
corrections in x- and y-direction were necessary to reimage previously observed areas.

Stability Assay

Desalting of samples was achieved by spin filtering with Amicon Ultra-0.5 mL Centrifugal Filters (MW CO 100K). 1 L of precursor DNA
origami (50 nm) or 5 pL of polydopamine-coated DNA origami (approx. 10 nM) were diluted with Milli-Q water to a total volume of 100
pL and centrifuged for 20 min at 12.5 g, RT. The concentrate volume of 15 pL was then refilled up to 100 L with Milli-Q water,
centrifuged, and the procedure was repeated two more times. After 1:1 (v/v) dilution with Milli-Q water, samples were incubated at
37 °C for 4 h and applied to mica substrate for AFM imaging. Final concentration of magnesium ions was calculated as 0.2 pM, based
on a dead volume after spin filtering of 15 pL.

Agarose Gel Electrophoresis (AGE)

Agarose gel electrophoresis was performed on 1% agarose gels based on 0.5 x Tris-Borate-EDTA (TBE, diluted from 10 x TBE buffer
concentrate from Sigma-Aldrich), equipped with 8 wells. The gels were run on ReadySub-Cell GT Cells from Bio-Rad using 0.5 x TBE
buffer as the running buffer. DNA Gel Loading dye (6 x) was used for sample preparation (approximately 50 fmol origami) with a total
volume of 6 pL. Electrophoresis was conducted at 90 V for 90 minutes on ice. Gels were subsequently stained with SYBR Gold in 50
mL 0.5 x TBE buffer for 30 min and image was taken with G:BOX Chemi Gel Doc System from Syngene.

Atomic Force Microscopy (AFM)

Atomic force microscopy was conducted in liquid state with a Bruker Dimension FastScan Bio™ atomic force microscope, which was
operated in PeakForce mode. AFM probes with a nominal spring constant of 0.25 Nm™ (FastScan-D, Bruker) were used. Sample
solution (30 pL, 1-2 nM in origami buffer) was added onto a freshly cleaved mica substrate (circular, 15 mm) and incubated for 5 min to
allow deposition of the origami structures. Remaining solution was removed and 300 pL origami buffer was applied onto the mica
surface, forming a droplet for measuring in liquid. Samples were scanned with scan rates between 1 and 2 Hz. Images were processed
with NanoScope Analysis 1.8.
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Results and Discussion
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Figure S2. AFM characterization of DNA origami templates before polymerization. AFM topographic images of (A) a tube with 1 centered line of G-quadruplex
(G4) sequences (tube 1) and the corresponding height profile (B), and (C) a tube with 2 lines of G4 sequences (tube Il) and the corresponding height profile (D).
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Figure S3. Binding assay of protoporphyrin IX to G-quadruplex sequences. Fluorescence intensity of protoporphyrin IX (PPIX) as (A) “free PPIX" and (B)
“PPIX bound” to G-quadruplex sequences within the DNA origami framework. Upon binding, fluorescence significantly increases over time (60 min), whereas

fluorescence of free PPIX in solution decreases. Spectra are blank-corrected.
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Figure S4. Binding specificity assay of protoporphyrin IX to different guanine-rich sequences. Upon addition of origami tubes bearing either G4 sequences
("Origami G4") or origami tubes with an alternately organized G-rich sequence (“Origami 12G"), only the fluorescence of the Origami G4-treated photosensitizer
significantly increases, demonstrating a specific binding event.
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Figure S5. Prop d hanism of polydoy ine f ition. After several oxidation steps, cyclization and isomerization, different pathways are suggested to
contribute to the complex and many-faceted structure of polydopamine. Apart from covalent interactions generating oligomers and polymers, physical self-assembly
and supramolecular aggregation based on charge transfer, 77-stacking and hydrogen bonding are determining the polymer's structure. For reason of clarity and
simplicity, only the main representative examples are depicted.®

102



WILEY-VCH

A B c T
8 o °
[ ~4
5 3 8 e
© [ S
o o S E
e ,gg §;o,a
S8 N
T S e )
1 1 HE
Z5 Z3 4%
2 2 E 06+
350 450 550 g ) 100 200
Alnm Alnm t/ min

Figure S6. Reactive oxygen species (ROS) assay of protoporphyrin IX (PPIX). Singlet oxygen generated by PPIX upon irradiation with visible light reacts with
imidazole and bleaches N,N-dimethyl-4-ni niline (RNO) through oxidation (A), while no reaction occurs in the absence of light (B). Absorbance of RNO was
followed at 438 nm (C).
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Figure S7. Poly ization kinetics of dopamine at different pH values. For pH studies, the following buffers were employed: pH 5: acetate buffer 10 mm, pH 6

and pH 7: phosphate buffer 10 mm, pH 6.5: BIS-TRIS buffer 10 mm, and pH 8: TRIS buffer 5 mm. Data collected at t = 120 min.

059 =0 min =60 min =120 min == 300 min 8 <320 nm A480nm O700nm ]
5
04 @
= c 4
© =
~ 03 1 ©
I 23
c )
© Qo
2 5
S 024 @ 2
0 Qo
2 <
g
0.1 1 £
©
&, - - - v v L3 \
% S 100@ 150 200 250 300 350
300 400 500 600 700 .
Alnm t/ min
Figure S8. Negative control of polyd i ion in the dark. UV/Vis spectroscopy of polydopamine formation on DNA origami tiles in BIS-TRIS buffer
at pH 6.5 in the absence of light. Neither dopaminochrome, nor oli or polymer f ion could be d d under these conditions.
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Figure S9. Role of the photosensitizer in the polymerization process. (A) Without protoporphyrin IX (PPIX), no polymerization takes place upon the irradiation
with visible light, as visualized by UV/Vis spectroscopy and AFM. (B) Upon the embedding of PPIX and illumination, polydopamine formation is observed.
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Figure $12. Ag gel el phoresis (AGE) of ffold DNA, tubes before polymerization, and tubes after polymerization. Lanes were charged with
scaffold DNA, folded origami tube Il before polymerization, and polydopamine-coated tube Il after polymerization. A shift in molecular weight upon folding is observed.
Upon polydopamine-coating, migration of the polymer-DNA hybrid materials is completely suppressed. For reason of clarity, excess staples in the low molecular

weight region are not shown.

Figure S$13. Effects of polydopamine coating on structural behavior of the tubes. Due to the adhesiveness of polydopamine, tubes stick to each other, forming
higher-ordered domains.
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Figure S14. Degradation of the DNA template. Treatment of the polydopamine-coated origami tube | (A) and tube Il (C) with hydrochloric acid during AFM
measurements. Upon the addition of acid, the DNA template is degraded, liberating the polydopamine structures (B+D).
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Staple DNA Sequences
DNA origami structures were synthesized together with M13mp18 Scaffold DNA according to the following protocol. For G-quadruplex
extended staple strands (G4 staple strands), the sequence of the corresponding staple strand is extended at the 3’ end by 5'-

TTTTGGGTAGGGCGGGTTGGG-3".

Tile: G4 strands on positions 29, 30, 3140, 41-50, 53-60, 61-70, 71-74; staple strands on remaining positions

WILEY-VCH

Tube I: G4 strands on positions 2-10, 11-20, 21-24, 26, 112-120, 121-130, 131; folding strands on positions 1, 25, 27, 28, 51, 52,

75, 76, 99, 100, 111, 132, 133, 156, 157, 180, 181, 204, 205, 216; staple strands on remaining positons

Tube II: G4 strands on positions 29, 30, 31-40, 41-50, 53-60, 61-70, 71-74, 134-140, 141-150, 1561-155, 158-160, 161-170,
171-179; folding strands on positions 1, 25, 27, 28, 51, 52, 75, 76, 99, 100, 111, 132, 133, 156, 157, 180, 181, 204, 205, 216; staple
strands on remaining positons

Table 51.

of staple and folding strands.
Position Sequence 5’ 2> 3’
1 CAAGCCCAATAGGAACCCATGTACAAACAGTT
2 AATGCCCCGTAACAGTGCCCGTATCTCCCTCA
3 TGCCTTGACTGCCTATTTCGGAACAGGGATAG
4 GAGCCGCCCCACCACCGGAACCGCGACGGAAA
5 AACCAGAGACCCTCAGAACCGCCAGGGGTCAG
6 TTATTCATAGGGAAGGTAAATATTCATTCAGT
7 CATAACCCGAGGCATAGTAAGAGCTTTTTAAG
8 ATTGAGGGTAAAGGTGAATTATCAATCACCGG
9 AAAAGTAATATCTTACCGAAGCCCTTCCAGAG
10 GCAATAGCGCAGATAGCCGAACAATTCAACCG
1 CCTAATTTACGCTAACGAGCGTCTAATCAATA
12 TCTTACCAGCCAGTTACAAAATAAATGAAATA
13 ATCGGCTGCGAGCATGTAGAAACCTATCATAT
14 CTAATTTATCTTTCCTTATCATTCATCCTGAA
15 GCGTTATAGAAAAAGCCTGTTTAGAAGGCCGG
16 GCTCATTTTCGCATTAAATTTTTGAGCTTAGA
17 AATTACTACAAATTCTTACCAGTAATCCCATC
18 TTAAGACGTTGAAAACATAGCGATAACAGTAC
19 TAGAATCCCTGAGAAGAGTCAATAGGAATCAT
20 CTTTTACACAGATGAATATACAGTAAACAATT
21 TTTAACGTTCGGGAGAAACAATAATTTTCCCT
22 CGACAACTAAGTATTAGACTTTACAATACCGA
23 GGATTTAGCGTATTAAATCCTTTGTTTTCAGG
24 ACGAACCAAAACATCGCCATTAAATGGTGGTT
25 GAACGTGGCGAGAAAGGAAGGGAACAAACTAT
26 TAGCCCTACCAGCAGAAGATAAAAACATTTGA
27 CGGCCTTGCTGGTAATATCCAGAACGAACTGA
28 CTCAGAGCCACCACCCTCATTTTCCTATTATT
29 CTGAAACAGGTAATAAGTTTTAACCCCTCAGA
30 AGTGTACTTGAAAGTATTAAGAGGCCGCCACC
31 GCCACCACTCTTTTCATAATCAAACCGTCACC
32 GTTTGCCACCTCAGAGCCGCCACCGATACAGG
33 GACTTGAGAGACAAAAGGGCGACAAGTTACCA
34 AGCGCCAACCATTTGGGAATTAGATTATTAGC
35 GAAGGAAAATAAGAGCAAGAAACAACAGCCAT
36 GCCCAATACCGAGGAAACGCAATAGGTTTACC
37 ATTATTTAACCCAGCTACAATTTTCAAGAACG
38 TATTTTGCTCCCAATCCAAATAAGTGAGTTAA
39 GGTATTAAGAACAAGAAAAATAATTAAAGCCA
40 TAAGTCCTACCAAGTACCGCACTCTTAGTTGC
41 ACGCTCAAAATAAGAATAAACACCGTGAATTT
42 AGGCGTTACAGTAGGGCTTAATTGACAATAGA
43 ATCAAAATCGTCGCTATTAATTAACGGATTCG
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CTGTAAATCATAGGTCTGAGAGACGATAAATA

CCTGATTGAAAGAAATTGCGTAGACCCGAACG

ACAGAAATCTTTGAATACCAAGTTCCTTGCTT

TTATTAATGCCGTCAATAGATAATCAGAGGTG

AGATTAGATTTAAAAGTTTGAGTACACGTAAA

AGGCGGTCATTAGTCTTTAATGCGCAATATTA

GAATGGCTAGTATTAACACCGCCTCAACTAAT

CCGCCAGCCATTGCAACAGGAAAAATATTTTT

CCCTCAGAACCGCCACCCTCAGAACTGAGACT

CCTCAAGAATACATGGCTTTTGATAGAACCAC

TAAGCGTCGAAGGATTAGGATTAGTACCGCCA

CACCAGAGTTCGGTCATAGCCCCCGCCAGCAA

TCGGCATTCCGCCGCCAGCATTGACGTTCCAG

AATCACCAAATAGAAAATTCATATATAACGGA

TCACAATCGTAGCACCATTACCATCGTTTTCA

ATACCCAAGATAACCCACAAGAATAAACGATT

ATCAGAGAAAGAACTGGCATGATTTTATTTTG

TTTTGTTTAAGCCTTAAATCAAGAATCGAGAA

AGGTTTTGAACGTCAAAAATGAAAGCGCTAAT

CAAGCAAGACGCGCCTGTTTATCAAGAATCGC

AATGCAGACCGTTTTTATTTTCATCTTGCGGG

CATATTTAGAAATACCGACCGTGTTACCTTTT

AATGGTTTACAACGCCAACATGTAGTTCAGCT

TAACCTCCATATGTGAGTGAATAAACAAAATC

AAATCAATGGCTTAGGTTGGGTTACTAAATTT

GCGCAGAGATATCAAAATTATTTGACATTATC

AACCTACCGCGAATTATTCATTTCCAGTACAT

ATTTTGCGTCTTTAGGAGCACTAAGCAACAGT

CTAAAATAGAACAAAGAAACCACCAGGGTTAG

GCCACGCTATACGTGGCACAGACAACGCTCAT

GCGTAAGAGAGAGCCAGCAGCAAAAAGGTTAT

GGAAATACCTACATTTTGACGCTCACCTGAAA

TATCACCGTACTCAGGAGGTTTAGCGGGGTTT

TGCTCAGTCAGTCTCTGAATTTACCAGGAGGT

GGAAAGCCGACCAGGCGGATAAGTGAATAGGTG

TGAGGCAGGCGTCAGACTGTAGCGTAGCAAGG

TGCCTTTAGTCAGACGATTGGCCTGCCAGAAT

CCGGAAACACACCACGGAATAAGTAAGACTCC

ACGCAAAGGTCACCAATGAAACCAATCAAGTT

TTATTACGGTCAGAGGGTAATTGAATAGCAGC

TGAACAAACAGTATGTTAGCAAACTAAAAGAA

CTTTACAGTTAGCGAACCTCCCGACGTAGGAA

GAGGCGTTAGAGAATAACATAAAAGAACACCC

TCATTACCCGACAATAAACAACATATTTAGGC

CCAGACGAGCGCCCAATAGCAAGCAAGAACGC

AGAGGCATAATTTCATCTTCTGACTATAACTA

TTTTAGTTTTTCGAGCCAGTAATAAATTCTGT

TATGTAAACCTTTTTTAATGGAAAAATTACCT

TTGAATTATGCTGATGCAAATCCACAAATATA

GAGCAAAAACTTCTGAATAATGGAAGAAGGAG

TGGATTATGAAGATGATGAAACAAAATTTCAT

CGGAATTATTGAAAGGAATTGAGGTGAAAAAT

ATCAACAGTCATCATATTCCTGATTGATTGTT

CTAAAGCAAGATAGAACCCTTCTGAATCGTCT

GCCAACAGTCACCTTGCTGAACCTGTTGGCAA

GAAATGGATTATTTACATTGGCAGACATTCTG

100

TTTTTATAAGTATAGCCCGGCCGTCGAG

101

AGGGTTGATTTTATAAATCCTCATTAAATGATATTC

102

ACAAACAATTTTAATCAGTAGCGACAGATCGATAGC
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103

AGCACCGTTTTTTAAAGGTGGCAACATAGTAGAAAA

104

TACATACATTTTGACGGGAGAATTAACTACAGGGAA

105

GCGCATTATTTTGCTTATCCGGTATTCTAAATCAGA

106

TATAGAAGTTTTCGACAAAAGGTAAAGTAGAGAATA

107

TAAAGTACTTTTCGCGAGAAAACTTTTTATCGCAAG

108

ACAAAGAATTTTATTAATTACATTTAACACATCAAG

109

AAAACAAATTTTTTCATCAATATAATCCTATCAGAT

110

GATGGCAATTTTAATCAATATCTGGTCACAAATATC

111

AAACCCTCTTTTACCAGTAATAAAAGGGATTCACCAGTCACACGTTTT

112

CCGAAATCCGAAAATCCTGTTTGAAGCCGGAA

113

CCAGCAGGGGCAAAATCCCTTATAAAGCCGGC

114

GCATAAAGTTCCACACAACATACGAAGCGCCA

115

GCTCACAATGTAAAGCCTGGGGTGGGTTTGCC

116

TTCGCCATTGCCGGAAACCAGGCATTAAATCA

117

GCTTCTGGTCAGGCTGCGCAACTGTGTTATCC

118

GTTAAAATTTTAACCAATAGGAACCCGGCACC

119

AGACAGTCATTCAAAAGGGTGAGAAGCTATAT

120

AGGTAAAGAAATCACCATCAATATAATATTTT

121

TTTCATTTGGTCAATAACCTGTTTATATCGCG

122

TCGCAAATGGGGCGCGAGCTGAAATAATGTGT

123

TTTTAATTGCCCGAAAGACTTCAAAACACTAT

124

AAGAGGAACGAGCTTCAAAGCGAAGATACATT

125

GGAATTACTCGTTTACCAGACGACAAAAGATT

126

GAATAAGGACGTAACAAAGCTGCTCTAAAACA

127

CCAAATCACTTGCCCTGACGAGAACGCCAAAA

128

CTCATCTTGAGGCAAAAGAATACAGTGAATTT

129

AAACGAAATGACCCCCAGCGATTATTCATTAC

130

CTTAAACATCAGCTTGCTTTCGAGCGTAACAC

131

TCGGTTTAGCTTGATACCGATAGTCCAACCTA

132

TGAGTTTCGTCACCAGTACAAACTTAATTGTA

133

CCCCGATTTAGAGCTTGACGGGGAAATCAAAA

134

GAATAGCCGCAAGCGGTCCACGCTCCTAATGA

135

GAGTTGCACGAGATAGGGTTGAGTAAGGGAGC

136

GTGAGCTAGTTTCCTGTGTGAAATTTGGGAAG

137

TCATAGCTACTCACATTAATTGCGCCCTGAGA

138

GGCGATCGCACTCCAGCCAGCTTTGCCATCAA

139

GAAGATCGGTGCGGGCCTCTTCGCAATCATGG

140

AAATAATTTTAAATTGTAAACGTTGATATTCA

141

GCAAATATCGCGTCTGGCCTTCCTGGCCTCAG

142

ACCGTTCTAAATGCAATGCCTGAGAGGTGGCA

143

TATATTTTAGCTGATAAATTAATGTTGTATAA

144

TCAATTCTTTTAGTTTGACCATTACCAGACCG

145

CGAGTAGAACTAATAGTAGTAGCAAACCCTCA

146

GAAGCAAAAAAGCGGATTGCATCAGATAAAAA

147

TCAGAAGCCTCCAACAGGTCAGGATCTGCGAA

148

CCAAAATATAATGCAGATACATAAACACCAGA

149

CATTCAACGCGAGAGGCTTTTGCATATTATAG

150

ACGAGTAGTGACAAGAACCGGATATACCAAGC

151

AGTAATCTTAAATTGGGCTTGAGAGAATACCA

162

GCGAAACATGCCACTACGAAGGCATGCGCCGA

153

ATACGTAAAAGTACAACGGAGATTTCATCAAG

154

CAATGACACTCCAAAAGGAGCCTTACAACGCC

155

AAAAAAGGACAACCATCGCCCACGCGGGTAAA

156

TGTAGCATTCCACAGACAGCCCTCATCTCCAA

157

GTAAAGCACTAAATCGGAACCCTAGTTGTTCC

158

AGTTTGGAGCCCTTCACCGCCTGGTTGCGCTC

159

AGCTGATTACAAGAGTCCACTATTGAGGTGCC

160

ACTGCCCGCCGAGCTCGAATTCGTTATTACGC

161

CCCGGGTACTTTCCAGTCGGGAAACGGGCAAC
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162

CAGCTGGCGGACGACGACAGTATCGTAGCCAG

163

GTTTGAGGGAAAGGGGGATGTGCTAGAGGATC

164 CTTTCATCCCCAAAAACAGGAAGACCGGAGAG
165 AGAAAAGCAACATTAAATGTGAGCATCTGCCA
166 GGTAGCTAGGATAAAAATTTTTAGTTAACATC
167 CAACGCAATTTTTGAGAGATCTACTGATAATC
168 CAATAAATACAGTTGATTCCCAATTTAGAGAG
169 TCCATATACATACAGGCAAGGCAACTTTATTT
170 TACCTTTAAGGTCTTTACCCTGACAAAGAAGT
171 CAAAAATCATTGCTCCTTTTGATAAGTTTCAT

172 TTTGCCAGATCAGTTGAGATTTAGTGGTTTAA
173 AAAGATTCAGGGGGTAATAGTAAACCATAAAT
174 TTTCAACTATAGGCTGGCTGACCTTGTATCAT
175 CCAGGCGCTTAATCATTGTGAATTACAGGTAG
176 CGCCTGATGGAAGTTTCCATTAAACATAACCG
177 TTTCATGAAAATTGTGTCGAAATCTGTACAGA
178 ATATATTCTTTTTTCACGTTGAAAATAGTTAG

179 AATAATAAGGTCGCTGAGGCTTGCAAAGACTT
180 CGTAACGATCTAAAGTTTTGTCGTGAATTGCG
181 ACCCAAATCAAGTTTTTTGGGGTCAAAGAACG
182 TGGACTCCCTTTTCACCAGTGAGACCTGTCGT
183 TGGTTTTTAACGTCAAAGGGCGAAGAACCATC
184 GCCAGCTGCCTGCAGGTCGACTCTGCAAGGCG
185 CTTGCATGCATTAATGAATCGGCCCGCCAGGG
186 ATTAAGTTCGCATCGTAACCGTGCGAGTAACA
187 TAGATGGGGGGTAACGCCAGGGTTGTGCCAAG
188 ACCCGTCGTCATATGTACCCCGGTAAAGGCTA
189 CATGTCAAGATTCTCCGTGGGAACCGTTGGTG
190 TCAGGTCACTTTTGCGGGAGAAGCAGAATTAG
191 CTGTAATATTGCCTGAGAGTCTGGAAAACTAG
192 CAAAATTAAAGTACGGTGTCTGGAAGAGGTCA
193 TGCAACTAAGCAATAAAGCCTCAGTTATGACC
194 TTTTTGCGCAGAAAACGAGAATGAATGTTTAG
195 AAACAGTTGATGGCTTAGAGCTTATTTAAATA
196 ACTGGATAACGGAACAACATTATTACCTTATG

197 ACGAACTAGCGTCCAATACTGCGGAATGCTTT
198 CGATTTTAGAGGACAGATGAACGGCGCGACCT
199 CTTTGAAAAGAACTGGCTCATTATTTAATAAA
200 GCTCCATGAGAGGCTTTGAGGACTAGGGAGTT
201 ACGGCTACTTACTTAGCCGGAACGCTGACCAA
202 AAAGGCCGAAAGGAACAACTAAAGCTTTCCAG
203 GAGAATAGCTTTTGCGGGATCGTCGGGTAGCA
204 ACGTTAGTAAATGAATTTTCTGTAAGCGGAGT
205 TTTTCGATGGCCCACTACGTAAACCGTC

206 TATCAGGGTTTTCGGTTTGCGTATTGGGAACGCGCG
207 GGGAGAGGTTTTTGTAAAACGACGGCCATTCCCAGT
208 CACGACGTTTTTGTAATGGGATAGGTCAAAACGGCG
209 GATTGACCTTTTGATGAACGGTAATCGTAGCAAACA
210 AGAGAATCTTTTGGTTGTACCAAAAACAAGCATAAA
211 GCTAAATCTTTTCTGTAGCTCAACATGTATTGCTGA
212 ATATAATGTTTTCATTGAATCCCCCTCAAATCGTCA
213 TAAATATTTTTTGGAAGAAAAATCTACGACCAGTCA
214 GGACGTTGTTTTTCATAAGGGAACCGAAAGGCGCAG
215 ACGGTCAATTTTGACAGCATCGGAACGAACCCTCAG
216 CAGCGAAAATTTTACTTTCAACAGTTTCTGGGATTTTGCTAAACTTTT
217 AACATCACTTGCCTGAGTAGAAGAACT

218 TGTAGCAATACTTCTTTGATTAGTAAT

219 AGTCTGTCCATCACGCAAATTAACCGT

220 ATAATCAGTGAGGCCACCGAGTAAAAG
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221 ACGCCAGAATCCTGAGAAGTGTTTTT
222 TTAAAGGGATTTTAGACAGGAACGGT
223 AGAGCGGGAGCTAAACAGGAGGCCGA
224 TATAACGTGCTTTCCTCGTTAGAATC
225 GTACTATGGTTGCTTTGACGAGCACG
226 GCGCTTAATGCGCCGCTACAGGGCGC
F1 CGGCCTTGATAGGAACCCATGTACAAACAGTT
F25 TGAGTTTCCGAGAAAGGAAGGGAACAAACTAT
F27 CAAGCCCACTGGTAATATCCAGAACGAACTGA
F28 CCGCCAGCCACCACCCTCATTTTCCTATTATT
F51 CTCAGAGCCATTGCAACAGGAAAAATATTTTT
F52 GGAAATACACCGCCACCCTCAGAACTGAGACT
F75 CCCTCAGACTACATTTTGACGCTCACCTGAAA
F76 GAAATGGATACTCAGGAGGTTTAGCGGGGTTT
F99 TATCACCGTTATTTACATTGGCAGACATTCTG
F132 GAACGTGGGTCACCAGTACAAACTTAATTGTA
F133 TGTAGCATTAGAGCTTGACGGGGAAATCAAAA
F156 CCCCGATTTCCACAGACAGCCCTCATCTCCAA
F157 CGTAACGACTAAATCGGAACCCTAGTTGTTCC
F180 GTAAAGCATCTAAAGTTTTGTCGTGAATTGCG
F181 ACGTTAGTCAAGTTTTTTGGGGTCAAAGAACG
F204 ACCCAAATAAATGAATTTTCTGTAAGCGGAGT
F100 GTCACACGTTTTTATAAGTATAGCCCGGCCGTCGAG
F205 TGCTAAACTTTTCGATGGCCCACTACGTAAACCGTC
N-111 AAACCCTCTTTTACCAGTAATAAAAGGGATTCACCA
N-216 CAGCGAAATTTTAACTTTCAACAGTTTCTGGGATTT
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Experimental Procedures

Materials and instruments

All solvents and chemicals were purchased from commercial sources and were used without further purification. DNA oligonucleotides
(staple strands, sticky strands, G4 staple strands, G4-complementary strands, and folding strands) were purchased from Sigma-Aldrich.
M13mp18 plasmid DNA was purchased from ftilibit nanosystems. Annealing of DNA origami structures and hybridizing of sticky
sequences was performed on a Bio-Rad MyCycler™ Thermal Cycler. UV/Vis and fluorescence spectroscopy were conducted on a
Spark® Multimode Microplate Reader by Tecan. Buffers were adjusted on a Mettler Toledo SevenExcellence ™ equipped with the InLab
Nano ph electrode. Photopolymerizations were conducted in a house-built photobox that is equipped with interchangeable LED-arrays
(96 LEDs) of 410 nm, 525 nm, and 625 nm.

DNA origami nanostructures

DNA origami tubes were prepared by mixing M13mp18 Scaffold DNA (1 equiv.), staple strands (8 equiv.), G4 staple strands (8 equiv.),
stickyA strands (8 equiv., if necessary), and folding strands (16 equiv.) in origami buffer (1 mM Na;EDTA, 5 mM NaCl, 5 mM TRIS, 12
mM MgClz, pH 8). Annealing was performed by running a program from 70 °C to 20 °C over 2 h (0.5 °C/min to 35 °C, 1 °C/min to 20 °C)
and the obtained DNA origami structures were purified by PEG precipitation.['! Therefore, the PEG solution (15% PEGgooo (W/v), 5 mM
TRIS, 1 mM NazEDTA, 505 mM NacCl) was added to the reaction solution at a volume ratio of 1:1 and centrifuged for 25 min at 12.5 rpm,
room temperature (RT). The supernatant was removed, and the resuspended pellet was precipitated by applying the PEG precipitation
method for additional two times. Sample concentration was determined by Spark® 20M with Nanoquant plate™. DNA origami structures
were stored in origami buffer at 4 °C.

Standard photopolymerization on DNA origami tubes

Standard photopolymerization on DNA origami tubes (44x G4 catalytic centers per tube) was carried out in a total reaction volume of
50 pL in a UV-star 384 well plate. Stock solutions of compounds were prepared in reaction buffer (10 mm BIS-TRIS, pH 6.5) at the
following concentrations: photosensitizers (PS) at 10 pm; monomers at 0.5 M. A typical reaction was conducted as follows: DNA origami
with G4-sequences (10 nwm, final concentration) was incubated with PS (1.5 equiv., relative to the amount of G4-sequences) in reaction
buffer for 30—60 min. Monomer (10 mm, final concentration) was added and the plate was placed in a house-built photobox. After a
predetermined irradiation time interval, polymerization was stopped by switching off the light source and polymer-DNA objects were
purified using size exclusion chromatography (200 uL Sephacryl S-400 HR, equilibrated with reaction buffer; centrifuge settings: 2 min,
0.8 g, RT) or 100K spin filtration (5 g, 10 min, 2 times; recovered at 1 g, 2 min). For purification steps, a mixture of origami buffer and
reaction buffer ratio (1:4) was utilized.

Two-step photopolymerization on DNA origami tubes

Layer-by-layer polymerization: DNA origami tubes were equipped with one ring of G4 sequences (44 sequences) and incubated with
MB under standard conditions (see above) for 30 min. NE was added and the reaction solution was subjected to standard
polymerization conditions at 625 nm for 2 h. After 100K spin filtering, DA was added and irradiated for 2 h at 625 nm. Polymer-ringed
origami tubes were recovered by 100K spin filtering and stored at 4 °C.

Ring-by-ring polymerizations: DNA origami tubes were equipped with one ring of G4 sequences and on ring of stickyA sequences (44
sequences each). Methylene blue was incubated with G4 sequences on origami tubes in an 1.5 molar excess (related to the amount
of G4 sequences) for 30 min. Eosin Y was preloaded into G4 complementary strands in an 1.5 molar excess for 30 min and either
annealed with MB-loaded origami tubes before photopolymerization or after the first irradiation phase. Hybridizing of EY-G4 strands
(1.5 equiv. compared to stickyA sequences on DNA origami tubes) was performed by a temperature ramp from 35 °C to 20 ° in 5 °C
steps (holding each step for 15—-30 min). After annealing, excess staple strands were removed by 100K spin filtering. For continuous
photopolymerization, MB- and EY-loaded tubes were incubated with DA (standard polymerization conditions, see above) and irradiated
at 625 nm and 525 nm for 3 h each. For decoupled photopolymerization, MB-loaded tubes were incubated with NE and subjected to
standard photopolymerization at 625 nm for 2 h. After purification (100K spin filtering) and annealing with EY-G4 strands, DA was
added, and polymerization continued at 525 nm for 2 h. In both approaches, polymer-ringed origami tubes were purified by 100K spin
filtering and stored at 4 °C.

Reactive Oxygen Species Assay (ROS Assay)

Reactive oxygen species assay of photosensitizers (PS) was conducted in a total reaction volume of 150 pL in a 96 well plate. Wells
were charged with PS (6.6 pM), N,N-dimethyl-4-nitrosoaniline RNO (70.7 uM) and imidazole (7.5 mM) in BIS-TRIS buffer (pH 6.5) and
exposed to the respective wavelength or kept in dark. Absorbance scans from 300-500 nm were conducted at several time points
within 30 min. The decrease in absorbance of RNO could be followed at 438 nm.

Cell culture
A549 cells were cultured at 37 °C and 5% CO2 in Dulbecco’s Modified Eagle’s Medium (DMEM, high glucose), which was supplemented
with 10% FBS, 1% penicillin/streptomycin and 1x Minimum Essential Medium (MEM) non-essential amino acids.

Cell experiments
A549 cells were cultured in DMEM medium containing 10% fetal bovine serum and 1% penicillin/streptomycin as well as 1% MEM non-
essential amino acids. Cells were seeded into confocal well plates and left for 24h to adhere at 37 °C, 5% CO,.

Cell uptake

For cell uptake studies, DNA origami tubes with a ring of either pDA or pNE were synthesized (according to standard polymerization
protocol, MB, 625 nm, 3 h). Furthermore, origami tubes were equipped with 22 sticky sequences for Alexa-647® oligonucleotide
labelling (“sticky C”). Dye-labelling was conducted in a 10-fold molar excess by a 1 hour temperature ramp (from 35 °Cto 20 °in 5 °C
steps), followed by 100K spin filter purification. Control samples without polymer coating were labelled in the same way.

Cells were seeded at a density of 5,000 cells/well in an 10-well confocal well plate. After adhering for 24 h, cells were treated with the
Alexa647-labeled sample for 24h at 37 °C. Sample solutions were diluted to 20 nM (Alexa647 concentration via a standard curve) in
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cell media for incubation with the cells. After the incubation time, the media/sample solution was replaced with fresh media. Cells were
then imaged by confocal laser scanning microscopy (S| Figure 12).

Cell colocalization

Besides the polymer ring, DNA origami tubes were additionally equipped with 22 sticky sequences each for Alexa-647® and Alexa-
488® oligonucleotide labelling (standard protocol, see above; “stickyC for Alexa-647® and stickyA for Alexa-488®). Control samples
without polymer coating were labelled in the same way.

Cells were seeded at a density of 5,000 cells/well in an 10-well confocal well plate. After adhering for 24 h, cells were treated with the
double-labeled sample for 24 h at 37 °C. Sample solutions were diluted to 10 nm (Alexa647 concentration via a standard curve) in cell
media and incubated with the cells. After the incubation time, the sample solution was replaced with fresh media. Cells were then
imaged by confocal laser scanning microscopy (Figure 4 and Sl Figure 13).

Cell medium stability assay

To test the stability of the employed DNA origami structures under cell medium conditions, samples were incubated with cell medium
in an 1:1 ratio (approx. 50 fmol, total volume of 10 or 20 pL) for 24 h at 37 °C in a thermocyler with a heated lid. After incubation time,
total sample volume was loaded on gel for AGE. For comparison, an analogue series of samples was mixed with cell medium right
before loading onto the gel.

DNase | digestion assay
To digest DNA origami tubes that were only attached to the cell's exterior after overnight incubation, DNase | (20 U) was added to the
samples and incubated for 1 hour at 37 °C prior to imaging.

Confocal Laser Scanning Microscopy

Cells were imaged on a Leica TCS SP5 and a Visitron Spinning Disc microscope with an argon laser for excitation at 488 nm for
Alexa488 (emission 498-540 nm), and a HeNe laser for excitation at 633 nm for Alexa647 (emission 657-757 nm). Z-stack images was
acquired using a Leica Stellaris 8 confocal microscope equipped with a white light laser with tunable excitation wavelengths between
440 — 790 nm. Alexa 488 is excited at 488 nm and emission was collected using the HyD® X detector at 498-540 nm. Alexa 647 is
excited at 647 nm and emission was collected using the HyD® R detector at 657-757 nm.

Atomic Force Microscopy (AFM)

Atomic force microscopy was performed in liquid state with a Bruker Dimension FastScan Bio AFM equipped with the ScanAsyst mode.
Sample solution (30 pL, 1-2 nM in origami buffer) was added onto a freshly cleaved mica substrate and incubated for 5 min to allow
deposition of the origami structures. Remaining solution was removed and 300 L origami buffer was applied onto the mica surface,
forming a droplet for measuring in liquid. Samples were scanned with scan rates between 1 and 2 Hz. Images were processed with
NanoScope Analysis 1.8.

Agarose gel electrophoresis (AGE)

Agarose gel electrophoresis was performed on 1% agarose gels (TBE, stained with EtBr, purchased from Bio-Rad or self-casted with
1 x TBE when no staining was desired), equipped with 8 wells. The gels were run on ReadySub-Cell GT Cells from Bio-Rad using
1 x TBE buffer as the running buffer. DNA Gel Loading dye (6 %) was used for sample preparation (approximately 50 fmol origami) with
a total volume of 6, 12, or 18 pL, depending on sample concentration. “GeneRuler DNA Ladder Mix” (100-10000 bp) was used as for
the marker. Electrophoresis was conducted at 90 V for 60-100 minutes at 4 °C. Image was taken with G:BOX Chemi Gel Doc System
from Syngene or under UV-excitation with a camera.

DNA extraction from agarose gel

For DNA extraction, TBE gels were casted and run as mentioned above. Areas below the wells were defined and cut according to the
band pattern found under UV irradiation. The excised gel piece was placed into a Costar® Spin-X® Centrifuge Tube Filter (0.45 pm
pore NY membrane), left at — 20°C for 1 hour and subsequently centrifuged at 10 g for 10 minutes. 100 pL of the filtrate was placed
into a black 384 well plate and subjected to fluorescence measurements.

Dynamic light scattering (DLS)

DLS measurements were performed at 25 °C using a Malvern ZetaSizer Nano S from Malvern Instruments Ltd. with a He/Ne Laser (A
=633 nm) at a fixed scattering angle of 173°. All measurements were performed in triplicate. The obtained data was processed by
cumulant fitting for Dz and PDI, or by CONTIN fitting for intensity-weighted particle size distribution. For DLS, triple amount of DNA
origami (compared to standard polymerization) was photopolymerized (MB, 625 nm), purified and brought to 150 pL with reaction buffer.
As a control, 10 pL bare origami tubes (50 nM) were diluted to 150 pL with reaction buffer. Samples were filtered prior to measurement
through PFTE (hydrophilic) syringe filters (0.45 ym pore size).
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Results and Discussion
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Figure 1 Photopolymerization of dopamine with PPIX-loaded DNA origami tubes under irradiation at 410 nm and 625 nm, respectively. Reaction is followed
spectrometrically. (A) Irradiation at 410 nm can successfully induce oxidation and polymerization of dopamine. (B) Irradiation at 625 nm only leads to a reduced

generation of oxidized dopamine species.
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Figure 2 Proposed mechanism for pDA formation?! (A) and pNE formation® (B) according to the literature. Both mechanisms are still under ongoing elucidation
Importantly, the polymeric structures are not only built on covalent bonds, but also non-covalent interactions, supramolecular assemblies, charge transfer and
(cation-) T-stacking are present. In contrast to pDA, pNE formation is characterized by the occurrence of 3,4-dihydroxybenzaldehyde (DHBA), that can react with

the monomer NE again, forming DHBA-NE. This molecule is said to be responsible for the ultrasmooth surface of pNE.
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Figure 3 ROS assay of the utilized photosensitizers methylene blue (MB) and eosin y (EY) in the presence of imidazole and p-nitrosodimethylaniline (RNO).
Decrease in absorbance of RNO due to singlet oxygen generation can be followed at 438 nm. (A) Methylene blue was irradiated at 625 nm (5 mA), and (B) eosin y
was irradiated at 525 nm (5 mA) for the respective timeframes. (C) Relative absorbance decrease at 438 nm shows MB, EY and protoporphyrin IX (PPIX) in

comparison. (D}
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Figure 4 Photopolymerization of dopamine on DNA origami tubes with the photosensitizers eosin Y (EY) and methylene blue (MB) that are irradiated at 525 nm and

625 nm for 3 h, respectively. (A) Successful polymerization in both cases is confirmed by UV/Vis spectroscopy. (B) Topographical AFM images of pDA-ringed origami
tubes after photopolymerization with EY (left) and MB (right). The average height of the polymer rings is depicted below the images. Scale bar: 500 nm. (C) Reaction
kinetics of EY and MB are compared by plotting relative absorbance increase of the oxidized species dopaminochrome (320 nm), oligomers (480 nm), and polydopamine
(700 nm). EY shows higher reaction rates than MB. (D) Statistical overview of the height of the polymer rings when either EY or MB is employed (two experiments each).
The typical height image explains how values are taken. Polymer rings are slightly higher when EY is employed but no significant impact on the final product is noted.
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Figure 5 Photopolymerization of dopamine from a DNA origami tube with a diagonal pattern. (A) 48 G4 sequences are arranged in a diagonal pattern on the tube’s
surface. (B) Here, the top view on the structures deposited on an AFM grid can vary, depending on the orientation. (C) Exemplary overview AFM image of the
obtained structures after polymerization. Scale bar: 500 nm. (D) Close-ups of a few representative pDA origamis. The diagonal pattern is only visible in a few cases
due to the random orientation of the origami tube. For characterization purposes, ring patterns remain the pattern of choice because of its verticle symmetry and
thus removing the orientation factor.

Figure 6 Due to the strong adhesiveness of pDA, polymer-ringed DNA origami tubes tend to aggregate. Scale bar: 500 nm.
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Figure 7 Photopolymerization of norepinephrine (NE) can be stimulated through PPIX, EY, and MB at the respective wavelength. (A) Polymerization can be followed
ically. (B) Topographical AFM images confirm polymer formation at the designated areas. Scale bar: 500 nm.
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Figure 8 Dynamic light scattering reveals that for both samples, (A) bare origami and (B) pNE-ringed origami tubes, no agglomeration occurs over the course of at
least 3 days.
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Figure 9 Characterization of (A) DNA origami structures and (B) DNA origami structures before and after pDA and pNE formation by agarose gel electrophoresis.
After annealing of scaffold DNA (M13mp18) and an excess of staple strands, the folded DNA origami tubes are apparent as a new band of lower mobility (A2,3);
excess of staple strands is removed by purification. Polymer-modification (pDA and pNE) is further visible by a changed running behavior compared to the precursor
origami band (Gel B). The polymer bands also show some smearing effect, potentially indicating aggregation of the structures. Especially in the case of pDA-
modification, we sometimes also observe the retaining of some material in the well of the gel, also demonstrating the presence of aggregates (gels not shown here).
1 % agarose TBE gels stained with EtBr were used, and run at 90 V for 60 min (Gel A) and 95 min (Gel B) at 4 °C. Please note: Gel (B) is cropped to only show
lanes of interest, however, no stretching or shrinking was done, so bands are still comparable.
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Figure 10 Stepwise layer-by-layer poly ization of the two s norepinephrine and dopamine on DNA origami tubes that are activated with MB and irradi at

625 nm. UV/Vis spectroscopy confirms formation of (A) polynorepinephrine in the first irradiation phase and (B) polydopamine in the second irradiation phase. Spin filtration
was performed after step 1 to exchange monomers.
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Figure 11 Control experiment for layer-by-layer polymerization, showing that it is in fact pDA that is formed in step 2, not pNE. (A) After pNE is generated in the first
irradiation period, NE is removed from the reaction solution and no dopamine is added for the 2" irradiation phase. (B) UV/Vis spectroscopy shows that no polymer is

formed in step 2 and in AFM imaging, only height increase for pNE rings from step 1 is found.
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Figure 12 For a two-step polymerization with two photosensitizers, it is important that each photosensitizers only responds to the designated wavelength. This
holds true for eosin Y, active at 525 nm (A) and dormant at 625 nm (B), and methylene blue, dormant at 525 nm (C) and active at 625 nm (D), respectively.
Polymerization was conducted on standard origami tubes for 3 h with dopamine as the monomer.
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Figure 13 Photopolymerization of dopamine of MB- and EY-loaded origami tubes can be stimulated through irradiation at the respective wavelength (625 nm and
525 nm, respectively). (A) UV/Vis spectroscopy confirms the continuous generation of oxidized species and polymer. (B) AFM images demonstrate the origami's

integrity even after irradiation of 6 h in the presence of photosensitizers.
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Figure 14 For a seq ial two-step poly ion, the pi of all the ive components is y. (A) When p itizer (EY) and monomer (DA)

are added for step 2, but the reaction is performed in the dark, no polymerization is noted. (B) Same holds true when each component except for the
photosensitizer (EY) is applied for the second polymerization step.
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Figure 15 Cell medium stability assay of bare origami tubes as well as polymer-coated ones. Samples were incubated at 37 °C for 24 h and compared to samples
that were mixed with cell medium prior to loading the gel. Even the bare origami tubes do show a certain stability under the applied incubation conditions, but also
fragmentation. Polymer-ringed origami show less ion, especially for pDA, material is stuck in the well, most likely caused by retained aggregates.

A 1% agarose TBE gel stained with EtBr were used, and run at 90 V for 90 min at 4 °C.

13
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Figure 16 Fluorescence concentration of the origami samples subjected to cell uptake studies was calibrated by an Alexa647 standard curve. (A) A dilution series
of Alexa647-oligonucleotide from 500-10 nM was measured in duplets (excitation at 645 nm, emission scan from 660-700 nm, emission maximum at 666 nm). (B)
Representative emission scan for Alexa647-oliognucleotide at 500 nm. (C) Fluorescent signal and concentration of DNA samples was calibrated using the Alexa647
standard curve.
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Figure 17 Cellular uptake of origami nanostructures. (A) Free Alexa647-oligonucletoides, bare origami tubes, pNE- and pDA-ringed origami tubes (all origami
structures labelled with Alexa647) are incubated with A549 cells. (B) Confocal laser scanning micrographs of A549 cells treated with samples from (A) for 24 h.
Scale bar 20 pm.
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Figure 18 Confocal laser scanning micrographs of A549 cells incubated with (A) buffer only (control), free Alexa488- and Alexa647-oligonucleotides, and (B)
double-labeled DNA origami samples (bare origami, pDA-origami, pNE-origami) for 24 h. Scale bars are 20 pm.
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Figure 19 Characterization of dual-labelled origami structures for cell studies by agarose gel electrophoresis and sub fi its. (A) AGE
was performed with the Alexa-oligonucleotides, the unpurified as well as the purified origami sample after modification with both p Gels were vi

on a UV plate without further staining. Whereas the free dyes show their respective emission color or a mixture thereof in the lower part of the gel; fluorescent
origami structures are visible in the upper part of the gel. Excess of Alexa-oligonucleotides for origami modification was removed by purification. (B) A gel was
loaded with both Alexa488- and Alexa647-oligonucleotides (lane 1) and purified, dual-labelled origami sample (lane 2). The areas right below the wells were cut,
frozen, centrifuged, and the filtrate was subji d to sub fluore in a Tecan Plate Reader. (C) Excitation of Alexa488 and Alexa647,

pectively led the p of the Alexa fluorophores in the origami sample but not in the control sample, ing | ing with both dyes.
Emission spectra of Alexa488 and Alexa647 were recorded from 503-600 nm after excitation at 480 nm and from 662-760 nm after excitation at 640 nm
: 10 nm), respectively, and thed
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A pDA-Origami

B  pNE-Origami

Figure 20 Confocal z-stack analysis followed by 3D reconstruction of pDA- and pNE-origami incubated A549 cells. (A) Z-stacks of the pDA-sample reveal that the
observed aggregates are not internalized by the cells (no DNase | treatment). (B) In contrast, pNE-ringed origami tubes are found inside the cells, with and without
DNase treatment.
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Appendix

DNA Sequences
DNA origami tubes were synthesized together with M13mp18 Scaffold DNA and staple strands according to the above-mentioned
protocol. In the following, the sequences of staple strands and additional oligonucleotides are listed.

For G4 staple strands, the sequence of the respective staple strand is extended at the 3’ end by 5'-TTTTGGGTAGGGCGGGTTGGG-
2

For stickyA sequences, the sequence of the respective staple strand is extended at the 3' end by 5'- TTTTTAGTAGGTGGTAGAG-3'.
For stickyC sequences, the sequence of the respective staple strand is extended at the 3' end by 5'- TTTTCTCTCCTTCCCTTT-3".
G4 complementary strands: 5- GGGTTGGGCGGGATGGGTTTTCTCTACCACCTACTA-3'

Alexa-488® oligonucleotide: Alexa488-5'- TTCTCTACCACCTACTA-3'

Alexa-647® oligonucleotide: Alexa647-5-TTAAAGGGAAGGAGAG-3'

To introduce functionalities on the bare DNA origami tube (Scaffold DNA + 206 staple strands + 20 folding strands; Appendix Sl Figure

1), respective staple strands were replaced by G4-staple strands or sticky sequences. Staple strands at the long edges of the rectangle
were replaced by folding strands.
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Appendix Sl Figure 1 (A) Footprint of a DNA origami rectangle where the position of each staple strand is depicted. By replacing the
staple strands at the long edges of the rectangle by folding strands (red), a tube structure is formed. (B) Distance between two
attachment points is 5.4 nm. (C) Footprints of the employed structures: (1) tube with 1 central G4 ring (orange), (2) tube with 1 G4
ring and 1 sticky A ring (green), (3) tube for colocalization studies with G4 ring and stickyA and stickyC (purple) for labelling.

Tube with 1 central G4 ring: G4 staple strands on positions 2-10, 11-20, 21-24, 26, 112-120, 121-130, 131; folding strands on
positions 1, 25, 27, 28, 51, 52, 75, 76, 99, 100, 111, 132, 133, 156, 157, 180, 181, 204, 205, 216; staple strands on remaining positions.

Tube with 1 G4 ring and 1 stickyA ring at the tubular ends: G4 staple strands on positions 29, 30, 31-40, 41-50, 53-60, 61-70,
71-74; stickyA strands on positions 134—140, 141-150, 151-155, 158-160, 161-170, 171-179; folding strands on positions 1, 25, 27,
28, 51,52, 75, 76, 99, 100, 111, 132, 133, 156, 157, 180, 181, 204, 205, 216; staple strands on remaining positions.
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Tube with 1 central G4 ring and stickyC for dye labelling: G4 staple strands on positions 2-10, 11-20, 21-24, 26, 112-120, 121—
130, 131; stickyC strands on positions 161-170, 171-179; folding strands on positions 1, 25, 27, 28, 51, 52, 75, 76, 99, 100, 111, 132,
133, 156, 157, 180, 181, 204, 205, 216; staple strands on remaining positions.

Tube with 1 central G4 ring and stickyC+stickyA for two dye labelling: G4 staple strands on positions 2-10, 11-20, 21-24, 26,
112-120, 121-130, 131; stickyC strands on positions 161-170, 171-179; stickyA strands on positions 53-60, 61-70, 71; folding strands
on positions 1, 25, 27, 28, 51, 52, 75, 76, 99, 100, 111, 132, 133, 156, 157, 180, 181, 204, 205, 216; staple strands on remaining
positions.

Table S1. Sequences of staple strands and folding strands.

i# Sequence 5' 2> 3’ # Sequence 5' 2> 3’
1 CAAGCCCAATAGGAACCCATGTACAAACAGTT 124 AAGAGGAACGAGCTTCAAAGCGAAGATACATT
2 AATGCCCCGTAACAGTGCCCGTATCTCCCTCA 125 GGAATTACTCGTTTACCAGACGACAAAAGATT
3 TGCCTTGACTGCCTATTTCGGAACAGGGATAG 126 GAATAAGGACGTAACAAAGCTGCTCTAAAACA
4 GAGCCGCCCCACCACCGGAACCGCGACGGAAA 127 CCAAATCACTTGCCCTGACGAGAACGCCAAAA
5 AACCAGAGACCCTCAGAACCGCCAGGGGTCAG 128 CTCATCTTGAGGCAAAAGAATACAGTGAATTT
6 TTATTCATAGGGAAGGTAAATATTCATTCAGT 129 AAACGAAATGACCCCCAGCGATTATTCATTAC
7 CATAACCCGAGGCATAGTAAGAGCTTTTTAAG 130 CTTAAACATCAGCTTGCTTTCGAGCGTAACAC
8 ATTGAGGGTAAAGGTGAATTATCAATCACCGG 131 TCGGTTTAGCTTGATACCGATAGTCCAACCTA
9 AAAAGTAATATCTTACCGAAGCCCTTCCAGAG 132 TGAGTTTCGTCACCAGTACAAACTTAATTGTA
10 GCAATAGCGCAGATAGCCGAACAATTCAACCG 133 CCCCGATTTAGAGCTTGACGGGGAAATCAAAA
11 CCTAATTTACGCTAACGAGCGTCTAATCAATA 134 GAATAGCCGCAAGCGGTCCACGCTCCTAATGA
12 TCTTACCAGCCAGTTACAAAATAAATGAAATA 135 GAGTTGCACGAGATAGGGTTGAGTAAGGGAGC
13 ATCGGCTGCGAGCATGTAGAAACCTATCATAT 136 GTGAGCTAGTTTCCTGTGTGAAATTTGGGAAG
14 CTAATTTATCTTTCCTTATCATTCATCCTGAA 137 TCATAGCTACTCACATTAATTGCGCCCTGAGA
15 GCGTTATAGAAAAAGCCTGTTTAGAAGGCCGG 138 GGCGATCGCACTCCAGCCAGCTTTGCCATCAA
16 GCTCATTTTCGCATTAAATTTTTGAGCTTAGA 139 GAAGATCGGTGCGGGCCTCTTCGCAATCATGG
17 AATTACTACAAATTCTTACCAGTAATCCCATC 140 AAATAATTTTAAATTGTAAACGTTGATATTCA
18 TTAAGACGTTGAAAACATAGCGATAACAGTAC 141 GCAAATATCGCGTCTGGCCTTCCTGGCCTCAG
19 TAGAATCCCTGAGAAGAGTCAATAGGAATCAT 142 ACCGTTCTAAATGCAATGCCTGAGAGGTGGCA
20 CTTTTACACAGATGAATATACAGTAAACAATT 143 TATATTTTAGCTGATAAATTAATGTTGTATAA
21 TTTAACGTTCGGGAGAAACAATAATTTTCCCT 144 TCAATTCTTTTAGTTTGACCATTACCAGACCG
22 CGACAACTAAGTATTAGACTTTACAATACCGA 145 CGAGTAGAACTAATAGTAGTAGCAAACCCTCA
23 GGATTTAGCGTATTAAATCCTTTGTTTTCAGG 146 GAAGCAAAAAAGCGGATTGCATCAGATAAAAA
24 ACGAACCAAAACATCGCCATTAAATGGTGGTT 147 TCAGAAGCCTCCAACAGGTCAGGATCTGCGAA
25 GAACGTGGCGAGAAAGGAAGGGAACAAACTAT 148 CCAAAATATAATGCAGATACATAAACACCAGA
26 TAGCCCTACCAGCAGAAGATAAAAACATTTGA 149 CATTCAACGCGAGAGGCTTTTGCATATTATAG
27 CGGCCTTGCTGGTAATATCCAGAACGAACTGA 150 ACGAGTAGTGACAAGAACCGGATATACCAAGC
28 CTCAGAGCCACCACCCTCATTTTCCTATTATT 151 AGTAATCTTAAATTGGGCTTGAGAGAATACCA
29 CTGAAACAGGTAATAAGTTTTAACCCCTCAGA 152 GCGAAACATGCCACTACGAAGGCATGCGCCGA
30 AGTGTACTTGAAAGTATTAAGAGGCCGCCACC 153 ATACGTAAAAGTACAACGGAGATTTCATCAAG
31 GCCACCACTCTTTTCATAATCAAACCGTCACC 154 CAATGACACTCCAAAAGGAGCCTTACAACGCC
32 GTTTGCCACCTCAGAGCCGCCACCGATACAGG 155 AAAAAAGGACAACCATCGCCCACGCGGGTAAA
33 GACTTGAGAGACAAAAGGGCGACAAGTTACCA 156 TGTAGCATTCCACAGACAGCCCTCATCTCCAA
34 AGCGCCAACCATTTGGGAATTAGATTATTAGC 157 GTAAAGCACTAAATCGGAACCCTAGTTGTTCC
35 GAAGGAAAATAAGAGCAAGAAACAACAGCCAT 158 AGTTTGGAGCCCTTCACCGCCTGGTTGCGCTC
36 GCCCAATACCGAGGAAACGCAATAGGTTTACC 159 AGCTGATTACAAGAGTCCACTATTGAGGTGCC
37 ATTATTTAACCCAGCTACAATTTTCAAGAACG 160 ACTGCCCGCCGAGCTCGAATTCGTTATTACGC
38 TATTTTGCTCCCAATCCAAATAAGTGAGTTAA 161 CCCGGGTACTTTCCAGTCGGGAAACGGGCAAC
39 GGTATTAAGAACAAGAAAAATAATTAAAGCCA 162 CAGCTGGCGGACGACGACAGTATCGTAGCCAG
40 TAAGTCCTACCAAGTACCGCACTCTTAGTTGC 163 GTTTGAGGGAAAGGGGGATGTGCTAGAGGATC
41 ACGCTCAAAATAAGAATAAACACCGTGAATTT 164 CTTTCATCCCCAAAAACAGGAAGACCGGAGAG
42 AGGCGTTACAGTAGGGCTTAATTGACAATAGA 165 AGAAAAGCAACATTAAATGTGAGCATCTGCCA
43 ATCAAAATCGTCGCTATTAATTAACGGATTCG 166 GGTAGCTAGGATAAAAATTTTTAGTTAACATC
44 CTGTAAATCATAGGTCTGAGAGACGATAAATA 167 CAACGCAATTTTTGAGAGATCTACTGATAATC
45 CCTGATTGAAAGAAATTGCGTAGACCCGAACG 168 CAATAAATACAGTTGATTCCCAATTTAGAGAG
46 ACAGAAATCTTTGAATACCAAGTTCCTTGCTT 169 TCCATATACATACAGGCAAGGCAACTTTATTT
47 TTATTAATGCCGTCAATAGATAATCAGAGGTG 170 TACCTTTAAGGTCTTTACCCTGACAAAGAAGT
48 AGATTAGATTTAAAAGTTTGAGTACACGTAAA 171 CAAAAATCATTGCTCCTTTTGATAAGTTTCAT
49 AGGCGGTCATTAGTCTTTAATGCGCAATATTA 172 TTTGCCAGATCAGTTGAGATTTAGTGGTTTAA
50 GAATGGCTAGTATTAACACCGCCTCAACTAAT 173 AAAGATTCAGGGGGTAATAGTAAACCATAAAT
51 CCGCCAGCCATTGCAACAGGAAAAATATTTTT 174 TTTCAACTATAGGCTGGCTGACCTTGTATCAT
52 CCCTCAGAACCGCCACCCTCAGAACTGAGACT 175 CCAGGCGCTTAATCATTGTGAATTACAGGTAG
53 CCTCAAGAATACATGGCTTTTGATAGAACCAC 176 CGCCTGATGGAAGTTTCCATTAAACATAACCG
54 TAAGCGTCGAAGGATTAGGATTAGTACCGCCA 177 TTTCATGAAAATTGTGTCGAAATCTGTACAGA
55 CACCAGAGTTCGGTCATAGCCCCCGCCAGCAA 178 ATATATTCTTTTTTCACGTTGAAAATAGTTAG
56 TCGGCATTCCGCCGCCAGCATTGACGTTCCAG 179 AATAATAAGGTCGCTGAGGCTTGCAAAGACTT
57 AATCACCAAATAGAAAATTCATATATAACGGA 180 CGTAACGATCTAAAGTTTTGTCGTGAATTGCG
20
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58 TCACAATCGTAGCACCATTACCATCGTTTTCA 181 ACCCAAATCAAGTTTTTTGGGGTCAAAGAACG

59 ATACCCAAGATAACCCACAAGAATAAACGATT 182 TGGACTCCCTTTTCACCAGTGAGACCTGTCGT

60 ATCAGAGAAAGAACTGGCATGATTTTATTTTG 183 TGGTTTTTAACGTCAAAGGGCGAAGAACCATC

61 TTTTGTTTAAGCCTTAAATCAAGAATCGAGAA 184 GCCAGCTGCCTGCAGGTCGACTCTGCAAGGCG

62 AGGTTTTGAACGTCAAAAATGAAAGCGCTAAT 185 CTTGCATGCATTAATGAATCGGCCCGCCAGGG

63 CAAGCAAGACGCGCCTGTTTATCAAGAATCGC 186 ATTAAGTTCGCATCGTAACCGTGCGAGTAACA

64 AATGCAGACCGTTTTTATTTTCATCTTGCGGG 187 TAGATGGGGGGTAACGCCAGGGTTGTGCCAAG

65 CATATTTAGAAATACCGACCGTGTTACCTTTT 188 ACCCGTCGTCATATGTACCCCGGTAAAGGCTA

66 AATGGTTTACAACGCCAACATGTAGTTCAGCT 189 CATGTCAAGATTCTCCGTGGGAACCGTTGGTG

67 TAACCTCCATATGTGAGTGAATAAACAAAATC 190 TCAGGTCACTTTTGCGGGAGAAGCAGAATTAG

68 AAATCAATGGCTTAGGTTGGGTTACTAAATTT 191 CTGTAATATTGCCTGAGAGTCTGGAAAACTAG

69 GCGCAGAGATATCAAAATTATTTGACATTATC 192 CAAAATTAAAGTACGGTGTCTGGAAGAGGTCA

70 AACCTACCGCGAATTATTCATTTCCAGTACAT 193 TGCAACTAAGCAATAAAGCCTCAGTTATGACC

71 ATTTTGCGTCTTTAGGAGCACTAAGCAACAGT 194 TTTTTGCGCAGAAAACGAGAATGAATGTTTAG

72 CTAAAATAGAACAAAGAAACCACCAGGGTTAG 195 AAACAGTTGATGGCTTAGAGCTTATTTAAATA

73 GCCACGCTATACGTGGCACAGACAACGCTCAT 196 ACTGGATAACGGAACAACATTATTACCTTATG

74 GCGTAAGAGAGAGCCAGCAGCAAAAAGGTTAT 197 ACGAACTAGCGTCCAATACTGCGGAATGCTTT

75 GGAAATACCTACATTTTGACGCTCACCTGAAA 198 CGATTTTAGAGGACAGATGAACGGCGCGACCT

76 TATCACCGTACTCAGGAGGTTTAGCGGGGTTT 199 CTTTGAAAAGAACTGGCTCATTATTTAATAAA

77 TGCTCAGTCAGTCTCTGAATTTACCAGGAGGT 200 GCTCCATGAGAGGCTTTGAGGACTAGGGAGTT

78 GGAAAGCGACCAGGCGGATAAGTGAATAGGTG 201 ACGGCTACTTACTTAGCCGGAACGCTGACCAA

79 TGAGGCAGGCGTCAGACTGTAGCGTAGCAAGG 202 AAAGGCCGAAAGGAACAACTAAAGCTTTCCAG

80 TGCCTTTAGTCAGACGATTGGCCTGCCAGAAT 203 GAGAATAGCTTTTGCGGGATCGTCGGGTAGCA

81 CCGGAAACACACCACGGAATAAGTAAGACTCC 204 ACGTTAGTAAATGAATTTTCTGTAAGCGGAGT

82 ACGCAAAGGTCACCAATGAAACCAATCAAGTT 205 TTTTCGATGGCCCACTACGTAAACCGTC

83 TTATTACGGTCAGAGGGTAATTGAATAGCAGC 206 TATCAGGGTTTTCGGTTTGCGTATTGGGAACGCGCG
84 TGAACAAACAGTATGTTAGCAAACTAAAAGAA 207 GGGAGAGGTTTTTGTAAAACGACGGCCATTCCCAGT
85 CTTTACAGTTAGCGAACCTCCCGACGTAGGAA 208 CACGACGTTTTTGTAATGGGATAGGTCAAAACGGCG
86 GAGGCGTTAGAGAATAACATAAAAGAACACCC 209 GATTGACCTTTTGATGAACGGTAATCGTAGCAAACA
87 TCATTACCCGACAATAAACAACATATTTAGGC 210 AGAGAATCTTTTGGTTGTACCAAAAACAAGCATAAA
88 CCAGACGAGCGCCCAATAGCAAGCAAGAACGC 211 GCTAAATCTTTTCTGTAGCTCAACATGTATTGCTGA
89 AGAGGCATAATTTCATCTTCTGACTATAACTA 212 ATATAATGTTTTCATTGAATCCCCCTCAAATCGTCA
90 TTTTAGTTTTTCGAGCCAGTAATAAATTCTGT 213 TAAATATTTTTTGGAAGAAAAATCTACGACCAGTCA
91 TATGTAAACCTTTTTTAATGGAAAAATTACCT 214 GGACGTTGTTTTTCATAAGGGAACCGAAAGGCGCAG
92 TTGAATTATGCTGATGCAAATCCACAAATATA 215 ACGGTCAATTTTGACAGCATCGGAACGAACCCTCAG
93 GAGCAAAAACTTCTGAATAATGGAAGAAGGAG 216 CAGCGAAAATTTTACTTTCAACAGTTTCTGGGATTTTGCTAAACTTTT
94 TGGATTATGAAGATGATGAAACAAAATTTCAT 217 AACATCACTTGCCTGAGTAGAAGAACT

95 CGGAATTATTGAAAGGAATTGAGGTGAAAAAT 218 TGTAGCAATACTTCTTTGATTAGTAAT

96 ATCAACAGTCATCATATTCCTGATTGATTGTT 219 AGTCTGTCCATCACGCAAATTAACCGT

97 CTAAAGCAAGATAGAACCCTTCTGAATCGTCT 220 ATAATCAGTGAGGCCACCGAGTAAAAG

98 GCCAACAGTCACCTTGCTGAACCTGTTGGCAA 221 ACGCCAGAATCCTGAGAAGTGTTTTT

99 GAAATGGATTATTTACATTGGCAGACATTCTG 222 TTAAAGGGATTTTAGACAGGAACGGT

100 | TTTTTATAAGTATAGCCCGGCCGTCGAG 223 AGAGCGGGAGCTAAACAGGAGGCCGA

101 | AGGGTTGATTTTATAAATCCTCATTAAATGATATTC 224 TATAACGTGCTTTCCTCGTTAGAATC

102 | ACAAACAATTTTAATCAGTAGCGACAGATCGATAGC 225 GTACTATGGTTGCTTTGACGAGCACG

103 | AGCACCGTTTTTTAAAGGTGGCAACATAGTAGAAAA 226 GCGCTTAATGCGCCGCTACAGGGCGC

104 | TACATACATTTTGACGGGAGAATTAACTACAGGGAA F1 CGGCCTTGATAGGAACCCATGTACAAACAGTT

105 | GCGCATTATTTTGCTTATCCGGTATTCTAAATCAGA F25 TGAGTTTCCGAGAAAGGAAGGGAACAAACTAT

106 | TATAGAAGTTTTCGACAAAAGGTAAAGTAGAGAATA F27 CAAGCCCACTGGTAATATCCAGAACGAACTGA

107 | TAAAGTACTTTTCGCGAGAAAACTTTTTATCGCAAG F28 CCGCCAGCCACCACCCTCATTTTCCTATTATT

108 | ACAAAGAATTTTATTAATTACATTTAACACATCAAG F51 CTCAGAGCCATTGCAACAGGAAAAATATTTTT

109 | AAAACAAATTTTTTCATCAATATAATCCTATCAGAT F52 GGAAATACACCGCCACCCTCAGAACTGAGACT

110 | GATGGCAATTTTAATCAATATCTGGTCACAAATATC F75 CCCTCAGACTACATTTTGACGCTCACCTGAAA

111 | AAACCCTCTTTTACCAGTAATAAAAGGGATTCACCAGTCACACGTTTT | F76 GAAATGGATACTCAGGAGGTTTAGCGGGGTTT

112 | CCGAAATCCGAAAATCCTGTTTGAAGCCGGAA F99 TATCACCGTTATTTACATTGGCAGACATTCTG

113 | CCAGCAGGGGCAAAATCCCTTATAAAGCCGGC F132 GAACGTGGGTCACCAGTACAAACTTAATTGTA

114 | GCATAAAGTTCCACACAACATACGAAGCGCCA F133 TGTAGCATTAGAGCTTGACGGGGAAATCAAAA

115 | GCTCACAATGTAAAGCCTGGGGTGGGTTTGCC F156 CCCCGATTTCCACAGACAGCCCTCATCTCCAA

116 | TTCGCCATTGCCGGAAACCAGGCATTAAATCA F157 CGTAACGACTAAATCGGAACCCTAGTTGTTCC

117 | GCTTCTGGTCAGGCTGCGCAACTGTGTTATCC F180 GTAAAGCATCTAAAGTTTTGTCGTGAATTGCG

118 | GTTAAAATTTTAACCAATAGGAACCCGGCACC F181 ACGTTAGTCAAGTTTTTTGGGGTCAAAGAACG

119 | AGACAGTCATTCAAAAGGGTGAGAAGCTATAT F204 ACCCAAATAAATGAATTTTCTGTAAGCGGAGT

120 | AGGTAAAGAAATCACCATCAATATAATATTTT F100 GTCACACGTTTTTATAAGTATAGCCCGGCCGTCGAG
121 | TTTCATTTGGTCAATAACCTGTTTATATCGCG F205 TGCTAAACTTTTCGATGGCCCACTACGTAAACCGTC
122 | TCGCAAATGGGGCGCGAGCTGAAATAATGTGT N-111 | AAACCCTCTTTTACCAGTAATAAAAGGGATTCACCA
123 | TTTTAATTGCCCGAAAGACTTCAAAACACTAT N-216 | CAGCGAAATTTTAACTTTCAACAGTTTCTGGGATTT
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ABSTRACT: DNA nanotechnology has seen large developments over the last 30 years through FYYHLE 4"-
the combination of solid phase synthesis and the discovery of DNA nanostructures. Solid phase L4

synthesis has facilitated the availability of short DNA sequences and the expansion of the DNA N\ﬁ ?
toolbox to increase the chemical functionalities afforded on DNA, which in turn enabled the oos®
conception and synthesis of sophisticated and complex 2D and 3D nanostructures. In parallel,
polymer science has developed several polymerization approaches to build di- and triblock
copolymers bearing hydrophilic, hydrophobic, and amphiphilic properties. By bringing together
these two emerging technologies, complementary properties of both materials have been
explored; for example, the synthesis of amphiphilic DNA—polymer conjugates has enabled the
production of several nanostructures, such as spherical and rod-like micelles. Through both the
DNA and polymer parts, stimuli-responsiveness can be instilled. Nanostructures have
consequently been developed with responsive structural changes to physical properties, such
as pH and temperature, as well as short DNA through competitive complementary binding. These responsive changes have enabled
the application of DNA—polymer conjugates in biomedical applications including drug delivery. This review discusses the progress
of DNA—polymer conjugates, exploring the synthetic routes and state-of-the-art applications afforded through the combination of
nucleic acids and synthetic polymers.

polymer
conjugates

CONTENTS 4.1. Static Nanostructures 11059
4.1.1. Assemblies Induced by Hydrophobic

1. Introduction 11031 n
2 Chemistries on DNA 11031 L:Le:chons through the Polymer Seg 1105
2.1. Solid Phase Synthesis o3l 4.1.2. Assemblies Induced by Sequence Hy-
22.In SOIUt'On_ 11033 bridization of the DNA Segments 11061
2.3. Complexation . 11034 4.1.3. Nanostructures Involving DNA and
3. DNA—Polymer Synthesis . 11037 Polymer Induced Assembly 11063
3.1, Covalent DNA—Polymer Conjugates 11038 4.2. Dynamic Nanostructures 11065
3.1.1. Polymerization Methods 11038 42.1. DNA Programmable Dynamic Nano-
3.1.2. DNA—-Polymer Conjugate Synthesis structures 11065
Limitations 11039 . .
313, Souton Based ODN-Poymer Syt 422 Temperature Respansive Dynamic o
sis 11042 ) .
3.1.4. 1D DNA—Polymer Synthesis 11045 423. fur:ezesmnswe DynamicNanostruc 11069
3.1.5. 2D and 3D Polymerization Platforms 11046 424, Light-Responsive Dynamic Nanostruc-
3.2. Noncovalent DNA—Polymer Interactions 11048 tures 11069
3.2.1. Templating of Polymers by Single and 5. Functionality of DNA—Polymer Conjugates 11070
Double Strandedl DNA 11049 5.1. Functionality from the Polymer 11070
3.2.2. Polymer Decoration of DNA Nanostruc- 5.2. Functionality Based on DNA 11072
tures 11053
3.3. Chemistry of DNA—Polymer Conjugates
Postcoupling 11056 Special Issue: Polymeric Biomaterials %@%ﬁgﬁ;
3.3.1. Chemistries on the Polymer 11056 Received:  October 2, 2020
3.3.2. Chemistries on the DNA 11056 Published: March 19, 2021
34. Characterization of DNA—Polymer Conju-
gates 11056
4, Supramolecular DNA—Polymer Complexes 11058
. . © 2021 The Authors. Published by https:t/dol org/10.1021/acs.chemrev.0c01074
VACS Publications meriean Chemical S 11030 Chem. Rev. 2021, 121, 11030-11084

135



Chemical Reviews

pubs.acs.org/CR

Review

5.3. Synergistic Functionalities 11073
6. Conclusions and Outlook 11076
Author Information 11076
Corresponding Authors 11076
Authors 11076
Author Contributions 11076
Notes 11076
Biographies 11077
Acknowledgments 11077
Abbreviations 11077
References 11078

1. INTRODUCTION

The genetic code, one of the most prominent molecular
monuments in nature, is a technological wonder from the
perspective of both structural biology and macromolecular
chemistry. Within this massive covalent structure twinned
supramolecularly by its complementary sequence, the central
dogma of biology operates with unrivalled precision that
features nature’s evolutionary prowess. Chemically speaking,
the genetic code is a set of colossal chains of DNA in which the
diversity of life is governed through the sequence information
stored within the DNA nucleobases (adenine, cytosine,
guanine, and thymine).

Although its biological role and impact are clearly
unambiguous, DNA has a different facade in the synthetic
world—collectively known as DNA nanotechnology. Taking
advantage of how the alignment of nucleotides can be woven
differently with multiple intersecting chains not present in
nature, nanoscale structures can be tailored with near limitless
geometric possibilities. From straightforward shapes such as Y-
shaped DNA-crossovers and multiarm Holliday junctions to
complex folding technologies such as DNA origami, these
platforms have made revolutionary advances in biophysics,
photonics, nanomedicine, and materials science. This is
primarily due to how DNA architectures grant the capability
to position two or more (macro)molecules/nanoparticles of
interest within a designated 3D space and orientation at
nanometer resolution, The level of precision, coupled with the
ease of DNA hybridization methods, has resulted in their
widespread accessibility across all disciplines.

Nonetheless, while DNA-based technologies receive their
deserved accolades within the scientific community, its
relatively poor stability and restriction toward aqueous
medium containing Caz"/Mg2+ has been a glaring limitation
to its potential. As such, significant attempts to stabilize DNA
structures involving the conjugation of polymers, hydrophobic
molecules, nanoparticles, or even higher ordered DNA weaving
strategies have been achieved to protect the DNA
phosphodiester bonds from hydrolysis. Interestingly, these
approaches very often result in the creation of novel materials
with unique characteristics and structures due to the
differences between the physical properties of the DNA and
its attached motif. Naturally, higher ordered architectures
resulting from hydrophilic/hydrophobic interactions are
among the most abundant, with morphologies including
micelles, vesicles, and tubes. The dimensionality of structures
from 1D to 3D can be customized by increasing the complexity
of the DNA component, ie. from single stranded DNA
(ssDNA) to multiarm double stranded DNA (dsDNA) to
space-filling DNA origami. By exploring the influences of
synthetic (macro)molecules on a non-natural, yet geometri-

cally precise object, exclusive lessons on self-assembly,
patterning, and interactions across 3D space can be learnt.

In this respect, polymer chemistry plays a crucial role in
conferring additional properties to the already broad repertoire
of capabilities demonstrated by DNA. Here, the near limitless
capacity for monomer design coupled with recent advances in
radical polymerization methodologies under mild aqueous
conditions offers a fertile avenue for the development of novel
polymer—DNA conjugates in years to come. Hence, one can
easily envision the overwhelming extent of possibilities fusing
polymer-based technologies, ie. block copolymers, sequence
defined polymers, and immolative polymers with DNA
engineering.

Furthermore, the influence of DNA technology on synthetic
chemistry is not solely limited on the nanoscale. By mimicking
how nature uses DNA as a template for the proliferation of life,
synthetic molecules can be designed to assemble similarly
along a chain of ssDNA thereby transferring the sequence
information provided by the template DNA onto the newly
formed synthetic polymer chain. Beyond the recruitment of
small molecules or polymer precursors based on the
recognition of the nucleobases, DNA can be used to template
polymer synthesis by functioning as a reactive center either as
an initiator or a catalyst. In general, each part of the DNA—the
nucleobases, the negatively charged phosphate-deoxyribose
backbone, the major/minor grooves of the double helix, as well
as the 5'/3" termini—is an attractive resource. Exploited
differently, these parts of the DNA have expanded the breadth
of polymer chemistry and provided alternative routes to
fabricate nanoscale architectures.

2. CHEMISTRIES ON DNA

Native DNA is a rather chemically inert structure due to the
lack of functional groups and the requirement to largely
conserve the base-paring region to maintain function. Through
the motivation of DNA nanotechnology, it can now be
functionalized through the incorporation of reactive handles,
typically included at the 3'/5’ termini as unnatural nucleotides
or via unconventional means such as electrostatic complexation
or intercalation. Consequently, the plethora of chemistries
achievable on DNA has expanded and has been reviewed
recently.' In this section we will focus on the chemistries
relevant to the synthesis of DNA applicable to DNA—polymer
conjugation. Specifically, we will discuss the possible
techniques to install reactive handles and the challenges to
adapt each chemistry for DNA synthesis. These functional
handles can be divided into different categories where the
target motif can be introduced through covalent modifications
or noncovalent interactions with the DNA structure (Figure
1).

2.1. Solid Phase Synthesis

To incorporate covalent handles on DNA, depending on where
the desired modification is situated, the attachment of the
reactive group can be conducted during or at the end of DNA
synthesis. For the synthesis of an oligodeoxynucleotide (ODN)
a solid phase approach, employing phosphoramidite chemistry,
is typically adopted. Phosphoramidite chemistry was first
developed in the 1980s by Caruthers and co-workers and,
through the optimization and employment of a solid support,
resulted in the high yielding automated system used I:()d:a)«'.z"1
The solid support employed as the accepted standard is the
controlled pore glass (CPG) bead. The CPG bead provides a

https://doi.org/10.1021/acs.chemrev.0c01074
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Figure 1. Approaches to synthesize DNA with functional handles applicable for polymer conjugation. Three approaches have been highlighted:
solid phase synthesis through phosphoramidite chemistry, the subsequent in solution modifications of solid phase synthesized DNA for additional
handles, and the complexation of small molecules and polymers through noncovalent interactions.
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phosphoramidites bearing chemical handles for column modification or downstream conjugation. Two examples of protecting groups,

DMT and 2-

chlorotrityl, are shown in red, and each functional group (aminooxy, carboxylic acid, and alkyne groups) is highlighted in blue.

high surface area to offer numerous attachment points in
addition to a high stability to chemical environments.*’
Polystyrene (PS) beads can also be adopted for the solid phase
approach offering highly efficient synthesis at the nanomole
scale.”” The solid phase synthesis method cycles through
coupling, capping, oxidation, and deprotection steps for the
addition of each nucleotide (Figure 2A). Once the cycles are
complete, the furnished ODNs are deprotected and cleaved
from the CPG using a solution of ammonia. In this way,
phosphoramidite chemistry provides an approach to synthesize
any sequence of DNA up to approximately 200 bases. For
DNA—polymer conjugates, ODNs are often shorter than 30
bases; therefore, this method does not pose as a limitation to
the length and sequences attainable.

Importantly, phosphoramidite chemistry is not limited to
natural nucleotides. Internal modifications can be incorporated
through modified phosphoramidites as well as modifications at
the 5-end. The chemical synthesis of ODNss is performed from
3’ to 5'; thus, 3'-end modifications are integrated through
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functionalized supports which the ODN chain can grow from.
Modified phosphoramidites were developed alongside the
described method producing varymg nucleobase, sugar, and
phosphate backbone moieties.” Although modifications can be
integrated at several positions on the nucleotide, functional
handles at the 3'- and 5’-end are most relevant to DNA—
polymer synthesis for the production of diblock copolymers.
5'-terminus-functionalized phosphoramidites include reactive
handles such as amines,” carboxylic acids, ™ allqrnes,11 and
thiols.'"'* Each functional moiety must be compatible with
phosphoramidite chemistry and may also require protection
during the coupling process.

There are several protective groups, including dimethoxy-
trityl (DMT) for amines and 2-chlorotrityl for carboxylic acids
(Figure 2B), which can be employed to incorporate these
functional groups. Several moieties can be incorporated
without protection and can therefore be readily modified “on
column”—an advantageous attribute to grant access toward
solid phase polymer coupling. Alkyne moieties, such as

https:/doi.org/10.1021/acs.chemrev.0c01074
Chem. Rev. 2021, 121, 1103011084
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dibenzo-cyclooctyne (DBCO), a strained alkyne capable of
copper free click chemistry, are incorporated at the 5’-end, and
standard unstrained alkyne groups can be included at the 3'-
terminus through bead modifications prior to the solid phase
synthesis (Figure 2B). Hydrophobic and hydrophilic linkers
are available in the form of alkyl chains and ethylene glycol
units, respectively, to link the described functional handles to
the phosphoramidite.

The incorporation of the functional groups described above
into the DNA makeup provides an avenue to synthesize DNA
for conjugation to preformed polymers. Where polymerization
directly from DNA is desired, the polymerization initiators,
agents or monomers, must be attached prior to polymerization.
Atom transfer radical polymerization (ATRP) initiator
phosphoramidites are not available commercially; however,
several can be synthesized and have been incorporated through
solid phase synthesis prior to deprotection and cleavage,
demonstrating a feasible method to attach initiator moieties to
ODNs.'*'" A two-step reaction can conjugate the initiator
group to the phosphoramidite moiety, now available for solid
phase attachment, followed by cleavage and deprotection in
ammonia, This method provides an automated route to
synthesize ODNs bearing ATRP initiators. However, the
attachment of reversible addition—fragmentation chain transfer
(RAFT) agents prior to deprotection and cleavage is not
possible due to its instability in ammonia. Similarly, the
norbornene-phosphoramidite is also not available commer-
cially; however, its synthesis and consequent incorporation has
been established.”> In this case, two modified nucleoside
phosphoramidites as well as the 3'-functionalized column were
synthesized demonstrating the versatility and ability to choose
the position of the norbornene moiety, Modifications in the
base pair region may not be optimal due to conformation
r.lyrlan'lics,ls in addition to sterics and charge repulsion from
the overall DNA structure. Thus, to ensure the functional
group is positioned externally (ie., protruding the major or
minor groove) on the DNA structure, the S-position on
cytosine and the 4-O-position on thymidine were adopted for
the modification. These developments achieved through
phosphoramidite chemistry have enabled the initial vision
and future realization of covalent DNA—polymer synthesis.

2.2. In Solution

For several functional groups, such as RAFT agents, the
corresponding phosphoramidite is either not commercially
available or is not compatible with the solid phase synthesis
process. However, the chemical handles available through solid
phase synthesis can be postmodified after column cleavage to
position the unattainable groups. Although the chemistry itself
is simpler than the synthesis of a phosphoramidite,
unprotected DNA is a polyelectrolyte and requires an aqueous
solvent system (e.g, a Tris buffer of pH 8), which can present
a new challenge. However, if organic solvents are required for
the coupling reaction, surfactants can be employed through
complexation to mitigate DNA's incompatibility with hydro-
phobic compounds.'” Many coupling reactions have now been
demonstrated on functional handles, such as amines, thiols,
and alkynes, which were previously incorporated during solid
phase synthesis. As native DNA does not bear specific sites for
chemoselective reactions, these compatible handles must be
incorporated prior to column cleavage through the phosphor-
amidite chemistry described above. The conjugation of these
functional ODNs with small molecules (for example,

fluorophores) has enabled the establishment of common
procedures and reagents for coupling in the presence of
unprotected DNA." For a more efficient conjugation of DNA
to polymers, several moieties are of interest that are not
available as phosphoramidites for solid phase synthesis. For
instance, norbornene—tetrazine chemistry was established as
an efficient self-reporting method for DNA—polymer con-
jugation; therefore, the modification of a reactive ODN to bear
these specialized functions was desired."” Both functional
groups are not available as a phosphoramidite commercially
(although the synthesized ODNs are now available); however,
the synthesis in solution has been demonstrated (Figure 3).1%
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Figure 3. Solution-based modification of ODNs for functional handle
attachment. (A)—(D) The attachment of RAFT agents,
(((butylthio )carbonothioyl)thio)propanoic acid (BTPA) and 4-
cyano-4-(phenylcarbonothioylthio)pentancic acid (CPADB), to
ODNs through amide coupling chemistry with NHS and penta-
fluorophenol (PEP) activated carboxylic acids. (E) NHS-activated
coupling of tetrazine to amine DNA. (F) Amide coupling of
norbornene-carboxylic acid with amine DNA. Coupling reagents
include diisopropylethylamine (DIPEA), l-ethyl-3-(3-
(dimethylamino )propyl)carbodiimide (EDCI), and 1-hydroxybenzo-
triazole (HOBt), and solvents include dimethylformamide (DMF)
and phosphate buffered saline (PBS).

The reactions were performed in a dimethylformamide
(DMF)—phosphate buffered saline (PBS) 1:1 v/v solution to
ensure solubility and stability of both the unprotected ODN
bearing a carboxylic acid or N-hydroxysuccinimide (NHS)
functional handle and the small molecules.'® In this case, the
now adapted functional end-groups were available for direct
conjugation with a presynthesized polymer.

The examples described so far document the secondary
modification of native DNA to bear functional handles for
covalent conjugation of DNA with presynthesized polymers.

hitps//dol.org/10.1021/acs chemrev.0c01074
Chemm. Rev. 2021, 121, 11030-11084
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For polymerization to occur from DNA (grafting from
approach), the polymerization initiator or agent must be
anchored to the DNA structure. Although the synthesis of
ODNs bearing ATRP initiators has been realized through
phosphoramidite chemistry, in contrast, RAFT agents cannot
be conjugated prior to the deprotection and cleavage steps.
Postmodification cannot take place on the solid support and
must be conducted in solution after cleavage. This synthesis
was demonstrated through the postmodification of amine
DNA with NHS or pentafluorophenol (PFP) activated-RAFT
agents, i.e. (((butylthio)carbonothioyl)thio)propanoic acid
(BTPA) and 4-cyano-4-(phenylcarbonothioylthio)pentanoic
acid (CPADB) (Figure 3)."” Such reactions were each
performed in a DMF—PBS 1:1 v/v solution and demonstrated
efficient yields to position RAFT agents on ODNs. These
methods demonstrated the ability to synthesize ODNs bearing
a wide range of functional groups for either direct polymer
conjugation or growth through RAFT polymerization, aiding
the widespread development of DNA—polymer function and
application. Nonetheless, the examples described here each
adopt an amine-functionalized ODN and therefore do not
explore the plethora of coupling chemistries available to
position functional groups not available as phosphoramidites.
Through the continuous expansion of click chemistry and
bioconjugation, the possibilities for ODN functionalization
with synthetic macromolecules can be perpetually expanded.

Additionally, in this section we have highlighted the
approaches adopted for reported conjugations, which each
require a functional handle from solid phase phosphoramidite
synthesis. However, the functionalization of DNA is not
limited to this method. Chemical handles can also be
incorporated through DNA polymerase extension with
modified deoxynucleotide triphosphates (dNTPs). The
employment of modified INTPs opens an alternative toolbox
to incorporate non-native functional groups through enzymatic
synthesis.” Although this approach has not been employed for
DNA—polymer synthesis, efficient incorporation and subse-
quence coupling has been established,”" demonstrating an
opportunity for alternative conjugation methods with poten-
tially improved yields and diversity.

2.3. Complexation

In addition to the portfolio of covalent chemistries available to
the reactive groups of DNA, noncovalent approaches
exploiting the structural elements of DNA offer an alternative
route for DNA functionalization. Native dsDNA is a highly
charged molecule, formed through many noncovalent inter-
actions which can be exploited for noncovalent complexation.
ssDNA forms the duplex through hydrogen bonding and van
der Whaals forces, 7—n stacking, and hydrophobic effects in
addition to the entropically favorable disorder of water
molecules. These interactions present opportunities for
noncovalent dynamic binding of small molecules to the
major and minor groove, between base pairs and to the
phosphate backbone (Figure 4). Through these binding
modes, there is the potential for noncovalent interactions to
be used to anchor functional groups as well as to complex
whole polymers. In contrast to the covalent conversions
described above, noncovalent complexation is a highly
dynamic assembly that does not require chemical modifica-
tions to the intrinsic DNA makeup.

The capability to employ electrostatic interactions with the
charged backbone generates a simple method for cationic
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Figure 4, Noncovalent complexation sites of dsDNA. The minor and
major groove, base stacking, and charged phosphate backbone have
been highlighted.

molecules to bind to the sterically available anionic groups on
DNA. The charged backbone plays many important roles in
nature, such as guiding proteins and ligands to designated
positions,” for example through the supramolecular assembly
of DNA with the positively charged histone protein. These
intrinsic interactions inspired the employment of the
phosphate backbone for DNA—polymer conjugate synthesis.
To afford this interaction, a reduction in ion—ion repulsinn is
required where stabilization with Group 1 and 2 counterions is
commonly used. Thus, equally for the interaction with
polymers, ion displacement must occur. A huge charge
repulsion must be overcome in comparison to other biological
molecules, such as proteins, which are commonly neutral or
have low charge counts, This is evidenced by the thermal
energy required to bring two DNA molecules into proximity
where electronic repulsion is 100X increased without the
presence of counterions.”® Due to the dynamic nature of DNA
interactions, it is difficult to study the ion sphere to understand
precise interactions;” however, the Poisson—Boltzmann
equation can be employed to describe the relationship between
a charged molecule and the counterions in solution to provide
information about the ion—ion interactions.”*** Qverall
physical properties of the DNA—polymer product, such as
zeta potential and morphology, can also be analyzed to predict
the complexation interactions. The interaction of polycationic
polymers with DNA has gained interest due to the increased
ambition to deliver DNA to cells as potential therapeutics. The
dissociation of DNA—polycations through the addition of
counterions can probe the effect of ionic strength on the
polymer interactions.”® Several counterions of varying anion
and cation units were added to DNA—polycation complexes,
revealing the Group 2 ions, Ca’* followed by Mg*, as the
strongest dissociators in comparison to the Group 1 ions.
Anion competitors were also studied showing the larger and
less electronegative 1™ caused the greatest effect on polymer
dissociation followed by Br~, Cl~, and F ¢ Conversely, the
study of polymer binding has also been performed exposing an
important note—the binding of cationic polymers to DNA
reduces the overall charge and thus alters the hydrophobicity.”

Therefore, balancing the concentration of cationic polymer
units to DNA’s anion charges has crucial implications for
solubility and aggregation. Full neutralization of charge leads to
DNA condensation, which, depending on the application

hitps//dol.org/10.1021/acs chemrev.0c01074
Chemm. Rev. 2021, 121, 11030-11084
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desired, can have implications, such as steric hindrance of
reactive sites. Similarly, the pH has large consequences on
binding strength and, accordingly, the ability to form
complexes.”® A lower pH can yield a higher degree of binding
as observed by the smaller and more tightly packed
morphology in comparison to the larger structures observed
at a higher pH—a lower pH yields a higher extent of
ionization.”® In addition to the ion displacement, the shape of
the polymer also has an effect on DNA complexation.”” The
work of Tang and Szoka employed several polymers of similar
molecular weight but varying degrees of branching to
investigate complexation with DNA.* Interestingly, the
unordered branched polyethyleneiminie yielded average
complex diameters of 90 nm, which is approximately 5% of
the linear polylysine complex average diameter of 2000 nm.
Thus, the shape can dictate both the polymer packing and the
condensation of DNA. An understanding of the structure and
charge effects of cationic polymer binding to DNA can aid the
design and choice of the respective polymer to avoid undesired

mn

035

structure deformation and to ensure applicability for the
desired function.

Groove binders have become a major target for small
molecule and protein binding for therapeutic action.”” Many
natural products have been discovered that offer native
antibacterial or anticancer properties through groove binding
and grant insight into structural qualities appropriate for
association,”” Through the desire to understand the interactive
pockets, the precise interactions have been revealed and can
therefore be utilized for future therapeutic designs. Groove
binders can target either the major or minor groove (Figure 4)
through several noncovalent interactions, consisting of hydro-
gen bonding and van der Waals and electrostatic interactions.
Each base pair provides a different environment through the
varying electrostatic effects, groove width, and depths.
Therefore, selective binding can be employed; for example,
small molecule binding tends to prefer AT rich regions due to
the increase in van der Waals forces provided through the
deeper pocket.“0 Additionally, the minor groove offers a tighter

httpsi/dei.org/10.1021/acs chemrev.0c01074
Chem. Rev. 2021, 121, 1103011084

140



Chemical Reviews

pubs.

acs.org/CR

Review

pocket, attracting small molecules or polymer chains bearin;
small monomer units, such as poly(pyrrole) and polyamides,’
that are either cationic or neutral’” Due to the many
interactions possible, binding is afforded through several
mechanisms. Specific interactions include H-bonding with
the sugar C1, purine N3, and pyrimidine N1 as well as the base
pairing moieties.”” Additionally, shape selective binding due to
molecular curvature is also apparent, where molecules match
that of the native DNA structure.” All these parameters
brought together lead to a high degree of target specificity.
Larger molecules, such as proteins and carbohydrates,
recognize and bind in the major groove. Although there are
more donor and acceptor sites in the major groove providing
the platform for stronger overall enthalpic interactions, fewer
natural examples of major groove binders are described.’
Aminoglycosides are nonaromatic molecules which preferen-
tially bind to the major groove of B-DNA due to the
dimensions and hydrogen bonding opportunities.”’ Although
initial interactions may be with the phosphate backbone,
studies employing a triplex DNA structure demonstrated the
competitive release of the third strand on the addition of an
aminoglycoside dimer, implying major groove binding of the
aminoglycoside structure.”** A fundamental interaction is the
protein—DNA dynamic binding with the major groove. In this
case, the noncovalent H-bonds and salt bridges allow a
reversible binding and release for processes, such as tran-
scription and gene regulation. The functional groups on the
bases and ribose sugar provide several H-bond donor and
acceptor sites. A detailed analysis of structure relationships has
been reviewed previously by Thornton and co-workers.™
Although current approaches to DNA—polymer conjugation
do not directly employ groove binding, understanding the
interactions will guide future designs to improve polymer
interactions through structure optimization as well as position-
ing groups for functional anchors along the backbone. Proteins
and aminoglycosides both offer many H-bonding sites in
addition to positively charged residues to overcome repulsive
forces. Through this knowledge, polymer design can be
molded to encompass these attributes. However, it is
important to also consider the structural distortions groove
binding can have on the B-DNA structure. Groove binders that
possess a strong overall binding enthalpy that outweighs the
conformational changes can induce a fit.”” Depending on the
specific application of the DNA, these structural changes may
hinder downstream interactions.

‘While the backbone and grooves offer external interactions
with DNA, the structure also offers the conformational
flexibility to exploit the base pair stacking to complex small
molecules within, 7—n stacking interactions between planar
aromatic purine and pyrimidine rings and aromatic molecules
are possible and have been discovered in many natural
products.”” Natural product functions have consisted of several
inhibitory roles which may act through allosteric interference
of protein binding,” influencing the development of anticancer
drugs.* Similar to groove binding, intercalators can cause
conformational changes, such as extension. This extension is
useful to determine binding through length changes; however,
it may also alter recognition and function of DNA as a genetic
material."’ Intercalators, forming a mono- or bis-intercalation
between one or over two base pairs, respectively,'® have been
developed either for anticancer agents or as fluorescent dyes to
visualize or quantify DNA.***" Several key features aid the
association, such as a positive charge as present on ethidium

11036

141

bromide (Table 1) and three or four conjugated rings. As well
as the stacking interactions, complementary dipoles can also
increase association strength. The aromatic nature provides a
plethora of reaction conditions to perform substitution
reactions to anchor reactive handles on the intercalator
backbone.” These substitution reactions can yield reactive
handles for polymer coupling prior to intercalation allowing
the possibility of direct noncovalent conjugation of preformed
polymers throughout the DNA duplex.*” Prior to polymer-
ization, a two-step synthetic approach was demonstrated
employing 9-chloroacridine as the starting material to yield
the polymerization-agent bearing acridine intercalator (an
example acridine compound is shown in Table 1). Polymer-
ization from the functionalized acridine could then be
performed followed by DNA intercalation. Intercalation was
noted with each polymer—acridine conjugate; however, there
was an effect on the association constant depending on the
polymer employed (Table 1). The authors attribute this effect
to the molecular weight and structure of the polymer where
varying hydrophobicity and side-chain makeup have been
explored.” An alternative intercalator is psoralen, a 3-ringed
furanocoumarin monointercalator (Table 1), commonly
adopted to cause mutagenesis under ultraviolet (UV) light."”
Psoralen intercalation occurs preferentially through thymine
interactions, although the presence of substituents can shift the
precise positioning.'\“ Similarly to acridine, functional handles
can be positioned to provide anchors for conjugation of
polymers. Specifically, a trimethylpsoralen was functionalized
with a terminal amine to afford amide conjugation with an
NHS polymer.’®* Once conjugated, the psoralen can
intercalate with the dsDNA, yielding a noncovalent DNA—
polymer interaction. So far in this section, the two examples
have demonstrated the direct assembly of polymers with DNA
through covalent polymer conjugation with an intercalator.
Although binding was noted in each case, a reduction in
association strength was also exhibited.*” To ensure efficient
binding, an alternative approach where intercalators bearing
functional handles are assembled with DNA prior to polymer
conjugation can maintain binding strengths. This was
demonstrated with proflavin, an acridine derivative, which
can undergo modification to produce a diazide, positioning the
functional handles in the major groove."' The addition of these
functional groups reduced the binding by 10-fold (Table 1).
However, by a further modification to produce methyl
proflavindiazide, the binding strength is returned to the same
magnitude as the unmodified prctﬂa\rirl.“‘1 Once intercalated,
the click reaction is then feasible with alk}me—bearinﬁ
molecules, such as the 5-pentynyl-thienyl-pyrrol monomer.”
By positioning the polymerizable monomer in the major
groove, templated polymerization along the DNA backbone
can now be envisaged.

In the complexation interactions described above, each
mechanism is explored individually; however, for several DNA
binders, multiple interactions are involved. A commonly
adopted example is the combination of intercalation and
groove binding of antibiotics bearing peptide groups which
reside in the minor gmove.Sl Triple interactions have also been
noted; for example, the conjugate neomycin-Hoechst 33258
pyrene exhibits a neomycin major groove interaction, a
Hoechst 33258 minor groove interaction, and a pyrene-
intercalator.”® Importantly, the introduction of conjugate
moieties increased the binding constant up to 10-fold in
comparison to the individual small molecule (in this case,

https://doi.org/10.1021/acs.chemrev.0c01074
Chem. Rev. 2021, 121, 11030-11084



Chemical Reviews pubs.acs.org/CR

Oligonucleotide
conjugates

DNA-polymer
interactions

Patterning

&

Figure 5, DNA—polymer conjugate synthesis summary. Conjugates are categorized as covalently or noncovalently bound, Covqlent]y bound
structures can be conjugated either in solution by combining an ohgonudwhde with either a linear polymer or a polymer brush.’ 435 Reproduced
with permission from ref 54, Copyright 2016 American Chemical Society.”® Reproduced with permission from ref 55. Copyright 2015 A.mencan
Chemical Society. Solid supports, such as beads and DNA nanostructures, can also be adopted to provide a platform for the conjugation.™
Reproduced with permission from ref 56. Copyright 2018 the Royal Society of Chemistry. Reproduced with permission from ref 57. Copyright
2016 John Wiley and Sons. Alternatively, the conjugates can form through noncovalent interactions, such as templatmg.’ﬂ‘w Reproduced with
permission from ref 58. Copyright 2011 the Royal Society of Chemistry. Reproduced with permission from ref 59. thyﬂ'ght 2013 Springer Nature.
Nonspecific interactions through complexation in addition to patterning of polymers on DNA are also possible.”’** Reproduced with permission
from ref 60. Copyright 2016 the Royal Society of Chemistry. Reproduced with permission from ref 61. Copyright 2017 Springer Nature.
Reproduced with permission from ref 62. Copyright 2018 John Wiley and Sons. Reproduced with permission from ref 63. Copyright 2014
American Chemical Society. Reproduced with permission from ref 64. Copyright 2020 John Wiley and Sons.
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3. DNA—-POLYMER SYNTHESIS 6«

Polymerization was first noted in the 1800s and has since
developed to produce the synthetic polymers commonly used \g\ \E\I\
today, such as PS and Nylon (Figure 6). Due to the structural
prospects, diblock copolymers have gained growing interest PEOMA pDAAm

and can be designed to form many nanostructures, such as Figure 6. Examples of commonly used polymers for DNA—polymer

micelles and vesicles. Through the advancements of living conjugates: PEG, poly(ethylene glycol); PPO, poly(propylene oxide);
polymerization techniques, polymer length dispersity is now PI, poly(isoprene); pMA, poly(methyl acrylate); pMMA, poly(methyl
reduced and has enabled the synthesis of copolymers for methacrylate); pNIPAM, poly(N-isopropylacrylamide); PEOMA,
lithography and many controlled nanostructures. Combining poly(ethylene oxide methyl ether methacrylate); pDAAm, poly-

DNA with synthetic polymers enriches functional properties (diacetoneacrylamide); PS, polystyrene.

through the combination of the hydrophobic/hydrophilic

nature of the polymer and the ease of further functionalization the platform to control the synthesis of polymers as well as
through the complementary DNA sequence. DNA is a highly their spatial organization. Here, we will discuss the recent
programmable entity with a plethora of structures, providing advancements, the challenges, and possible solutions to

11037 https://dol.org/10.1021/acs chemrev.0c01074

Chemm. Rev. 2021, 121, 11030-11084

142



Chemical Reviews

pubs.acs.org/CR

Review

Propagation Py + M

@ Reducing agent (B) ation
cullX,L, Radical initiator
n
. Kact
Pp=X *+ CuXL, ——=—=— P,* + CulXsl,
kaaanl s
K f equilibrium
M
(© PP,
Initiation

— +@_~g—wv

Propagation

T g e o

MW ¥ /\O/\\__,_:(:m
N n

Termination

Termination Pn~ + Px

—= 20 +M —= P

RAFTpre-  p o .77 "~ Y — iR
z z
Re-initiation R- + M —— Py-

; S._S-P, Pa—S...8—Py P,—S._S
RAFT main - 77 T YT L T ey,
equilibrium " " z

Figure 7. Living polymerization techniques appropriate for DNA—polymer synthesis. (A) Schematic of Cu-catalyzed ATRP. The transition metal
catalyst, here Cu, is reduced to activate and initiate the radical. Polymer propagation (K,) occurs through radical polymerization of reactive
monomers. Termination (k) proceeds through the combination of reactive polymers. Catalysts are oxidized through the activation step and can
deactivate either through the more prominent deactivation or by the reducing agent. The equilibrium between activated (k,,) and deactivated
(Kgeaer) states is determined by the catalyst used. (B) RAFT polymerization mechanism where I = initiator, M = monomer, P = polymer, Z = radical
stabilizing group, and D = dead polymer. (C) ROMP employing a metal catalyst for coordination to a strained alkene for olefin metathesis.
Termination can be performed by the addition of ethyl vinyl ether to coordinate to and remove the metal catalyst.

synthesize DNA—polymer conjugates. DNA—polymer con-
jugates can be categorized through their interaction, either
covalent or noncovalent, and through the DNA structure, from
ODNs through to nanostructures, such as DNA origami
(Figure S).

3.1. Covalent DNA—Polymer Conjugates

There have been large developments in the synthesis of
covalent DNA—polymer conjugates; however, several limi-
tations have hindered progress. We will first introduce the
polymerization methods employed for DNA—polymer con-
jugate synthesis and highlight the limitations of these methods
in addition to the challenges of combining synthetic polymers
with DNA. Through this discussion, we can build a greater
understanding of the progress made in this field through
solution- and platform-based conjugation methods which are
described in this section,

3.1.1. Polymerization Methods. There are several
polymerization methods applicable to DNA—polymer con-
jugates, including anionic, cationic, ring-opening, and free
radical polymerizations. Free radical polymerizations are most
commonly adopted for linear polymer synthesis for DNA—
polymer conjugates where the equilibrium required to
accomplish reduced mass dispersity was first demonstrated
through ATRP. ATRP was invented in 1995 and employs an
alkyl halide as the initiator along with a redox-active catalyst
(Figure 7A).°%%° Here, the equilibrium is determined by the
rate of activation and deactivation of the propagation reaction,
where deactivation must be greater than activation to maintain
a low concentration of radical species. The first examples of
ATRP required a metal catalyst, which initially led to
developments involving reducing agents to reactivate the
metal center to reduce the required metal concentration;
however, it could not be removed entirely. Metal free ATRP
was later developed and employs an organic redox-active
catalyst, therefore reducing the biological toxicity of the
reaction and increasing the compatibility of ATRP for DNA
conh.lgation,('7 RAFT polymerization was developed shortly

11038

after ATRP and is also performed metal free. RAFT proceeds
by a radical polymerization mechanism in the presence of a
chain transfer agent (CTA) to afford the necessary equilibrium
for reduced mass distribution (Figure 7B). The added chain
transfer step redistributes the radical to allow an equal
probability for all chains to grow. Importantly, RAFT
polymerization end-group chemistry is readily available
through the liberation of the thiol group in the transfer
agent. Although ATRP and RAFT are the most prominent,
ring-opening polymerizations (ROPs), such as ring-opening
metathesis polymerization (ROMP), have also been applied to
polymer synthesis for the production of DNA—polymer brush
structures,. ROMP occurs through olefin metathesis of a
strained alkene, which drives the reaction (Figure 7C). Here, a
metal catalyst is employed to form an open coordination with
the alkene followed by a [2 + 2] cycloaddition. The catalyst,
again, provokes challenges for purification and side reactions.

The synthesis of covalently bound DNA—polymer con-
jugates has seen large developments, now enabling the
controlled synthesis of diblock copolymers consisting of
many combinations of polymers and DNA nanostructures.
The synthesis of DNA—polymer conjugates can be categorized
into three methods: grafting from, grafting to, and grafting
through (Figure 8). Grafting from occurs when the polymer-
ization initiator is covalently bound to the DNA followed by in
situ polymerization, whereas for grafting to, the polymer and
DNA parts are presynthesized prior to conjugation. Grafting
through encompasses the polymerization of macromonomers
bearing a polymerizable group to synthesize polymers with
defined side chains. Each approach bears advantages—grafting
from exhibits the greatest attachment chemistry and therefore
largest density,“ whereas grafting to allows thorough polymer
characterization prior to conjugation and polymer choice is
broader (the polymerization occurs in the absence of DNA—
the reaction can occur in larger scales, in many solvents, and
using different monomers). Grafting through is employed less
frequently; however, it can efficiently synthesize many brush or

hitps//dol.org/10.1021/acs chemrev.0c01074
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Figure 8. Commeon approaches to synthesize DNA-—polymer
conjugates. (A) Grafting to, ie. polymerization in isolation from
DNA, prior to covalent attachment and grafting from, i.e. polymer-
izing from an initiator covalently attached to the DNA. (B) Grafting
through—polymerization of monomers either with the ODN already
conjugated or with a functional group for postpolymerization
conjugation.

hyperbranched structures. Nonetheless, each approach has
drawbacks to either the yield or breadth of polymer conjugates
achievable. These drawbacks can be accounted for by both the
use of DNA in this system and also the polymerization
conditions.

3.1.2. DNA—Polymer Conjugate Synthesis Limita-
tions, Through the advancement of the polymerization
methods described above, polymer synthesis, itself, is a highly
established technique, which has been optimized for many
monomer and polymer types. In parallel, the expansion of
bicorthogonal chemistry has provided a plethora of con-
jugation reactions between modified DNA and a variety of
molecules, providing ample resources for DNA to polymer
conjugation reactions. However, for DNA—polymer conju-
gates, there are several limitations due to the combination of
these two materials in one reaction pot because they can each
provide contrasting properties. In the approaches discussed
here, DNA is present either in the conjugation reaction
(grafting to) or in the polymerization reaction (grafting from).
DNA is a highly ionic molecule requiring an aqueous
environment which is readily compatible with hydrophilic
monomers and polymers; however, hydrophobic monomers
and polymers require a solvent mixture to enable solubility.
Organic solvents are commonly poor liquids for DNA, altering
hydrogen bonding, polarity, and hydrophobicity.*” Specifically,
solvents consisting of longer or alkyl-substituted chains cause
the greatest disruption.”” Consequently, initial studies employ-
ing the grafting to approach reported low _}iields for the
conjugation of hydrophobic polymers to DNA. ! However, as
hydrophobic polymers also pose great interest, several groups
have established improved methods such as DNA protection
with counterions or sophisticated coupling chemistries.' """ A
thorough investigation into possible coupling reactions
between DNA and poly(N-isopropylacrylamide) (pNIPAM)
was performed by O'Reilly and Wilks."” They found amine
coupling and thiol—ene Michael addition reactions did not
synthesize the correct product in organic solvents or were not
reproducible. In each case, several solvents were trialed
including DMEF, dimethyl sulfoxide (DMSQ), acetonitrile
(ACN), and tetrahydrofuran (THF).

Similarly, the grafting from approach also favors hydrophilic
monomers. An example employing DMSO as the solvent to
polymerize methyl acrylate established a method for successful
polymerization. * Polymerization induced self-assembly
(PISA) can also overcome this challenge by the polymerization
of hydrophilic monomers to produce hydrophobic poly-
mers.”>” The use of PISA has been employed to successfully
preduce DNA—hydrophobic polymer conjugates through the
grafting from approach.”

In addition to solvent compatibility, both blocks of the
DNA-polymer conjugate are flexible polymers and can
therefore shield the reactive moiety. Steric effects are observed
when coupling to all forms of DNA—ss, ds, and nanostruc-
tures—although the effects are different for the solution-based
(ss and ds) and solid support (nanostructures and DNA
origami) forms. Additionally, the sequence of ssDNA requires
a fine design to ensure the secondary structures do not hinder
the reactive site. This also applies to dsDNA where the duplex
may be in equilibrium with higher ordered structures. In both
ss- and dsDNA, the sequence can be designed and modeled to
ensure that inhibitory secondary structures are avoided.
Conjugation to DNA origami presents the greatest hindrance
for conjugation. The DNA origami not only burdens the
reaction center with steric hindrance, it also, where multiple
sites are present on one structure, reduces the distribution of
reaction sites in solution and requires a higher local
concentration on the origami. This causes drawbacks for
both approaches; however, grafting from is deemed preferable
to synthesize DNA origami—polymer conjugates as the steric
hindrance is reduced.”” Steric effects are also a large
consideration when coupling to a preformed polymer, ie.
grafting to. In this case, the larger polymers may shield the
reactive handle and therefore reduce the reaction process.

Although the limitations described so far are mainly attained
from the grafting to approach, the grafting from technique
performs the polymerization in the presence of DNA, which
produces additional challenges. When handling DNA, small
volumes are typically employed due to limited resources
(reactive group-bearing oligos are commonly produced in
microgram quantities); thus, when grafting from, small
volumes are also adopted for the polymerization process.
This limitation is mainly apparent as both RAFT and ATRP
techniques are oxygen sensitive and therefore require an
anaerobic environment. The approximate length of polymers
can be controlled by the monomer to transfer agent or initiator
ratio; however, oxygen is a radical scavenger and can therefore
quench the initiated or transferred radical, altering the ratio.
Radical polymerization in the absence of DNA (i.e., polymer-
izations performed prior to conjugation and not employing the
grafting from approach) can be performed in large volumes
and is therefore not limited through the available techniques to
remove oxygen. The most effective method to remove
dissolved oxygen is through N, purging’”> N, purging is
possible in large scale synthesis; however, grafting from DNA is
commonly performed in less than 300 uL, preventing the
efficient use of purging. Similarly, the freeze—pump—thaw
technique, whereby the solution is frozen before a vacuum is
applied to reduce the dissolved oxygen solubility, can take
place in larger volumes, i.e. 1 mL. However, this technique is
again problematic when performing the polymerization in
small volumes, i.e. <300 uL, in the grafting from approach
where the DNA concentration is limited. Volume loss may
compromise reproducibility due to the effects residual oxygen
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Table 2. Polymerization Reactions and Conditions in the Presence of DNA”

DNA Monomers Polymer Technique Gty !:'Zt.zt.alyst/mﬂ'!mf Solvent Volume Ref.
approach  initiator
oy RAFT from EosinY H,0 400 pL Ng, Weil
o O 470 nm (2019) #
hd \g o \NCO o)
I X T
DMAm/ OEGMA pDMAm/ p(OEGMA)
o RAFT from VA-044 f-butanol/ 40 uL Ng, Weil
0. DPBS, pH 6 (2020) ™
| (1:5,v/v)
Ox N Os NH
o I\‘J\D NH @\\I\I}\
JJ A
DMAm/DAAm pDMAm/ pDAAm
iy o= ATRP from CuCl/CuBr,/ H:0 2625uL He
O s bpy 1:0.3:3 (2007)"
be @0
Py :
OEGMA p(OEGMA)
03& OH 6)\ oH RAFT from AIBN H.O 10mL He
ol a (2009)®
Z
(=} 0.. .0 04 -0 0.0
n m
OEGMA/ HEMA p(OEGMA)/ pHEMA
-3\ 03\ ATRP from CuBr:/TPMA  H,O:DMF S5mL Das
o an a9 Ascorbicacid  L:1v/v (2014)1
\5 NaCl
n
OEOMA p(OEOMA)
| ATRP from CuBra/ DMSO 400l Matyjasze
| 0y, .0 Me,TREN wski
07\;0 PI\% UV light (2017)"
X n
MA PMA
ATRP from CuBr2/TPMA  PBS SmL Matyjasze
450 nm light wski
(2018)%
o O RP fom CuBr;/TPMA PBS, pH 6 SmL Matyjasze
\g wski
0. O 050 (2018)*
ATRP from CuBr:/TPMA H.0 SmL Matyjasze
B Ultrasound ‘weki
OEOMA p(OEOMA) (2018)%
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Table 2. continued

DNA Monomers Polymer Technique ity F‘xft‘a.!y i Solvent Volune Ref.
approach  initiator
03& 03\ ATRP from CuBr2/ DMSO 400l Matyjasze
\g \5 MesTREN wski
UVlight (2017)
0. .0 0.0
J
n
OEOQA pOEOA
n H ) Oxidation from LiClO4 H:0 500 pL Teoules7
L 7N Electrical (1994)
"/ H o,
current
pyrrole p(pyrrole)
ROMP through Grubbs catalyst THF 3mL Herrmann
(2nd
n generation) (2014)"7
ﬁb\“onn DN
norbornene-ODN p(norborene)
< R R Oxidative on H.0/ 25uL Pike
E N s M t+-BuOH (2018)*
g A\ 7N n 1:9v/v
:g thienyl-pyrrole p(thienyl-pyrrole)
->\ [)X ATRP from CuBra/TPMA  H.0:DMF 105 pul Wu, Weil
o " i Ll (2016)%"
H n \g ascorbic acid Al
NaCl
X \LOEO
X m
PEGMEMA p(PEGMEMA)
ATRP from CuBr/TPMA H,0:DMF 105ul W, Weil
I — ' ascorbicacid  111V/¥ (2016)
O™y O (o] . 2018)%
o<, oo \g P\y NaCl ( )
g \é ¥ 0500 30
E 05 0030
8 .
Z
a N N p(PEGMA)/
PEGMA/ PEGMEMA p(PEGMEMA)
Z NH Oxidation on Hemin H:0 100l Ng Weil
@ 2018)%642
HO. NH; H:0: ( )
m " TAE/ Mg/ K
HO HO  OH pHS3
dopamine polydopamine™
ZNH Oxidation  on Protoporphyrin H:O sopL Ng, Weil
® IX BIS-TRIS, (2020
HOD/\,NH;, pH6S
n
HO HO  OH Visible light
dopamine polydopamine*

“Polymerizations are performed either from, on, or through DNA regions. DMAm, dimethylacrylamide; OEGMA, oligoethylene glycol
methacrylate; DAAm, diacetoneacrylamide; HEMA, hydroxyethyl methacrylate; OEOMA, oligoethylene oxide methacrylate; MA, methyl acrylate;
OEOA, oligo ethylene oxide acrylate; PEGMEMA, polyethylene glycol methyl ether methacrylate; TPMA, Tris (2-pyridylmethyl) amine; *,

example polydopamine structure.

will have on the polymer length and yield. Additionally, DNA
degradation can occur when the sample is subjected to
repeated freezing and thawing—tension forces are generated
from ice crystals and may lead to strand breakage.w An
alternative method is enzyme degassing—a technique that
enables oxygen sensitive polymerization in air. Glucose
oxidase, an enzyme that converts oxygen to hydrogen peroxide,

11041

can perform successful enzyme degassing for RAFT polymer-
ization in an open, low volume vessel grafting from ODNs.””
Enzyme degassing provides an avenue to explore a wider range
of polymers synthesized through the grafting from approach in
the presence of DNA and in small volumes. However,
purification to remove the enzyme is required after the
reaction if downstream processes are desired. There are also
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other challenges associated with the reduced concentrations
available when working with DNA. Again, polymerization in
isolation from DNA can be performed as optimized; however,
when reactions with DNA for conjugation or polymerizations
from DNA are required, optimal concentrations may not be
possible with the limited amount of DNA (Table 2). This is
more notable when grafting from DNA origami. DNA origami
is commonly synthesized in low volumes (less than 100 yL)
and in low concentrations (approximately 50 nM). Polymer-
izations are optimal at mM concentrations; thus, to overcome
this, sacrificial initiators are required in solution to ensure the
concentration limit is reached.”” Although this allows the
reaction to proceed, polymerization also takes place in
solution, adding competition to the DNA origami surface
polymerization leading to downstream purification challenges.

In addition to the challenges described above, which
originate from the physical and chemical environment, the
absolute control of the polymerization method is still limited.
Nature has the ability to demonstrate sequence defined
polymerization exhibiting control and self-assembly in a
precise and reproducible manner. These characteristics have
inspired attempts to replicate controlled self-assembly with
DNA—polymer conjugates. Several develogments have been
noted by the groups of Liu,*”"® Sleiman,””*" and O’Reilly,”’
establishing bespoke sequence polymerization. However, the
intricacy and length of these polymers is still limited. Although
there are several challenges when synthesizing DNA—polymer
conjugates, several groups have still accomplished many novel
and innovative advancements which will be discussed in the
following sections.

3.1.3. Solution-Based ODN—Polymer Synthesis. The
development of conjugation chemistry has aided the increased
variety of polymers conjugated to ODNs. In this section, we
will describe conjugation reactions between free ODNs and
polymers to synthesize a diblock product with a I:1 ratio
between each block, i.e. conjugations where the ODNs have
been cleaved from the solid support prior to polymer
conjugation. By performing the ODN cleavage prior to the
conjugation reaction, a wider range of chemistries can be
performed as deprotection and side reactions are no longer
limiting,

One of the most direct methods of DNA—polymer
conjugation employs amine-functionalized ODNs and NHS-
activated polymers. Stayton and co-workers demonstrated
successful coupling of pNIPAM monofunctionalized with an
NHS group to a 7-carbon aliphatic amine-ODN.** Due to the
poor solubility of pNIPAM at high temperatures, the reaction
was performed at 4 °C to avoid precipitation in aqueous
environments. Here, the reaction was performed in 10% DMF
with borate pH 9.5, although a successful reaction was also
noted in 20% DMF with borate pH 8.2.%% In 2001, Park and
co-workers employed similar chemistry to conjugate NHS-
functionalized poly(p,L-lactic-co-glycolic acid) (PLGA) to
amine-ODNs in solution.” In water, PLGA degrades due to
its ester linkage; however, by adopting NHS-PEG, reaction in
an aqueous system becomes possible.”'”"”* The comparison
between these approaches highlights the challenge when
conjugating DNA with hydrophobic polymers which may
require organic solvents to dissolve. Additionally, the hydro-
phobic nature of the polymer may cause phase-separation from
the ODN. In another example, Park and co-workers
conjugated PEG to an ODN by amide coupling. In this
instance, an acid cleavable linker was incorporated through an

ethylenediamine intermediate attached between the ODN and
the tertiary amine group providing a route to DNA release in
the acidic environments of cellular compartments.”® This
demonstrates the potential for dynamic and changeable
structures which will be discussed in section 4.2.3. Alter-
natively, to overcome DNA solubility restrictions for
amphiphilic conjugation, Herrmann and co-workers employed
a cationic surfactant to stabilize DNA.'” In the presence of the
surfactant, DNA was soluble in DMF, DMSQO, THF, and
CHCIl; and provided the opportunity for higher yielding
conjugation reactions toward hydrophobic polymers, such as
PPO, PI, and PS. This approach therefore opens great
potential for amphiphilic DNA—polymer conjugate synthesis
in solution.

Michael addition reactions have also been explored for
ODN-—polymer conjugation. Kataoka and co-workers synthe-
sized a conjugate through the thiol—ene Michael addition of
thiol-ODN to acrylate-PEG in tris-buffer pH 8.0 (aqueous). In
each case, either an acetal’ or a lactate” group was present at
the opposite end of the polymer to the acrylate group but both
did not affect the reaction. A similar conjugation was
performed by the same group; however, in this instance, the
DNA was replaced with RNA and the thiol group was
positioned at the 5’-end in contrast to the 3 as in the two
previous examples. Here, the reaction was carried out with
triphenylphosphine in DMF, which was also compatible and
produced the desired product.”® Through the reactions with
acrylamide described here, the incorporation of the acid labile
ester group, f-thiopropionate, is consequently situated
between the ODN and polymer blocks to enable a pH-
responsive complex for RNA release. Herrmann and co-
workers chose to perform Michael addition coupling with a
maleimide activated PS to thiol-ODN. The maleimide-PS was
dissolved in THF and mixed with thiol-ODN to result in a low
yield of 13%.”

In addition to amine and thiol anchors, azide- and propargyl-
ODN can also be exploited through the copper(I)-catalyzed
Huisgen [3 + 2] cycloaddition to conjugate free propargyl-
DNA to azide-functionalized polymers in solution.”” Maty-
jaszewski and Das employed the polymer poly(oligo(ethylene
oxide) methacrylate) (OEOMA), synthesized via ATRP of
OEOMA to yield an average molecular weight of 14 700 Da,
which was conjugated in high yields to the desired ODNs.
Here, ACN was adopted to stabilize Cu(l) in the absence of a
ligand while THF was added to dissolve the polymer.
Conjugations to PEG have also been demonstrated with
moderate yields.% However, to expand the diversity of
polymer conjugates, conditions for amphiphilic conjugates
are likewise desired. Reaction conditions were investigated by
O'Reilly and co-workers for pNIPAM in 100% DMF, with final
yields between 70 and 90%.”° Hydrophobic polymer
conjugation toward DNA was demonstrated using alkyne-
modified poly(styrene) (M, 4.4). In this case, the click reaction
between PS and DNA produced high yields of 74% which had
not previously been observed for similar approaches, providing
an improved avenue for connecting DNA with hydrophobic
polymers. Matyjaszewski and Das also demonstrated this click
conjugation reaction with three polymers of similar molecular
weight (PEG—methacrylate—pOEOMA,;5, pOEOMA p9-co-
MEOQO,MA, and pOEOMA,,s-co-DMAEMA) to RNA.'"
Here, the solvent was reduced to 0.6% ACN/H,O and
coupling was again successful. The versatility of DNA—
polymer conjugate synthesis was demonstrated by the click
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Table 3. Coupling Chemistries to Covalently Bind ODNs to Polymers

Oligo-R Polymer- Reagent Solvent Catalyst Ref
PLGA- - DMSO - Park (2001)%®
PEG-| - Sodium phosphate - Park  (2003)%2. %3
buffer (pH 7.0} (2005)
pPNIPAM- - 10% DMF, borate - Stayton (1999)*
buffer pH 9.5
A NHz A - 20% DMF, borate - Freitag (2003)®
buffer pH 8.2
PS- Et;N DMF - Herrmann (2014)17
PPO- DMF
PI- THF
PEG- - - - Herrmann (2007)7!
PS- - THF:H,O - Herrmann (2007)7
pNIPAM- - - - Herrmann (2007)7!
AN SH
PEG- - Tris pH 8.0 - Kataoka  (2003).*
(20055
ORN-S PEG- PPhy Tris pH 8.0 - Kataoka (2005)%®
PEG- Aminoguanidine H,O/ACN CuSO, THTA Sleiman (2012)8
N— Na ascorbate 51
PNIPAM- - DMF Cul-P(OEt), O'Reilly (2013)%
Norborene-DNA pNIPAM- - DMAc, DMF, - O'Reilly (2016)™
DMSO, NMP
Tetrazine-DNA pNIPAM- - DMAc, DMF, NMP - O'Reilly (2016)™

reaction on both RNA and DNA ODNs with polymers of
varying hydrophobicities, which opens opportunities for
downstream applications. Additionally, in each example, high
yields are reported which exhibit a robust approach for
conjugation in solution compared to the thiol—ene Michael
addition reaction.

To address the challenge of poor yields often noted for DNA
to polymer conjugation reactions in organic solvents, O'Reilly
and Wilks conducted a comprehensive investigation of DNA—
polymer covalent binding, analyzing amide coupling, thiol—ene
Michael addition reactions, and tetrazene-norbornene coupling
efficiencies to pNIPAM.'® This work was highlighted in section
3.1.1 and will be expanded here to discuss the limitations and
possible solutions. Amine coupling to carboxylic acids was
attempted with common coupling agents, such as EDCI and
DCC with HOBt as the coreagent in a variety of solvents;
however, no product was observed. Coupling with hexafluor-
ophosphate benzotriazole tetramethyl uronium (HBTU) and
hexafluorophosphate azabenzotriazole tetramethyl uronium
(HATU) agents was successful on the first attempt; however,
a lack of reproducibility in both cases was noted. The activated
esters, PFP esters, and NHS esters were similarly trialed;
however, product formation was also not observed. Under the
reported conditions, i.e. <10 gM of DNA in 10 gL, it can be
concluded that free carboxylic acids as well as activated acid
esters are not efficiently coupled to amines. A similar
observation was noted in their studies using thiol—ene Michael
addition. Methacrylamide, acrylamide, and maleimide func-
tional groups were investigated for the conjugation with thiol
groups which, in all cases, did not provide any conversion,
Conversely, tetrazine to norbornene coupling appeared most
promising with up to 50% vyields. The coupling was
demonstrated with both tetrazine— and norbornene—DNA

11043

to the target polymer, showing the versatility of this approach.
The DNA-tetrazine to the pNIPMA—norbornene coupling
was, however, the most efficient method, improving yields
from 10 to 50% and demonstrating its versatility in organic
solvents, i.e. DMF, dimethylacetamide (DMAc), and NMP. In
this study, low concentrations and a low volume were adopted
which highlighted the limit of these reactions for polymer
conjugation to DNA. However, these reactions have been
successful by other groups where higher volumes, such as 300
uL,” and higher concentrations, such as 25 uM,""" have been
adopted. Therefore, where resources are not limited, successful
conjugation via conventional coupling methods can be
envisaged.

As with each example so far, the polymers are presynthesized
separately from the DNA, and therefore, the polymerization
reaction itself is not subjected to the limitations of DNA.
Additionally, this grafting to approach allows the character-
ization of both the polymer and DNA blocks to understand the
composition and properties prior to conjugation. However,
conjugation yields are often low due to either solvent
incompatibility, repulsion of charged polymers, or also the
steric strain as discussed in section 3.1.1. An alternative
method using the grafting from approach can reduce the
impact of steric strain due to consecutive single monomer
attachments as well as increase the ability to access shorter
polymers blocks due to the ease of purification of the final
conjugate. Matyjaszewski and Das conducted the grafting from
polymerization from DNA in solution and varied the reaction
time, catalyst, monomer, and salt concentration.'® Here, they
polymerized OEOMA and showed that at a high NaCl
concentration of 300 mM, no polymer was produced and that
without salt, the higher molecular weight polymer was
synthesized. Additionally, the lower Cu% (% compared to

https:/doi.org/10.1021/acs.chemrev.0c01074
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Figure 9. Synthesis of DNA—polymer brushes via grafting through. (A) Synthesis of pacDNA through the presynthesis of PEG brush copolymers
bearing NHS anchors via a grafting through ROMP followed by amide coupling of amine-ODN. The chemical structure of the polymer brush
backbone and a 2D schematic are shown as product representatives.”™''* Based on figures from refs 55 and 113. (B) DNA side-chain brush
polymers synthesized from the norbornene-ODN monomer, Several polymer length scales were synthesized, represented here as a multimer.'”
Based on figures from ref 17. (C) Dual polymerization employing ATRP and SCVP to produce a diblock copolymer consisting of PEG side

119

chains. ~ Based on figures from ref 119,

the monomer) yielded the largest molecular weight along with
a 120 min reaction time. Of note, Matyjaszewski and Das
employed the activators generated by electron transfer
technique (AGET) of ATRP, which has been optimized for
aqueous and biologically relevant reaction conditions.'"""'"*
This advancement has been demonstrated by several groups
and provides new avenues for polymerization by grafting from
ODNs (Table 3).

With the increased interest in synthesizing biologically
relevant polymers and, therefore, the incorporation of
biological material, methods to reduce the chance of
downstream toxicity caused by contaminants from the
polymerization were desired. These contaminants typically
result from common ATRP methods which require a copper-
based catalyst, free radical initiators, and reducing agents.
However, through photoinduced ATRP (so-called photo-
ATRP), free radical initiators and reducing agents are no
longer required and, additionally, the catalyst concentration
can be reduced. Several acrylate- and methacrylate-based
polymers were synthesized by photoirradiation for 30 min
under these mild reaction conditions, " demonstrating an
important approach to synthesize hydrophobic polymers. This
is a key step in polymer synthesis to broaden the scope for
DNA—polymer conjugates. Notably, these polymerizations
were fully automated on an adapted DNA synthesizer. The
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synthesizer was modified to contain a light source in addition
to a program that can inject the second monomer to form a
diblock copolymer once 100% conversion of the initial
monomer has occurred. PhotoATRP is also possible using
blue Iight.’24 Here, a thorough investigation was performed to
determine optimal reagent concentrations for OEOMAgy
polymerization in aqueous environments. For example, Cu
concentrations of at least 100 ppm were required to produce
good conversion.”! An alternative photoinitiated polymer-
ization from ODNs was demonstrated through photoRAFT
using Eosin Y as the photocatalyst.'” This polymerization was
performed in solution which removes the requirement of a
DNA synthesizer, Two RAFT agents were trialed, BTPA and
CPADB, to synthesize several polymers, DMA, NIPAM,
oligo(ethylene glycol) methyl ether acrylate (OEGA), and
oligoethylene glycol methacrylate (OEGMA), demonstrating
the versatility of this approach. Additionally, the length of the
polymer was controlled by the initiator to monomer ratio—at
a ratio of 200:1 of monomer to RAFT agent, polymer length
was 13.8 kDa in comparison to 31.2 kDa at a ratio of 500:1.
One significant challenge of DNA—polymer conjugates is the
incompatibility of hydrophobic monomers or polymers with
the hydrophilic DNA. However, with the methodology evolved
from PISA, this incompatibility was exploited to direct the
formation of different DNA—polymer nanostructures.”” This

https:/doi.org/10.1021/acs.chemrev.0c01074
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technique was first demonstrated with ODNs by performing
the grafting from using DMA, 4-acryloylmorpholine, 2-
hydroxyethyl acrylate, and OEGA.”* Restrictions imposed by
the DNA such as ultralow volumes and its associated problems
with degassing were circumvented by using glucose oxidase to
ensure an oxygen-free environment for the polymerization.”"*>
By adopting thermal RAFT polymerization and through the
inclusion of enzyme degassing, the monomer to initiator ratio
can be controlled precisely and thus can allow the
manipulation of architectures.” In addition to thermal and
photoinduced polymerization methods, ultrasonication is also
a possible stimulus.*® Through the use of ultrasonication, room
temperature and low levels of Cu catalyst can be adopted to
yield polymers with low dispersity and high molecular weight.

Other polymerization methods such as those via oxidative
approaches have also been investigated to graft polymers from
ODN . The copolymerization of pyrrole monomers present in
solution and those conjugated to ODN was performed in situ
to yield polypyrrole polymers grown from and attached to
DNA.Y Here, the polymerization is driven electrochemically
and in solution to enable high chemical stability. This
technique was also performed in the presence of non-
complementary and complementary ODNs demonstrating its
capabilities to polymerize from both ss- and ds-ODNs.'™

Beyond conventional homo and block copolymers, the
attachment of sequence defined polymers has made several
interesting developments. In particular, sequence-specific
polymerization of short polymers was demonstrated by
employing a cyclic binding and dissociation of complementary
ODNs (propagation strands) bearing the desired monomer for
sequential polymer growth.*"'®" On binding, the comple-
mentary strands bring the reactive monomers into close
proximity for specific polymerization reactions. A Wittig
reaction was employed for simultaneous propagation of the
polymer and release of the monomer from its original ODN.
To afford multiple cycling steps, the initial duplex exhibits a
short noncomplementary region (the toehold domain) to
enable a fully complementary displacement strand to remove
the propagation strand and leave the ss-ODN bearing the
polymer chain. Although the local environment from each
reaction step is constant, longer lengths are not possible due to
each reaction yield reducing cycled material.

3.1.4. 1D DNA-Polymer Synthesis. In this section, the
development of 1D structures, such as DNA—polymer brushes
will be outlined. The most common method described for
DNA—polymer brush synthesis is the ROMP of norbornyl
bound to polymer side chains and reactive handles, which can
be employed for DNA attachment. Zhang and co-workers
applied this approach to synthesize DNA—PEG conjugates
consisting of PEGsge and PEG g0 side chains.'” In their
design, branched PEG structures, named pacDNA (polymer
assisted compaction DNA), were synthesized via the
consequential ROMP of norbornyl-NHS (N-NHS) and
norbornyl-PEG (N-PEG), for diblock synthesis, and through
chain extension ROMP with N-NHS for triblock copolymer
synthesis (Figure 9A).°>'%*'% The NHS anchors a]nn% the
backbone were then available to couple amine-ODNs.'” To
further exploit the potential of DNA—polymer conjugates,
Zhang and co-workers polymerized norbornyl-paclitaxel (an
anticancer drug), again via ROMP prior to DNA conjugation
to produce spherical nucleic acids—macromolecular structures
to be discussed in section 4.1.1.""° A similar approach was
adopted to synthesize DNA-—polymer conjugates where

doxorubicin (DOX) was also covalently bound within the
structure.''" In each case, a diblock copolymer was synthesized
by ROMP of norbornyl-DOX and N-PEG, where the carboxyl
groups at PEG terminals were activated with EDC and NHS
for 5 min prior to amide-coupling with amine-ODN. These
two examples demonstrate the potential of DNA—polymer
conjugates as drug delivery systems and their ability for high
capacity drug loading, Further details of applications will be
discussed in sections 5.2 and 5.3. In an example by Mirkin and
co-workers, a copolymer consisting of a polycaprolactone
(PCL) and PEO block where only the PEO backbone was
functionalized with an azide group was synthesized and
enabled copPer-free click chemistry with a DBCO-ODN for
conjugation.''* In this instance, the copper-free click chemistry
was performed in a 1:1 DMSO/DMF mixture in the absence
of an aqueous buffer. The examples described above
demonstrate the employment of diblock copolymer structures
synthesized prior to DNA conjugation. However, through the
employment of a triblock copolymer, where each block initially
consists of non-DNA content, controlled positioning of the
ODNs5s along the polymer backbone can be realized. This was
accomplished through a triblock copolymer brush synthesized
by the sequential ROMP of N-NHS, followed by N-PEG, and
again N-NHS with Grubbs catalyst."'* Again, the NHS groups
were then available to couple amine-ODNs at the terminal
polymer blocks of the brush structure. A further development
in the design of triblock copolymers enabled the synthesis of
an N-NHS-N-PEG-norbornyl maleimide (N-MI) triblock and
demonstrated a dual-ODN conjugation approach through the
orthogonal reactions of amine-ODN to N-NHS and thiol-
ODN to N-ML'" This development enabled the incorpo-
ration of two distinct and specific ODNs within one
nanostructure to open possibilities for dual-functionalization.

In an alternative approach to ROMP, Liu and Li employed
the ROP of y-propargyl-L-glutamate N-carboxyanhydride“ to
synthesize a polypeptide capable of click chemistry between
azide-functionalized ODNs and the propargyl group after the
polymerization was complete.''® This technique enabled the
synthesis of a hybrid peptide DNA brush, containing functional
possibilities that have high biomedical relevance due to its
biocompatibility and postfunctionalization potential. Addition-
ally, it provides a platform for high loading of DNA to target
drug delivery entities: 5—6 ssDNA molecules could be
conjugated to one polypeptide.

In each case described above, the ODN has been conjugated
to the polymer as a postpolymerization strategy. An alternative
approach is to incorporate the ODN in situ through initial
monomer conjugation and proceed with a grafting through type
polymerization. This was demonstrated by the attachment of
norbornyl to the ODN followed by ROMP (Figure 9B)."
Depending on the ODN length adopted (either a 7- or 14-
mer), polymers of short lengths (a tetramer, pentamer,
hexamer, and heptamer for the 7-mer and a dimer, trimer,
and tetramer for the 14-mer) could be synthesized and purified
by polyacrylamide gel electrophoresis (PAGE). Of note, the
ROMP here produced the longest polymer products in 100%
THF. As described in section 3.1.1, the employment of
cationic surfactants is crucial to enable the solubility of DNA in
organic solvents for solution-based reactions. Through this
approach, postpolymerization functionalization is not required
and therefore reduces reaction steps as well as reducing cross-
reaction complications. Additionally, using the grafting through
strategy ensures that every monomer unit contains an ODN
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whereas a postpolymerization reaction is subjected to a
statistically dispersed functionalization of the side chains.
This approach has been similarly demonstrated with a peptide
nucleic acid (PNA) where the PNA unit was covalently
attached to a norbornyl group and subsequently polymerized
via ROMP.™

RAFT polymerization can also be employed to synthesize
1D DNA—polymer conjugates. Martyjaszewski, Armitage, and
Das adopted the RAFT polymerization of methacrylate groups
bearing macroinitiator side chains which can then be
polymerized to yield a “bottlebrush” polymer.''” In this
instance, each “bristle” contained an azide group to afford click
chemistry with an ODN.'"”

A similar approach to grafting through, dual polymerization,
can produce highly branched polymer structures. One example
combined self-condensing vinyl polymerization (SCVP) and
cation ROP to produce a poly(3-ethyl-3-oxetanemethanol)-
PEO hyperbranched multiarm copolymer.''® An alternative
approach replaced cation ROP with RAFT polymerization to
synthesize a hyperbranched polymer structure again bearing
PEG side chains but with a RAFT agent core containing a
disulfide bond for redox-responsive drug delivery (Figure
9C).""” This method allows the synthesis of both hydrophabic
and hydrophilic blocks simultaneously. In both cases described,
ODNs were conjugated to the branched polymers by the
Michael addition of thiol-ODN to acrylate-functionalized
branched polymers through a final grafting to step. A
hyperbranched polymer network was also demonstrated by
the laboratories of Sumerlin and Tan."*” SCVP was employed
to copolymerize O-nitrobenzyl acrylate, PEG-acrylate, and 2-
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(2-bromoisobutyryloxy) ethyl acrylate which also served as the
inimer to instigate branching. Once synthesized, a two-step
substitution was performed to transform the chain end hydroxy
groups to azide reactive groups for click chemistry anchors.
Copper free click chemistry was then performed utilizing a
strained alkyne DBCO-modified DNA to afford high yielding
conjugation in 100% DMSO. Through these methods,
hyperbranched structures can be readily synthesized and
postfunctionalized with the ODN for the required drug
loading.

3.1.5. 2D and 3D Polymerization Platforms. The
above-mentioned methods each perform the conjugation
reaction in solution. In contrast, solid supports and surfaces
can also be adopted to synthesize DNA—polymer conjugates
through both grafting to and grafting from methods. Platforms
include nanomaterials, such as DNA origami, nanoparticles,
and beads which together encompass metal, organic, and
biological surfaces consisting of varying 2D and 3D structures
and properties (Figure 10A). Several first attempts to
conjugate DNA and polymers were performed using solid
phase synthesis. In 2004, Mirkin and colleagues synthesized a
PS phosphoramidite via solid phase synthesis,'*' demonstrat-
ing the ability to synthesize a complex phosphoramidite and
carry out an efficient coupling step in the presence of the
protecting groups. This technique was further explored by
Hermann and co-workers to synthesize PPO conjugates
employing polymer phosphoramidites.lzz’Lu The polymer-
phosphoramidites were synthesized by the reaction of alcohol
terminated polymers with chlorophosphoramidite with yields
of 41% and 32% for PPO polymers of 1000 and 6800 g/mol,

https:/doi.org/10.1021/acs.chemrev.0c01074
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respectively.'** These polymers can then be conjugated to the
ODN through standard phosphoramidite chemistry. In
addition to PS and PPO, a cholesterol-TEG phorphoramidite
was also synthesized to subsequently yield a cholesterol-
ODN."™ The employment of beads can also grant the
selection of shorter polymer brush structures due to the pore
size,”® which can sometimes be a limitation. However,
conjugation employing polymer phosphoramidites on solid
supports requires a DNA synthesizer which is a dedicated
instrument that requires specialized skills to use. Some
commercial companies can offer the delivery of ODNs still
attached to the solid support; however, this may not always be
possible. Although the reported yields in the above examples
are lower than the optimized reactions in solution, by
employing phosphoramidite chemistry, the conjugation occurs
while nucleotide functional groups are protected and thus
conjugation using a solid support offers a more diverse
compatibility with coupling reagents and functional groups in
comparison to solution-based reactions.

An alternative approach is to synthesize the ODN and
polymer with complementary reactive click chemistry handles.
Zhang and co-workers synthesized several copolymers using
azide-polymers with alkyne-functionalized ODNs on the CPG
beads. Polymers consisted of poly(fert-butyl acrylate) (PtBA)
and PS of molecular weights 3.9, 5.5, 8.5, and 14 kDa.'*® The
yield was determined for each conjugation to three ODN
lengths (6-, 19-, and 26-mer) and revealed an increase in yield
with decreasing lengths of both polymer and ODN.'* This
study highlights the limitation of steric hindrance on efficient
conjugation where two flexible polymers are required to come
into close contact for the reaction to occur. Conjugations with
the lowest molecular weight PtBA and PS with the 26-mer
produced similar product yields to example click reactions
performed in solution (between 70 and 90%);” thus, either
method can be adopted. However, on increasing the polymer
length to higher molecular weights, the yield decreased; for
example, the yield was 56% for the conjugation between the 14
kDa PS and the 26-mer on the CPG bead. Therefore, there is a
trade-off between polymer and ODN length and product yield.

A combination of the solid phase synthesis approach with
the presynthesized polymer brush was adopted by Gianneschi
and co-workers to produce a polymer brush with multiple
ODNss attached to solid supports, followed by the deprotection
and cleavage steps.'”® The polymer brush was synthesized via
ROMP of a benzene-norbornyl followed by norbornyl-N-
acetyloxy-succinimide. After polymerization, the acetyl group
was available for conjugation to the amine-ODN with DIPEA
and HBTU to activate the carboxylic acid. Conjugations with
ODNs capable of forming defined secondary structures
(aptamers) were similarly perfo:)rmecl.]17 However, alterations
to relative equivalents were noted, 3x higher DIPEA and 4X
less HBTU in comparison to the previous solid support
reaction, demonstrating that optimization is required for
different reacting partners. Gianneschi and co-workers also
synthesized an RNA—polymer conjugated following the same
procedure for the aptamer DNA,'** demonstrating the
robustness of this approach. Inspired from the development
of conjugating polymers from the surface of CPG, presynthe-
sized polymer nanoparticles, which bear chemical handles,
became a natural expansion of the technology. A copolymer
consisting of MA and azide-modified MMA units self-
assembled into a nanoparticle, exhibiting the azide on the

surface."”” Cu-free click reaction is then possible with DBCO-
ODN's to yield 3D DNA—polymer nanoparticles.

Similar to the grafting to approach, grafting from has been
demonstrated on solid supports. Matyjaszewski and Das
explored polymerization from initiators bound to ODNs
through both solid phase and solution phase ATRP by
perfnrming the polymerization either pre- or post-CPG bead
cleavage."” Performing the polymerization on the solid support
provides easier purification from the unreacted monomers and
catalyst; however, the initiator phosphoramidite must be
compatible with deprotection and cleavage reactions. After
the polymerization of OEOMA for 4 h, a molecular weight of
205 kDa was noted after cleavage from the CPG beads. On
solid support, it is challenging to accurately quantify the
concentration of initiators and thus the initiator/monomer
ratios. Conversely, in solution, concentrations can be
determined and, therefore, optimizations involving reagent
ratios can be performed more accurately.

Solid phase synthesis grafting from the ODN was also
performed on a gold surface through the complementary
binding of a thiol-modified ODN (attached to the surface) to
an ATRP initiator-modified ODN."* This approach produced
poly(hydroxyethyl methacrylate) (PHEMA) from a gold
surface, only when the complementary initiator sequence was
bound. Further exploration employed a dual-functionalized
ODN bearing a thiol group at the 3'-end and an ATRP
initiator at the 5'-end and demonstrated ATRP %mwth from a
purely ssDNA sequence on the gold surface.'”’ Here, faster
growth kinetics were observed when the initiator was present
on the ssDNA rather than directly on the surface, This effect
can be noted due to the localization of the Cu catalysts on
DNA, increasing proximity to the initiator site. Several RAFT
conditions were also investigated to optimize pOEGMA and
PHEMA synthesis via RAFT polymerization. Temperature,
time, CTA% surface density, and AIBN concentration were
each explored and showed a temperature of 30 to 40 °C
(although higher temperatures were not investigated) is
required for polymerization to occur, a reduction in growth
as AIBN concentration increases from 0.4 mM, as well as a
linear growth trend on increasing time for pOEGMAJ“
Through the employment of a conductive 2D surface, the
development of chips for applications requiring sensitive
surfaces can be envisaged. To further establish the grafting
from approach on a solid support, He and co-workers adopted
a gold nanoparticle employing the thiol—gold interaction.””
ATRP was performed through the initial coupling of an ATRP
initiator, bromoisobutyryl, to the thiol-ODN, followed by Au
nanoparticle (NP) attachment and incubation in polymer-
ization reagents. Here, pOEGMA was synthesized from the
ODN-modified AuNP, and through the presence of DNA,
these reactions could be performed in an aqueous environment
without aggregation or solvent exchange requirements. In each
case described here, surface attachment is utilized; thus,
characterization of the polymer is limited and requires cleavage
prior to analysis.

In the examples described so far in this section, the polymer
sequence is either a repetitive monomer or a copolymer of
random arrangement. Nature consists of several polymers, such
as DNA and proteins, which contain a complex but controlled
sequence of monomer units. These biological and precise
polymers inspired the group of Sleiman to develop a method
for sequence defined synthetic l:mly-n'lers..gn Through the
employment of phosphoramidite chemistry, the sequential
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addition of defined monomers via stepwise coupling and
washing was realized. In this instance, two phosphoramidite
oligomers consisting of either a hexaethylene glycol or
hexaethylene (HE) unit were adopted as hydrophilic and
hydrophobic monomers and ordered in a controlled manor
(Figure 10B). In their first work, polymer lengths of up to 12
units were explored and shown to have high control over the
sequence. They next explored polymer lengths up to 24 units
with varying content demonstrating the ability to increase
polymer length through this approach.”” This method
highlighted the potential for DNA—polymer conjugation
where both the DNA and polymer content are sequence
defined, although polymer length is still limited and may
require further exploration to improve the solid phase
monomer conjugation scope.

The examples so far have produced a conjugate containing
DNA as a polymer block; however, they have not exploited the
capabilities of DNA to guide the polymerization to precise
assemblies through its sequence-specific interactions. DNA
sequences can be programmed through their specific base
pairing to form folded nanostructures. DNA nanostructures
were first envisaged by Seeman in 1980, beginning as lattice
structures up to more recent examples of sophisticated DNA
origami structures as reviewed prv.wif:;usly'.”2 DNA origami was
proposed by Rothemund'** and has provided a powerful
approach to engineer nanoscale functional structures. **' 3
Structural DNA nanotechnology was first employed in covalent
conjugation with polymers by O'Reilly’s group, demonstrating
the use of a DNA tetrahedron as a structural anchor for
polymer attachment.”” The polymer-decorated DNA nano-
structure was realized through Cu-catalyzed click chemistry
between the alkyne bearing DNA tetrahedron and azido-
functionalized pNIPAM (Figure 11A). A 100-fold decrease in
reagent concentrations was stipulated in comparison to their
ODN equivalent solution-based click reactions. Additionally,
CuS0,/tris(hydroxypropyltriazolylmethyl Jamine (THPTA)
was adopted rather than Cul-P(OEt);. However, as with the
attempts using polymer brushes, steric effects are deterministic
on the efficiency and can result in low coupling yields. By
grafting from the nanostructure, steric restraints are reduced
for the monomer polymerization processes. The added
advantage of employing a 3D DNA nanostructure backbone
afforded polymer patterning through the site specific attach-
ment.

In the previous example, the functionalized DNA strand was
part of the folded nanostructure. However, in another instance,
site specific control was employed through complementary
base pairing an ODN bearing the radical initiators.”” The
origami was designed to exhibit “sticky” ssDNA at precise
locations to guide the initiator-ODN to the predesignated sites
(Figure 11B). To perform the polymerizations from DNA
origami, ATRP was employed to achieve reactions in aqueous
conditions and at room temperature—a requirement when
handling DNA origami. Due to the low concentrations of DNA
origami available, sacrificial ATRP initiators were required in
solution to maintain the radical equilibrium. Under these
conditions, polymerization of PEGMA successfully generated a
polymer brush. By adopting copolymerization with the cross-
linker PEG dimethacrylate (PEGDMA), a dense polymer
network can also be created. The DNA origami tile structure
can also fold to form a tube shape, converting the 2D patterned
surface to a 3D dual-surface containing specific internal and
external contours (Figure 11C).°° Here, ATRP initiators were
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Figure 11. 2D and 3D DNA polymer conjugates on “solid” DNA
nanostructures. (A) Grafting to DNA tetrahedron through click
chemistry of pNIPAM to the alkynyl-DNA nanostructure.”” Adapted
with permission from ref 99. Copyright 2013 American Chemical
Society. (B) Grafting from DNA origami tiles through Cu-catalyzed
ATRP. Initiators are initially bound to the origami structure through
complementary sticky sequences followed by the ATRP reaction.”
Adapted with permission from ref 57, Copyright 2016 John Wiley and
Sons. (C) Grafting from a DNA origami tube through ODN bound
initiators.”® Adapted with permission from ref 56. Copyright 2018 the
Royal Society of Chemistry.

similarly placed in precise patterns to decorate the outer
surface of the tube. The polymerization conditions remained
unchanged between the tile and tube configuration, therefore
demonstrating the versatility of ATRP on DNA origami for
nanoscale precision of DNA—polymer hybrid nanostructures.
3.2. Noncovalent DNA—Polymer Interactions

Apart from the covalent DNA—polymer conjugates reviewed
above, there is also the emerging class of supramolecular
assemblies of DNA and polymers which is driven by
noncovalent interactions. Here, intermolecular communication
is enabled through the close proximity and attraction of both
materials, which lead to systems of dynamic nature. While
covalent conjugation requires chemical manipulation of the
DNA strands to equip them with reactive handles, noncovalent
approaches do not face these constraints and can typically be
realized with nonmodified and readily available nucleic acids.
The highly programmable primary structure of DNA as well as
the ability to shape secondary and tertiary structures can be
exploited to control the sequence of polymers that are
structurally unrelated to nucleic acids. This strategy takes
inspiration from one of the essential processes found in living
nature, where the DNA-encoded information on life is
replicated, transcribed, and translated through RNA into
proteins, Noncovalent assemblies can be classified by their
mode of interaction as well as by the designated purpose. DNA
provides multifaceted interaction modes that arise from its
unique structure in all three dimensions as discussed in section
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2. ssDNA is accessible via Watson—Crick base pairing whereas
the negatively charged phosphate backbone is prone to
electrostatic interaction with polycations. dsDNA expands
the toolkit by enabling hydrophobic groove binding and
intercalation of planar molecules into the stacking bases along
the DNA backbone. In comparison to covalent conjugation
strategies, the herein described noncovalent interactions are
per se not specific, yet several studies aim to circumvent these
intrinsic restrictions and seek for spatially controlled attach-
ments. Since DNA is a multifaceted platform, one can utilize its
exceptional customizability to design tailor-made polymers by
either templating or patterning approaches. On the one hand,
ssDNA and dsDNA allow sequence transfer onto growing
polymers and the templating of supramolecular 1D and 2D
structures, respectively. On the other hand, DNA can be
arranged in complex nanostructures which can be covered with
polymers, rendering new features to the synthetic building
block and yielding three-dimensional constructs. Furthermore,
the extraordinary fidelity of certain DNA arrays, e.g, DNA
origami, permits the patterning of polymers in distinct shapes
and with a precision that outcompetes other techniques, such
as lithography or conventional self-assembly. However,
independent of the applied technique, the DNA template
can be either removed after polymer synthesis or become part
of the reaction product. In line with the focus of this review, we
survey promising strategies to develop DNA-—polymer
conjugates via noncovalent interactions.

3.2.1. Templating of Polymers by Single and Double
Stranded DNA. One of the greatest advantages of DNA over
synthetic polymers is the unprecedented level of sequence-
control as well as the consequential precision in molecular
weight and distribution. It therefore is attractive to exploit this
unique characteristic and potentially transfer the molecular

information onto polymers. In this way, ODNs can function as
molecular matrices that recognize and interact with guest
molecules and, thus, organize them according to their sequence
and guide subsequent polymerization. An early example of how
the sequence of nucleic acids misht be harnessed was
demonstrated by Liu and co-workers'*® wherein short PNA
sequences were arranged in a sequence-specific fashion along
an amine-end-modified ODN template via complementary
base pairing. Aldehyde moieties on the tetrameric PNA
monomers allowed for distance-dependent reductive amina-
tion coupling, ligating the monomeric units, which con-
sequently generated polymers with molecular weights of 10
kDa. Introduction of mismatches afforded no or only truncated
polymers, depending on the position at which the error was
placed. Furthermore, the presence of additional building blocks
with closely related sequences did not disturb the formation of
the desired product. Thus, efficient and sequence-specific
conjugation of nucleic acid templates and non-natural
polymers steered by hydrogen bonding of base pairs could
be established. In a follow-up study, the group expanded their
monomer scope through a side-chain-functionalized PNA
tetramer and pentamer aldehydes’™ (Figure 12A). Thereby,
they could fabricate densely functionalized polymers, involving
a PNA 40-mer with more than half the nucleotides bearing side
chains. Interestingly, the polymerization efficiency mainly
depended on the position and stereochemistry of the side
chains rather than on size, hydrophobicity, or charge. As briefly
mentioned above, Nature has the capability to translate the
genetic information stored in nucleic acids into amino acid-
based peptides and proteins. Based on their previous work,
Liu’s group aimed to mimic the last step of Nature’s protein
machinery where the sequence of a nucleic acid template
allows a codon-mediated conversion into an amino acid
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sequence and, in the end, a protein is released (Figure 12B).*
These codons bear a template recognition site as well as the
corresponding amino acid. In order to exploit this strategy and
likewise introduce sequence-specificity to non-natural poly-
mers, the group designed a codon comprising a PNA pentamer
for template recognition and a synthetic polymer building
block. Through the employment of PEG as the initial polymer
model and by achieving molecular weights of up to 10 kDa,
they could further incorporate a-(p)- and f-peptide backbones
with various side-chain functionalities to accomplish longer
and structurally more diverse polymers (26 kDa). Among
several investigated conjugation strategies, copper-catalyzed
alkyne—azide cycloaddition of AA-/BB-substrates proved to be
most efficient. Moreover, by equipping the codon with a
disulfide bridge between the polymer building block and the
PNA adapter as a cleavable linker, the polymeric product could
be liberated afterward. Though the approach described here
utilizes Watson—Crick base pairing to produce sequence-
controlled polymers without the need for Nature's enzymatic
toolbox, the structural diversity of the substrates is still limited
to macrocycles for entropic reasons. However, the codon
design theoretically supports the incorporation of several
building blocks without the need to readjust the template
recognition site.

Another seminal approach to adopt from Nature’s capability
to make exact copies of nucleic acid strands was investigated by
the Sleiman group.137 Step-growth polymerization techniques
typically suffer from poor control over molecular weight which
inevitably leads to broad molecular weight distributions. They
therefore employed nucleobase recognition to surpass these
barriers and to synthesize conducting polymers of low
dispersities. Instead of using pure ODNs as a template, a
thymine-decorated polymer was manufactured via living ring-
opening metathesis polymerization (ROMP). Alignment of
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adenine-containing monomers by complementary base pairing
along the template strand and subsequent Sonogashira
coupling afforded well-defined daughter strands of conducting
polymers. Whereas nontemplated polymerization or polymer-
ization with an incorrect template only produced low
polymerization degrees and high dispersities (PDI > 2), the
presence of the correct template significantly narrowed the
molecular weight distribution (PDI = 1.2) and yielded similar
polymerization degrees compared to the parent strands. Thus,
the all-synthetic strategy proved to be capable of programming
the structure, length, and dispersity of commonly poorly-
defined polymers by hydrogen bonding interactions. Following
this, O'Reilly and co-workers furthered nucleobase-promoted
polymer templating by combining the methodology with a
segregation strategy that makes use of block copolymer self-
assembly (Figure 12C)."** Their bioinspired dual templating/
segregation approach relies on the isolation of propagating
radicals in discrete micelle cores, thus enabling confined chain
growth along a template. Briefly, a block copolymer of styrene
(St) and the thymine analogue 1-(vinylbenzyl)thymine (VBT),
DSt 5-b-PVBT 4, was synthesized that forms stable micelles in
chloroform. The hydrogen bond interaction of the thymine
template with a vinyl derivative of adenine (VBA) ensured the
solubility of the adenine monomer in the solvent. Furthermore,
the addition of the complementary adenine monomer led to a
dynamic exchange of adenine-loaded templates into the micelle
where the ensuing polymerization was taking place. A so-called
“hopping” mechanism of propagating radicals along adjacent
templates in the micelle core can theoretically explain the
remarkably high molecular weights of the daughter polymers of
up to 400 kDa, even though the template only counts 18
thymine residues. Hence, nucleobase templating enriched the
free radical polymerization to yield narrowly distributed

https:/doi.org/10.1021/acs.chemrev.0c01074
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daughter strands (PDI < 1.08) by suppressing bimolecular
termination in a confined environment.

The examples discussed so far mainly report on nucleobase-
modified polymers or closely related structures such as peptide
nucleic acids. To further develop the field, Zhou et al. studied
the triplex hybridization of a polymer with a full carbon
backbone alongsidle DNA and RNA ODNs to produce
conjugates that might be suitable for DNA loading onto
nanoparticles or delivery of siRNA in biomedical applica-
tions."” Here, RAFT polymerization of various acrylates
yielded polyacrylates with tunable side chains. As a key step,
these copolymers were equipped with triaminotriazine (so-
called melamine) handles by amidation of NHS moieties along
the backbone. Melamine can recognize thymine and uracil
hydrogen bonding patterns in various media and, therefore,
ensured the hybridization with ODNs comprising two blocks
of the respective amino acid that are bridged by a cytosine
linker (dT;,C,T)y). Notably, the RAFT copolymers are
intrinsically characterized by stereoregio backbone hetero-
geneity and still engage T/U rich ODNs with nanomolar
affinity upon mixing in a 1:1 ratio. The supposed triplex
hairpin binding model of the compounds was further affirmed
by FRET studies.

The work described here represents a rare example of
DNA~—polymer conjugates that are solely based on hydrogen
bonding between a fully synthetic polymer and complementary
nucleic acids without the support of electrostatic interaction.
However, substantially more studies address the negatively
charged phosphate backbone of DNA with respective
polyplexes due to the convenient and spontaneous mode of
interaction. For instance, electrostatic complexation can be
exploited to condense siRNA onto a positively charged
supramolecular polymer for drug delivery purposes.'* The
cationic polymer can enter cellular membranes via charged-
mediated endocytosis and successfully deliver its cargo, thus
inducing gene silencing. Supramolecular complexes of nucleic
acids with cationic polymers have emerged prominently in the
area of gene delivery in order to circumvent viral delivery
vectors. In this respect, several positively charged polymers
such as polyethylenimine (PEI), poly vr-lysine (PLL),
polyvinylamine (PVA), and polyallylamine (PAA) are subjects
of current research (Figure 13A).""'

Electrostatic interactions also play a key role in the studies of
the Herrmann group where they fabricated light harvesting
DNA complexes and described the salt-free hybridization of
PEGylated ODNs in water.*”'** In a two-step process, a
water-soluble surfactant is employed to transfer the DNA into
an organic phase where it is substituted by an amine-
containing molecule, for instance, amine-PEG. Hereby,
ODNs can be noncovalently encapsulated with a PEG shell
that allows for the formation of metal-free dsDNA with
remarkably high thermostability.

Likewise, electrostatic interactions can be further utilized to
template polymerization along DNA, enabling these inter-
actions to dictate bond formation processes. There are a high
number of studies demonstrating the use of DNA templates to
exert control over the respective sequence and structure as an
appealing strategy in the field of conducting nanowires. In
particular, polgyaniline, polypyrrole, and polythiophene are well
investigated. ** Polyaniline (PANI) is commonly synthesized
in a strongly acidic environment through chemically or
electrochemically induced oxidation of aniline monomers.
However, these harsh conditions prevent the use of biological
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templates as they are highly sensitive materials. Oxidative
polymerization of aniline therefore necessitates the adjustment
of reaction conditions toward mild pH ranges and tolerable
oxidation agents (Figure 13B). In an initial attempt, Simmel
and co-workers employed three different stimuli to trigger the
polymerization of aniline along a --DNA template in solution
as well as on a chip surface.'™ Prior to polymerization, DNA
and monomers were simply incubated in phosphate buffer at
pH 43, without the need for any chemical modification.
Positively charged anilinium ions act as counterions for the
negatively charged phosphate backbone and are organized
accordingly. Enzyme-mediated oxidation through horseradish
peroxidase (HRP) and hydrogen peroxide, photo-oxidation
using a ruthenium complex, and ammonium persulfate as an
oxidant all proved to be capable of yielding PANI-decorated
DNA conjugates. In a similar approach, the group of He aimed
to fabricate conducting polyaniline nanowires along preor-
iented DNA templates which were aligned on a Si substrate. 146
Oxidation of aniline was also induced enzymatically by HRP
and hydrogen peroxide. Adjusting the pH value to pH 4.0
turned out to be crucial with regard to wire quality: at a pH of
S, the continuous formation of wires was interrupted by
polyaniline particles; however, lowering the pH to 3.2 yielded
only incomplete polymerization. Thus, the optimal pH range
to ensure continuous and regular polymerization was on the
one hand determined by the optimized electrostatic alignment
of aniline monomers along the template and on the other hand
helped to retain sufficient enzyme activity. By incorporating
AuNPs into polyaniline nanowires derived from DNA
templates, Wang et al. showed the novel construction of
hybrid nanowires with expanded electrical properties.'"”
Therefore, a sequential assembly process was applied:
positively charged AuNPs were aligned on surface-immobilized
DNA templates, affording narrow AuNP chains. The gaps
between neighboring particles were then bridged by Ru-
mediated photopolymerization of aniline derivatives in acidic
media. The alternating AuNP—polyaniline hybrid nanowire
could then be visualized by atomic force microscopy (AFM).

As with many other aromatic heterocycles, pyrrole can also
be polymerized in oxidative environments. Thus, double helical
DNA permits the construction of 1D nanostructures through
the organization of the pyrrole precursors and subsequent
oxidation and polymerization. In order to generate pure
polypyrrole—DNA conjugates with alkynyl side groups,
Horrocks and co-workers implemented chemical modifications
into a thienyl-pyrrole monomer (TP)."** It could be shown
that monomer functionalization had no negative impact on the
oxidative polymerization that was mediated through ferric
chloride (FeCl,). Treatment of the conjugates with Tollen’s
reagent led to the binding of silver cations to alkynyl residues
which facilitated nucleation and growth of Ag clusters along
the backbone. Compared to unmodified poly(thienyl-pyrrole),
many small nanocrystals are formed closely to each other,
attaining uniform distribution and enhanced conductive
properties. In an ensuing study by Hannant et al,, the same
monomer was employed to further investigate click chemistry
for postmodifications which might be of interest for sensing
applications.”*” Importantly, the pentynyl-substituted pyrrole
derived nanowires retained structural integrity and remained
active, i.e., conductive, after addition of azido molecules via the
succeeding click reaction. To broaden the monomer scope and
to demonstrate the generality of the electrostatically driven
templating approach, Houlton and co-workers polymerized

https://doi.org/10.1021/acs.chemrev.0c01074
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dithienyl pyrrole monomers (TPT) along DNA templates.'*'
Though this monomer only comprises 1/3 of the number of
hydrogen donor sites compared to pyrrole and therefore
reduced bonding capabilities, successtul DNA recognition and
interaction was still possible. The higher structural regularity of
the polymer justifies the use of a less active monomer, since
simply mixing thiophene and pyrrole monomers only yields
randomly alternating sequences.

Investigation of the growth mechanism of pyrrole monomers
along DNA templates by AFM imaging unveiled a stepwise
polymerization process. First, low densities of conducting
polymer bind to DNA as apparently spherical particles,
followed by denser particle packing in a beads-on-a-string
fashion, which then resulted in subsequent dynamic reconfigu-
ration, finally elongating and merging the particles in highly
regular nanowires with smooth morphology (Figure 13C).'*

The controllable interplay of not only electrostatic but also
hydrophobic interactions between DNA and polymers opens
up a completely different possibility to define the morphology
of resulting conjugates. Once more, nature was used as a role
model with respect to its outstanding ability to store genomic
DNA with the help of histones. Chen and co-workers tread
new pathways for the noncovalent interaction of block
copolymers and DNA by establishing a two-step self-assembly
pmcess.Lil Notably, the micelle formation of amphiphiles is
not only determined by their concentration (critical micelle
concentration, CMC) but also significantly relies on the ratio
of water phase to organic phase, which is known as the critical
water content (CWC). Based on the latter phenomenon, the
group designed a self-assembling system of polymers and DNA
which is first guided by weak electrostatic interactions that are
subsequently caught up by hydrophobic driving forces. They
therefore utilized a copolymer that comprises two blocks, a
hydrophilic PEG and a hydrophobic poly(4-vinylpyridine)
(P4VP). Below the CWC for micellization, the positively
charged P4VP interacts with DNA, forming linear complexes
in which the DNA is encapsulated by the polymer. Gradual
increase of the water content allows for hydrophobic
aggregation of the P4VP blocks between polymer chains in
solution and polymer chains on the DNA. The hydrophobic
interaction then forces rearrangement of the complex and
finally leads to core—shell nanofibers in which DNA wraps
around the hydrophobic polymer aggregate. When employing
monodisperse and relatively short DNA templates, these
properties were transferred into the DNA—polymer conjugates
which are monodisperse in both length and width. The
necessity of the DNA template is clearly evident since the
copolymer alone only accumulated in spherical micelles under
identical conditions.

Besides the binding modes discussed here, the Watson—
Crick base pairing and resultant double helix structure further
render DNA attractive for the intercalation of planar
molecules. In duplex DNA, the environment of nucleobases
leads to 7—n-stacking of adjacent aromatic systems, a structural
motif that has a greater impact on helix stability than hydrogen
bonds of complementary bases. Compounds that recognize
DNA via interaction within the stacking bases are therefore
potential handles for attaching or growing polymers along the
DNA template. Hence, respective initiators, monomers, or the
a priori synthesized polymer have to be equipped with suitable
intercalators. Although ethidium bromide is a very strong DNA
binder, utilization of weaker intercalating molecules such as
acridine can add the potential for reversibility to the complex.
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O'Reilly and co-workers employed RAFT polymerization to
synthesize a series of acridine end-terminated polymers,
including pNIPAM and pDMAm and investigated the effect
of polymer structure on the nature and strength of the
interaction with DNA.* Indeed, differences in complexation
behavior were observed, which were potentially caused by the
relative tendencies of the different polymers to self-assemble
when brought into close proximity. For instance, a high load of
pNIPAM onto calf thymus DNA and full occupancy of
intercalation sites induced irreversible aggregation. The DNA-
guided vicinity of polymer chains quasi-imitates the process
when hydrogen bonds between the amide groups of pNIPAM
are formed, normally giving rise to its temperature-responsive
character. On the other hand, the compact structure of
pDMAm tolerated higher densities of polymer intercalation
without aggregation occurring. Thus, the combination of
pDMAm and a significantly shorter and well-defined DNA
sequence (63 base pairs) yielded discrete and possibly brush-
like nanoparticles with sizes of 10 nm. Importantly, DNA or
polymer alone as well as acridine-lacking polymer does not
form comparable assemblies. In a different approach, Pike and
co-workers instead used monomers with z-stacking anchoring
groups to arrange the monomers within the DNA helix and
conducted polymerization after intercalation.”’ Based on the
intercalation of diazido derivatives of proflavine into the
double helix, the azido groups exposed themselves into the
major grooves of the DNA. Here, copper-catalyzed click
reaction with thienyl-pyrrole monomers was performed.
Crucially, proflavine intercalation was not hampered by the
ensuing click reaction of the functional groups nor was
intercalation of a presynthesized unit of intercalator and
monomer successful, due to hydrophobic and steric impedi-
ments, Polymerization of the spatially organized pyrrole units
was initiated by residual oxygen species in the solvent, without
the need for a chemical oxidant.

While this strategy relies both on intercalation within the
stacking nucleobases and on chemical reactions taking place in
the major groove of DNA, DNA grooves alone also provide the
opportunity for noncovalent attachment of polymers. Fur-
thermore, the impact of adjacent base pairs on the groove
environment adds a certain level of sequence-specificity to the
system which is less prominent among intercalators. To ensure
an ideal interaction, groove binding compounds typically
comprise at least two aromatic rings while still being flexible in
contrast to rigid polycyclic planar molecules that are suitable
for intercalation. Deiana et al. investigated the binding mode of
an anthracenyl polymer with dsDNA as well as the binding
strength and mechanism.'** The polymer was synthesized by
ATRP from an anthracene macroinitiator with 4 initiator sites,
and DNA interaction was induced by simple mixing of the
compounds. Association constants in the 10° M range are
higher than those found for intercalating molecules or
electrostatic interactions, thus indicating successful groove
binding. Furthermore, the association stoichiometry was
ascertained to be 1 polymer-adduct for every S base pairs,
showing that most sites of DNA participate in the association
process. Although groove binding is mainly attributed to
hydrophobic forces, van der Waals forces and hydrogen
bonding may also be involved in the process, promoted by the
hydrophilic polymeric arms.

As already emphasized in the previous section (3.1), the
synthesis of covalent amphiphilic conjugates of ODNs and
polymers is problematic, especially due to solvent incompat-
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Figure 14. Intrinsic instability of DNA nanostructures under low salt conditions or in the presence of nucleases and fetal bovine serum (FBS) is
addressed by many groups. (A) Shih and co-workers could increase the stability of DNA origami by electrostatic coating with PEG—polylysine
copolymers.”’ Reproduced with permission from ref 61. Copyright 2017 Springer Nature. (B) Block- and brush-type copolymers of PEG and
peptide mimetics (so-called peptoids) were found to also reduce the susceptibility of DNA nanostructures.”®" Reproduced with permission from ref

161. Copyright 2020 National Academy of Sciences.

ibility, low conjugation yields, and phase-separation. Host—
guest interactions can potentially alleviate some of these
concerns by constructing a special hydrophobic molecular
environment to compensate for the difference between
hydrophilic and hydrophobic components in solution. This
environment exists as hydrophobic cavities within a general
hydrophilic exterior thus allowing the encapsulation of
molecules that would otherwise phase-separate. Varghese and
co-workers exploited this interaction mode by equipping DNA
with a prominent host molecule (f-cyclodextrin) which can
trap adamantine-modified hydrophobic guests."”" Supramo-
lecular chemistry widely explores this class of host—guests due
to their efficient and highly specific molecular recognition, low
price, and simplistic modification. The spontaneously formed
self-assemblies from the generated DNA-amphiphiles were
found to be thermally stable which is attributed to extremely
strong hydrophobic interactions. However, this technique is
predominantly exploited to attach small molecules or
oligomers rather than polymers.'** At this point it is important
to note that this observation applies to almost all approaches
relying on noncovalent interactions. A rare example for a
polymer-based strategy is reported by Thelu et al in a follow-
up study to their work described above.'*® Herein, adamantyl-
terminated 8-arm PEG polymer is encapsulated by X- or Y-
shaped DNA carrying f-cyclodextrin at the end of all ODN
arms. The combination of a multivalent host with a star-like
guest led to nanogel formation, and the gelation was
concentration dependent. Moreover, the applicability of these
nanoparticles in a biomedical context was accomplished by
demonstrating successful drug loading, good cell permeability,
and delivery into cells. Thus, due to the universal and modular
nature of the host—guest interaction, the approach holds the
potential to be further developed.

3.2.2. Polymer Decoration of DNA Nanostructures.
While ss- and dsDNA are extensively leveraged to tailor the
polymer sequence and nanostructure and to provide
integrative functions, polymers themselves can also benefit
DNA in several ways. Higher ordered DNA arrays such as
DNA origami are exceedingly versatile building platforms, but
they face intrinsic stability drawbacks. Due to their nature,
DNA objects are prone to enzymatic degradation through
nucleases when encountering physiological environments, thus
limiting their progress in biomedicine. Even though degrada-
tion might be delayed by packing DNA structures of high
density or by having multiple interstrand crossings, it cannot
be completely impeded.*""*® In addition, DNA origami’s
integrity is highly dependent on sufficient levels of divalent
cations that allow close proximity of DNA strands by
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compensating charge repulsion of the phosphate backbones.
Hence, several studies seek to diminish DNA susceptibility
through polymer-based approaches. Despite the drastically
reduced accessibility of 2D and 3D DNA objects in contrast to
nonfolded DNA sequences, electrostatic interaction can still be
exploited in order to achieve an efficient polymer coating.
Divalent cations are hereby substituted by polymeric
polycations, either naturally derived or of artificial origin.
However, without the possibility of confining the electrostatic
interactions in a designated area, coverage will occur
nonspecifically which might hamper additional postmodifica-
tions.

Various polymers were investigated to determine their
structure-binding relationship and their impact on origami
stability. For instance, ATRP-generated block copolymers of
PEG (to improve biocompatibility and protection efficiency)
and methacrylate derivatives (to serve as cationic blocks) were
attached to a 60-helix bundled DNA structure.”” Notably, for
successful binding, the ratio of amines within the polymer to
phosphate groups within the DNA backbone (N/P ratio) was
found to be pivotal. The number of cationic blocks of the
copolymer; however, only had a minor impact on binding
affinities. Ahmadi et al. followed suit and studied the effect of
polymerization degree, charge density, and N/P ratio of linear
PEI and chitosan on coating efficiency.”*” In line with other
studies, the N/P ratio significantly determines the extent of
interaction with DNA. However, LPEI performed better than
chitosan in protecting DNA from salt-depletion and nucleases,
even at lower ratios which the authors attributed to its higher
charge density. Moreover, the study reveals how challenging
the characterization of polymer-decorated DNA nanostruc-
tures might be. While bare origamis could be imaged by
negative stain TEM, LPEI-coated origamis were only visible
after removing the polymer shell. The indirect proof of
polymer coverage described here is often the only way to
analyze the conjugate (more examples to follow within this
section). In 2017, electrostatic coating of DNA origami
structures by copolymers from PEG- and polylysine-building
blocks were reported by two different groups.”'*" The
polylysine block interacts with DNA while the corresponding
PEG block builds a protective layer and shields the sensitive
DNA backbone, The Schmidt lab synthesized PEG,; p,PLys ;g
by ring-opening polymerization induced by an amino-
terminated PEG macroinitiator while the Shih group utilized
commercially available PEG; p,,PLys | polymers (Figure 14A).
Both coatings proved to enable DNA nanostructures to
withstand low salt and high nuclease conditions. However, it
is important to note that the coating produced with the in-
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guided the polymer growth.®* Reproduced with permission from ref 62. Copyright 2018 John Wiley and Sons. (C) Further temporal control over
polymer formation was implemented by trapping a photosensitizer at distinct positions on 3D origami tubes.”* Reproduced with permission from

ref 64. Copyright 2020 John Wiley and Sons.

house synthesized copolymer did not allow for further surface
functionalization due to the shielding effect by the polymers.
Schmidt and co-workers circumvented these restrictions by
applying the shorter polymer as it was utilized in the Shih lab,
and thus, modifications using AuNP were no longer hampered
by the polyplex formation. An important consideration for an
electrostatic-based polymer coating is its suitability in a
physiological context where charged interactions are subjected
to the influences of complex fluids. Interestingly, Shih and co-
workers could not only reach a 1000-fold increased stability
under cell culture conditions but also confirm the integrity of
protected DNA origamis after cell uptake. Remarkably, these
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results were achieved with dendritic cells that are known for
highly efficient DNA degradation, which therefore represent a
challenging scenario for the DNA nanostructures. Recently,
Gang and co-workers expanded the polymer scope for
electrostatic protection by presenting peptoids as valuable
candidates.'®" (Figure 14B) Peptoids are peptide mimetics in
which side chains are anchored to the nitrogen atom of the
backbone instead of the a-carbon, so that secondary structures
and proteolysis are suppressed. Positively charged motifs and
PEG monomers were used to construct block-type and brush-
type copolymers via solid phase synthesis. The latter
architectures were advantageous in stabilizing DNA in
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biomimetic fluids due to multivalent interactions along the
backbone.

In summary, electrostatic polymer coatings provide appeal-
ing simplicity when aiming for increased stability of DNA
nanostructures. Additionally, polyamines are even more
competent in their stabilizing effect than commonly utilized
magnesium ions during origami sy'nthesis.'“ Nevertheless, the
polymer—DNA conjugates derived are of rather low specificity,
which is adequate in only addressing stability issues. For more
sophisticated objectives, polymer deposition with spatial and
temporal control is more ideal. Additionally, unspecific coating
inadvertently wraps reactive handles within the polymer shell
thus jeopardizing the key aspect of DNA origami structures. In
order to conserve the fidelity of DNA origami, some
researchers designed individual strategies to orchestrate
polymer alignment. Among the spectrum of suitable non-
covalent interactions, complementary base pairing can enable
highly precise attachment of polymers, even on a single
polymer chain level. Therefore, it is necessary to furnish both
DNA origami and polymers prior to conjugation: comple-
mentary ODNs have to be mounted on the DNA origami
scaffold at designated positions as well as on the polymer
chains, guiding the interaction of both building blocks. Gothelf
and co-workers developed a method to equip several side
groups of a polymer with ODN handles allowing a polymer to
interact with a DNA origami template on multiple sites, not
only via, e.g, end-group modification. Thus, the alignment of
single polymer chains anng a predestined path on DNA
origami was envisioned.'™ In detail, solid phase DNA
synthesis was employed to graft ODNs from several side
chains of a poly(phenylenevinylene) polymer while additional
PEG side chains ensured water solubility of the construct
which is required for successful DNA conjugation later on. The
sophisticated nature of the polymer led to a rather broad size
distribution as characterized by GPC (340—3300 kDa) and
AFM (length range of 20 to 200 nm), presumably due to
partial degradation during purification. However, binding
yields of polymers to various DNA origami tiles were still
very high according to AFM images. It should be noted that
more complex alignments, for instance, a staircase path instead
of a U-shape, lower the assembly efficiency. While the
visualization of these 2D origami structures was accessible by
AFM, the same analysis was highly difficult for 3D objects. 3D
characterization was only possible when applying the DNA
PAINT technique, again highlighting the challenges in
investigating polymer—DNA origami conjugates. In a follow-
up study, the Gothelf lab further developed their strategy by
installing a programmable switch within the polymer
configuration on DNA origami (Figure 15A).”* Since
complementary base pairing is always of a reversible nature,
a so-called toehold mechanism can be applied to trap and
release the ODN-modified polymers through different anchors
on the DNA origami platform, thus guiding the polymer along
various routes. Despite the elaborated efforts, the approach is
hampered by synthetic and analytical issues, arising from the
very low dimensions on the nanometer scale. Notably, only
half of the origami structures exhibited well-aligned polymers,
demonstrating challenges during conjugation. Furthermore,
repeated switching of the polymer conformation and
subsequent AFM imaging was not possible due to very strong
background noise resulting from added displacement strands.
Subsequently, each cycle of conformation switch was
performed in solution, which enabled purification after each

step. Moreover, simultaneous alignment of two different
conductive polymers and the ensuing interpolymer energy
transfer was not successful, indicating the limits for conjugation
of intricate polymers. ted

Despite the rather low number of reports on distinct
polymer patterning on DNA origami, there are some studies
that do not involve base pairing but electrostatic interactions.
In contrast to the studies discussed above, here, electrostatic
coating is restricted to only occur within distinct boundaries.
This is enabled by pursuing a fundamentally different strategy
compared to the aforementioned interactions of polycations
with the DNA origami. Here, polymers are grown directly from
the DNA surface while simultaneously forming stabilizing
electrostatic interactions. As mentioned earlier, the aniline
monomer responds to oxidative polymerization as it can be
activated by oxidants, photoreactive metal complexes, or
enzymes, such as horseradish peroxidase (HRP). Ding and
co-workers took inspiration from the latter mechanism and
established a HRP-mimicking system to polymerize aniline on
DNA.'® Therefore, they equipped a DNA template with
guanine-rich sequences that are known to build so-called G-
quadruplexes, representing DNAzymes. Upon incorporation of
hemin as a cofactor and the addition of hydrogen peroxide,
oxidation of aniline is induced. Due to electrostatic
interactions, generated aniline radicals adhere to the negatively
charged phosphate backbone in close proximity, thus attaining
local polyaniline formation close to the DNAzymes. The group
then transferred the regioselective polymer growth to 2D DNA
origami triangles.”® They could demonstrate that polyaniline
was only fabricated around the catalytic sites whereas
DNAzyme-free regions did not form any polymer. However,
polymerization directly on DNA origami templates required
specific adjustment to the ionic strength of the system to
balance reaction kinetics and DNA stability. Weil and co-
workers adapted the HRP-mimicking polymerization system
for the shape-controlled formation of polydopamine (Figure
15B).% Normally, dopamine tends to self-polymerize in
neutral and basic pH, yielding a highly adhesive polymer
comprising a multifaceted structure of covalent and non-
covalent interactions that is not yet fully understood. By
conducting the polymerization in acidic milieu with the help of
DNAzymes, the group could implement significant control
over dopamine formation. Various polymer patterns on a DNA
nanosheet were accomplished, and furthermore, polydopamine
acted as a “supramolecular glue”, shaping the origami
conformation as the polymerization progressed. It is important
to recognize that a slightly acidic pH was crucial for
successfully controlling polymer formation as well as the
ionic strength of the reaction. High ionic concentration
disfavored the electrostatic interaction of dopamine and
subsequent reaction intermediates with the DNA template,
giving rise to polymerization in solution instead of the origami
surface. Nevertheless, DNA stability has to be monitored
closely when operating in ion-deficient environments.
Recently, the Weil group further developed the method by
switching from a chemically induced polymerization to a photo
triggered variant allowing the control of the reaction over time
(Figure 15C).%* G-quadruplexes were employed to trap the
photosensitizer protoporphyrin IX at distinct positions on 3D
DNA origami tubes, and upon irradiation with visible light,
polydopamine formation was induced without the need for
further reagents. Not only was the process locally confined,
temporal control was dictated by simply switching off and on
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the light. Despite the noncovalent nature of the polydop-
amine—DNA hybrid structure, electrostatic interaction be-
tween polydopamine and the DNA survived the total depletion
of ions in aqueous medium, confirming its high binding
capabilities. Additionally, it was shown that just the presence of
one or two polymer rings was sufficient to confer stabilization
of the DNA origami in pure water.

In the studies reviewed here, the patterning of polymeric
structures on a DNA template via noncovalent interactions
remains relatively scarce due to several aforementioned
challenges. Complementary base pairing appears to be the
most intuitive approach to arrange polymers along several
ODN anchors on a DNA template; however, it necessitates a
modification of both building blocks. Electrostatic coating
leads to nonspecific coverage in general, yet various groups
designed DNAzyme-based systems to locally restrict polymer
growth from the DNA surface. The nanopatterning achieved
using this method has allowed the customization of structures
in nanoscale resolutions that are yet unachievable by other
technologies.

3.3. Chemistry of DNA—Polymer Conjugates Postcoupling

3.3.1. Chemistries on the Polymer. In the synthetic
approaches reviewed above, we describe the conjugation of
polymers to DNA where reactions are often compromised by
the combined limitations of the polymer and the DNA.
However, postfunctionalization of the DNA-—polymer con-
jugate offers further access to manipulate nanostructure
behavior and function. To realize these postfunctionalization
prospects, functional groups need to be embedded in the
polymer backbone or at the antipodal terminus. Depending on
the polymer employed, modifications can be implemented at
points along the backbone; however, functional groups must
be compatible with or protected from the coupling chemistry
employed for DNA conjugation. In doing so, there are several
avenues for secondary polymer functionalization, such as cross-
linking or small molecule attachment. Postconjugation polymer
cross-linking of an amphiphilic polymer was demonstrated to
create a nanoparticle bearing six ODNs.'*® Here, a DNA
nanocage was synthesized bearing 8 ssDNA—amphiphile
conjugates at the cube corners. The amphiphiles were found
to self-assemble in the hollow cube core, demonstrating the
guided self-assembly through DNA structures. The polymer
consisted of HE and amino groups (Am) in the sequence 5'-
Am-(HE)3-Am-(HE)3-Am-DNA-3’ and was cross-linked with
sebacic acid bis(N-succinimidyl) ester to produce the nano-
particle. Cross-linking the polymer chains provides the
opportunity to alter the physical properties as well as structure
and function, which will be considered in section 4.2.1.

Small molecular attachment is also possible through
secondary coupling reactions. In one example, a PEG chain
was functionalized by a NHS group at one terminal and a
maleimide at the other.” DNA coupling was performed
through amine-NHS coupling, leaving the maleimide group
available and unchanged. A thiol-modified folic acid could then
be coupled through a thiol Michael addition to yield a doubly
conjugated polymer chain. Although there are a few examples
in the literature, the development of biorothogonal reactions
directly fuels the available prospects of postconjugation
functionalization of DNA—polymer conjugates. In doing so,
this strategy can potentially enable an increase in functional
diversity as well as the capability to program complex solution
behavior.
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3.3.2. Chemistries on the DNA. Likewise, postconjuga-
tion modification can be achieved through the DNA block,
offering several additional strategies unique to the DNA such
as chain extension with PCR or hybridization of a
complementary ssDNA. One drawback of DNA-—polymer
synthesis with a user-defined DNA sequence is the length
limitation of solid phase synthesis. The polymerase chain
reaction (PCR) is a well-established technique employed to
replicate short (50 bp) to long (30 kb) lengths of DNA using
specific primers to amplify the region of interest. In the case of
DNA-—polymer conjugates, PCR was employed to synthesize
di- and triblock copolymer conjugates of defined DNA length
and content bearing polymer termini.”' This PCR method
employs presynthesized ODN-—polymer conjugates as the
primers, where the conjugation was produced via grafting to, to
amplify a specific length of DNA. The amplification occurs
through the binding of each primer to the long ssDNA
sequence, followed by extension from the 3'-ODN-end by the
DNA polymerase. This results in a long length of DNA bearing
a polymer at the 5'-end. Monodispersity of the central block is
therefore achieved and yields either a single or double terminal
polymer conjugate determined by the primers used. Addition-
ally, as the primers are independent of each other, the
conjugated polymer can be varied and therefore can bear two
alternative polymers as part of the triblock, for example, PEG—
DNA—-PPO or NIPAM—-DNA-PEG. In this example,
amplification was employed to reshape the conjugate structure.
Amplification can also pose benefits for downstream binding or
signal enhancement. Rolling circle amplification is an
alternative DNA replication technique where DNA sequences
are copied from circular DNA. In the case of DNA—polymer
conjugates, ssDNA penetrating from the conjugate is available
to perform primer functions for DNA polymerase extension
from the 3-end. Specifically, ssDNA was bound to polymers at
the 5'-end and could bind to the circular DNA at designated
positions through complementary base pairing.'™ Once
bound, the DNA polymerase can perform the extension and
displacement for continued amplification resulting in long
ssDNA protruding from the polymer conjugate. Through the
employment of postmodification, the long DNA chain is not
present during the conjugation reaction, thus avoiding steric
challenges. Therefore, the use of postcoupling extension to the
DNA block through PCR and RCA demonstrates a synthetic
approach to long DNA—polymer conjugates. Chemistries
could also be envisaged on DNA postcoupling. As with the
polymer reactions, the compatibility with the DNA—polymer
coupling reaction is required.

3.4. Characterization of DNA—Polymer Conjugates

The characterization of DNA—polymer conjugates requires a
range of techniques due to the variety of approaches and
products synthesized. In particular, the production scale of
DNA-—polymer conjugates has been a primary concern, which
is often the bottleneck for analytical tools with poor limit of
detection. For conventional polymer synthesis, there are two
key techniques: gel permeation chromatography (GPC) and
dynamic light scattering (DLS), which are the benchmark
characterization techniques to determine polymer quality. For
both techniques, approximately 10—50 nmoles of conjugate is
required to provide an adequate signal for analysis. This often
restricts the number of experimental variables one is able to
explore due to the limited amount of material available. GPC
and DLS analysis can be applied to all conjugates formed

https:/doi.org/10.1021/acs.chemrev.0c01074
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through the grafting to approach as polymers can be fully
characterized prior to attachment. For the grafting from
approach, DLS and GPC'""**>* gare still applicable to
determine the polymer length of 1D DNA-—polymer
conjugates; however, polymer characterization can pose greater
challenges when 2D or 3D nanostructure conjugates are
fabricated. Hence, for 2D and 3D conjugates, AFM and high
resolution transmission electron microscopy (TEM) can be
used to determine the presence of the polymer conjugate on
the DNA nanostructures. Spatial information in 2D/3D
architectures of the polymer remains a challenge as it is
often difficult to determine the orientation of the attached
molecules. The overall structure, such as a rodlike or spherical
micelle, however, can be determined.”* Alterations to the
DNA-block can also be analyzed by AFM.'*”'"" In one
instance, the height increase of the micelle due to dT
incorporation by a terminal deoxynucleotidyl transferase
(TdT) polymerase could be monitored to assess DNA chain
extension.'”’ Agarose and PAGE are also useful techniques to
confirm successful attachment or polymerization through band
shifts. PAGE is often the preferred method of electrophoresis
due to the increased resolution and can be employed to
analyze covalent and noncovalent attachment. Using PAGE,
grafting from can be monitored by the appearance of a new
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band at a higher molecular weight depicting successful
polymerization,19'—"4'”5 as can grafting to—the higher molecular
weight band depicts efficient conjugation,'”'#¥%767%%% A hand
shift can also be noted on noncovalent attachment due to the
increase in size or also due to the change in overall charge—
DNA coated in positively charged polymers is either retarded
or can even migrate toward the negative electrode. In addition,
the formation of more complex nanostructures can also be
analyzed by PAGE, where increasing molecular weight leads to
"7 Both electrophoresis
methods can be employed for all DNA structures and
preparation techniques; however, they do not show specifics,
such as orientation or precise polymer length. Matrix assisted

a band shift of lower migration.

laser desorption/jonization spectroscopy (MALDI) can also be
employed to demonstrate that the correct molecular weight
has been achieved after conjugate synthesis via grafting to;”"
however, conjugate flight can be challenging and not always
achievable. The increase in experimental analysis techniques
has enabled the analysis and therefore development of highly
sophisticated DNA—polymer conjugates, although further
developments would enable absolute visualization or precision
of the DNA—polymer conjugates to assist this field of research.

https/doi.org/10.1021/acs.chemrev.0c01074
Chem. Rev. 2021, 121, 1103011084



Chemical Reviews pubs.acs.org/CR

Review

Table 4. Construction of DNA—Polymer Micelles Containing Different Hydrophobic Cores Driven by the Hydrophobicity of
the Polymer

DNAipolymer Hydrophobic Formation Property of the hydrophobic Ref
micelle core core
a. Preparation of amphiphilic DNA-PS
conjugates by employing copper High hydrophobicity and Reill
PS catalyzed azide-alkyne cycloaddition high glass transition ‘E)Z (1;:; )3’0
b. Self-assembly of amphiphilic DNA-PS temperature
conjugates
a. Formation of DNA-b-PPO copolymers  Higher accumulation  of
by the conjugation of PPOs tothe 5" end  hydrophobic reactants in the
PPO of the ODN micelle core and excellent g:;;:’;;n
b.  Self-assembly of DNA-b-PPO  biocompatibility toward
copalymers different cell types
a.  Construction of the brush DNA-g-PCL-
b-PCL block copolymer by grafting i
multiple DNA strands onto the end of a £ Bz polyr‘ner Mirkin
PCL diblock copolymer core ) ‘under physiological (2015)
conditions
b. Self-assembly of the brush DNA-g-
PCL-b-PCL block copolymer
a. Formation of micelle-like nanoparticles
by the assembly of pNIPAM
. Caruso
pNIPAM b. Modification of micelle-like Temperature responsiveness (2009)"5
nanoparticles by  amine-modified
polyAso
a.  Fabrication of sequence-defined DNA-
HE conjugates through a stepwise solid- .
bty phase approach A sequence defined polymer ?I:(;lll‘l:)l:n
b. Self-assembly of DNA-HE conjugates core
through the addition of Mg** buffer
a. Formation of DNA-PTX,, amphiphile.
The ratio between the number of PTX
and DNA molecules could be ;
PTX,y polymer controlled by ring-opening metathesis  An anticancer drug core (L;(;fﬁg)'"
polymerization
b. Self-assembly of DNA-PTX,o
amphiphile
a. Formation of ssDNA amphiphiles by a A Tyd;:;ph"blc dﬂuiores;:ent
q . nucleotide was designed as
BODIPY-dUTP hmrs.tEP enymatic . polymerization the core to drive the self- Zauschlet;
reaction (2014)"7
b Seit e R ST assernvbly' of ssDNA
. L amphiphiles

4. SUPRAMOLECULAR DNA—POLYMER COMPLEXES

Supramolecular interactions between biology and synthetic

for nanostructural design and supramolecular behavior to be
studied in greater detail.

DNA—polymer conjugates behave like block copolymers,
thus assembling into nanostructures due to hydrophobic and
electrostatic interactions. Moreover, the sequence-specific
interactions between DNA strands allow programmed
assembly of exquisite nanostructures with stimuli-responsive-
ness, which is unique for block copolymers with DNA
components. Meanwhile, the polymer segments display diverse
chemical and physical properties, thus rendering more

materials have attracted more attention in recent years.
Historically, the development of polymer and block copolymer
assemblies has been widely regarded as the first entry of
synthetic macromolecular objects in the understanding of the
chain dynamics involved in complex solution processes.
Biohybrid systems, in particular DNA—polymer conjugates,
provide an intrinsic bridge to investigate supramolecular

interactions promoted by the respective synthetic and
biological entities. As expanded by previous sections, the
chemical and physical orthogonality of both blocks allows
them to be tailored largely independently, hence the potential
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possibilities to tune the assembling behavior. Therefore,
DNA—polymer conjugates can result in large diverse self-
assembled nanostructures, which is one of the most attractive
features of such hybrids. In this section, we classify the DNA—

httpsi/dei.org/10.1021/acs chemrev.0c01074
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polymer assembled nanostructures into static and dynamic
structures. The strategies to induce self-assembly, either by
hydrophobic interactions through the polymer segment or by
sequence hybridization by the DNA segments, are discussed
for static structures, whereas the dynamic structures section
mainly focuses on the stimuli that can trigger structural or
behavioral changes.

4.1. Static Nanostructures

There has been much progress on the solution assembly of
amphiphilic copolymers; however, the assembly of DNA-
polymer conjugates has become a promising new field due to
significant breakthroughs in DNA conjugation chemistry.
When DNA is attached to the polymer to obtain a DNA-
polymer conjugate, the properties of the conjugate are dictated
by both the DNA and polymer component. One of the most
common approaches to synthesize DNA—polymer nanostruc-
tures employs the hydrophobic interaction of polymers in
combination with DNA sequence—specific recognition. Figure
16 shows the summary of DNA—polymer static nanostructures
and their self-assembly principles. According to the properties
of DNA and the polymer, the assembly methods of static
DNA—polymer nanostructures can be classified into three
types: assemblies induced by hydrophobic interactions through
the polymer segment, assemblies induced by sequence
hybridization via the DNA segments, and nanostructures
involving DNA and polymer induced assembly.

4.1.1. Assemblies Induced by Hydrophobic Inter-
actions through the Polymer Segment. Due to the wide
range of hydrophilic and hydrophobic properties that can be
customized by synthetic polymers, DNA—polymer conjugates
consist of two categories: hydrophilic and amphiphilic DNA—
polymer conjugates. Amphiphilic DNA—polymer conjugates
can self-assemble into nanoconstructions with various
morphologies and are therefore attractive as unique nanoma-
terials. Amphiphilic DNA—polymer conjugates self-assemble
into spherical micelles through the hydrophobic interactions
with the aqueous solvent, exhibiting a hydrophilic DNA shell
and a hydrophobic polymer core. The first DNA—polymer
micelles, formed from DNA—PLGA polymers, were intro-
duced by Park’s grnup."” The formed micelles would
continuously release ODNs by controlling the degradation of
PLGA chains and exhibited enhanced cellular uptake by
endocytosis thus leading to a new strategy for gene delivery.
Since then, with the development of block copolymer self-
assembly, DNA nanotechnology and DNA—polymer micelles
with different hydrophobic olymer cores have been reported
in succession," ! H LRI Tahle 4 summarizes the
construction of DNA—polymer micelles containing various
hydrophobic cores with different properties.

Mirkin and co-workers prepared spherical DNA block
copolymer micelles containing a PS core through self-assembly
of PS-b-DNA conjugates.”' The PS-b-DNA block copolymers
were fabricated through CPG solid phase synthesis. The
micelles subsequently formed by hydrophobic interactions of
PS-b-DNA copolymers, and the resultant hydrophilic DNA
exterior of the micelles exhibited unique sequence-specific
recognition properties. Furthermore, the average diameters of
the micelle structures could be controlled by varying the DNA
sequence length and PS molecular weight. Conversely,
O'Reilly’s group employed copper-catalyzed azide—alkyne
cycloaddition to synthesize the amphiphilic PS=DNA block
cnpoly'mer.w The resulting amphiphilic PS=DNA conjugate

could then form micellar structures in aqueous solution.
‘Whereas the conjugation efficiency achieved by Mirkin’s group
was low, the copper-catalyzed azide—alkyne cycloaddition
adopted by O'Reilly’s group resulted in PS—DNA conjugates
in a 74% yield. The well-defined micelles were approximately
20 nm in diameter in O'Reilly’s work, which confirmed the
amphiphilic properties of the PS—DNA block copolymer.
Inspired by the synthetic strategy of Mirkin’s group, Herrmann
and co-workers'” constructed a new class of DNA—PPO
micelles. Phosphoramidite-PPO derivatives were obtained by
the reaction of hydroxyl-group-terminated PPOs with
phosphoramidite chloride. The corresponding derivatives
were attached to the $"-end of ODN on a solid support to
obtain the DNA—PPO conjugates. The DNA—PPO conjugates
self-assembled to form DNA—PPQO micelles. Then, on the
surface of the micelles several chemical reactions could be
produced in a perfectly programmed and controlled manner.
In addition to DNA amphiphiles, DNA triblock copolymers
can also be developed to assemble DNA—polymer micelles.
Gauffre and Mirkin both prepared DNA—polymer micelles
containing PCL hydrophobic cores by using triblock
copolymers.'''”* The PCL hydrophobic cores could then
be gradually degraded under physiological conditions by
cleavage of ester bonds with acid-promotion or esterase-
catalysis.'” Gauffre et al. focused on micelle preparation and
DNA-based recognition ability,r"‘ whereas Mirkin's group“l
aimed to graft many more DNA strands onto the end of a
diblock copolymer. Thereby they synthesized a micelle
structure consisting of a DNA-brush block copolymer. The
micelle exhibited a higher nucleic acids surface density, a
higher melting temperature, and more effective cellular uptake
without transfection agent. In contrast, Caruso’s group] °
prepared pNIPAM-cored DNA micelles in an alternative two-
step approach. First, at a temperature lower than its lower
critical solution temperature (LCST), the pNIPAM terpolymer
formed micelle-like nanoparticles. Second, an amino-modified
polyAy, or polyTy, was conjugated to the micelle-like
nanoparticles to obtain DNA—pNIPAM micelles. Although
there have been some reports on the construction of DNA—
polymer micelles using DNA triblock copolymers, with the
development of DNA amphiphilic preparation technology in
recent years, more work has been done to prepare DNA—
polymer micelles using DNA amphiphiles. Sleiman and co-
workers constructed HE—DNA micelles containing a poly-
ethylene core by the self-assembly of either HE,—DNA or
HE,;,—DNA conjugates.”’ A stepwise solid phase approach was
performed to sequence-specifically conjugate synthetic HE
oligomers on DNA, which would form monodisperse DNA—
polymer conjugates with a defined sequence. The formed
DNA-—polymer conjugates displayed self-assembly behavior,
which could be tuned by the polymer length employed.
Specifically, in a buffer with 10 mM Mg**, HE-DNA
conjugates containing five or fewer HE units existed as
discrete molecules. In contrast, HE—=DNA conjugates contain-
ing more than six monomer units could self-assemble to form
DNA—polymer micelles. Furthermore, the successful prepara-
tion of the micelles was verified by encapsulating a guest
molecule, Nile Red, within the hydrophobic core of the
micelles. Zhang's group also constructed a DNA—polymer
micelle through the self-assembly of DNA—drug conjugates. "’
By covalently binding nucleic acids and paclitaxel (PTX, an
anticancer drug), the amphiphilic nucleic acid—drug con-
jugates could form micellar nanoparticles, which were

https://doi.org/10.1021/acs.chemrev.0c01074
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structurally analogous to spherical nucleic acids (SNAs). This
example treated the anticancer drug PTX as the hydrophobic
core, which is discussed in more detail in section 5.3.

In addition to the series of methods reported above for
preparing DNA—polymer micelles, Zauscher’s group used an
enzyme-catalyzed polymerization reaction to construct starlike
micelles.'® dNTPs were sequentially introduced to the
oligonucleotide primer through the polymerase TdT. Thereby,
ssDNA amphiphiles with high molecular weight and low
polydispersity could be prepared by the enzyme-catalyzed
polymerization reaction in solution. Through the incorporation
of multiple hydrophobic unnatural BODIPY fluorophore-
modified dUTP (B-dUTP) nucleotides at the terminus,
ssDNA amphiphiles could self-assemble into the starlike
micelles. In this work, the successful preparation of micelles
was verified by agarose gel electrophoresis and AFM and well
predicted by the dissipative particle dynamics simulations. The
enzyme polymerization method has great potential in the field
of drug carrier development as the DNA building blocks can
also be adopted as the drug,

In addition to spherical micelles, DNA—polymer conjugates
have also been used to assemble into other morphologies. So
far, DNA—polymer-based self-assembly has made the
successful preparation of micelles, nanofibers, nanoribbons,
and vesicles possible. In addition to these structures, via the
self-assembly of chimeric pyrene—DNA oligomers, Haner’s
group'””'*" fabricated helical ribbon structures (Figure 17A).
Here, the pyrene—ODNs were prepared through the
conjugation of a pyrene segment with various lengths (0, 1,
4, or 7 units) to an ODN (10 nucleotides) at the 5'-end.
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Ultimately 1D ribbon-like DNA-grafted supramolecular
polymers were formed due to stacking and hydrophobic
interactions between pyrene chains. Unlike Haner’s approach,
Park and co-workers prepared DNA-modified 1D polythio-
phene nanoribbons via a simultaneous assembly of DNA-b-
poly[3-(2,5,8,11-tetraoxatridecanyl)-thiophene] (PTOTT)
with PEG-b-PTOTT.' PEG-b-PTOTT drove the self-
assembly which offered an approach to attach the DNA’s
molecular recognition properties to several self-assembling
structures. In this work, not only DNA—polymer nanoribbons
were prepared, but also size-controllable DNA—polymer
vesicles by the assembly of DNA-b-PTOTT (Figure 17B).
When only DNA-b-PTOTT was present, vesicle assembly was
observed. The formation of vesicles was favorable due to the
rigid polythiophene structure in combination with the high
negative charge of DNA. In general, simple spherical micelles
could form by the self-assembly of DNA—polymer conjugates
due to the highly negatively charged DNA backbone. However,
the 7—x interaction of the rigid PTOTT block induced the
self-assembly of DNA-b-PTOTT to form an unusual vesicle. In
the self-assembly process of rod—coil copolymers, the trade-off
between interface energy, coil stretching, and rod filling could
affect the assembly structure. Vesicles are thermodynamically
more advantageous than simple micelles—simple micelles
formed through assembling rod—coil block copolymers
possessed a high curvature and can create rod packing defects.
Furthermore, the experiment verified that the increase in
vesicle size was mainly dependent on increasing the polymer
concentration. Subsequently poly(propargyl methacrylate)
(PPMA)-g-DNA nanofibers were fabricated by Nardin's
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Society.

group through the assembly of an amphiphilic poly(2-alkyl-2-
oxazoline) (POX)-graft-DNA copolymer.'®” Since POX is
similar to a polypeptide in structure, it could be considered as a
pseudo polypeptide. This was the first report of a DNA
sequence and an assembly composed of a pseudo peptide
through a nucleation polymerization mechanism. The nano-
fibrils were formed by inter- and intramolecular hydrogen
bonding. Jiang et al. also successfully prepared a primary
nanofiber structure using the PPMA-g-DNA brush. The
nanofiber structure possessed a hydrophilic DNA shell and a
hydrophobic PPMA core formed by DNA strands covalently
grafted to a PPMA backbone via “click” chemistry (Figure
17C)."®" Herein, PPMA selective solvents, such as THF, could
influence the morphology of the PPMA-g-DNA nanofibers; for
example, when 20 vol % THF was added to the aqueous
system randomly interwound nanofibers were observed.
Conversely, the introduction of 40 vol % THEF drastically
increased the tendency to form multistrand helices. The
methods used in the examples described above provide DNA—
polymer nanostructures with a single shape by altering a single
factor. Weil’s group developed a new platform technology to
construct DNA—polymer nanostructures with multiple shapes.
This technology mainly leveraged PISA for polymerization
from ssDNA to fabricate nanostructures.”* The solution-based

thermal RAFT polymerization from DNA was achieved by
enzymatic degassing of glucose, glucose oxidase, and sodium
pyruvate under ambient conditions. Furthermore, this was the
first time PISA was performed with RAFT polymerization from
DNA and it provided a convenient path to construct complex
DNA—polymer worm architectures. This technology was
successfully used to prepare DNA—polymer conjugates with
narrow molecular weight and variable lengths. The assemblies
could reassemble into the thermodynamically most favored
state with increasing degrees of polymerization. Subsequently,
DNA-—polymer nanostructures of various shapes were
manufactured by targeting the chain length of the polymer
block, which established a new platform technology toward
functional DNA—polymer nanostructures (Figure 17D).
4.1.2. Assemblies Induced by Sequence Hybrid-
ization of the DNA Segments. Amphiphilic block
copolymers consist of a hydrophilic block and a hydrophobic
segment that can self-assemble into various predictable
morphologies fueled by the phase separating constituents.'**
Although the chemistry of block copolymers is diverse and
offers varying optimization approaches to tune stability and
biocompatibility, it lacks sequence selectivity, monodispersity,
programmability, and the fine structural control provided by
DNA. With the advances in DNA nanotechnology, flexible

11061 https://doi.org/10.1021/acs.chemrev.0c01074
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structural manipulation of DNA has provided an intelligent
tool to program the self-assembly of DNA block copolymer
materials. In the previous section, static DNA-—polymer
nanostructures were discussed based on how polymer design
can motivate self-assembly by hydrophobic interactions. This
section reviews the static DNA—polymer nanostructure
induced by sequence hybridization of the DNA segments
and associated technologies.

In one assembly approach, the DNA component mediated
the static DNA—polymer supramolecular complexes through
complementary strand hybridization.'"** Here, Das and co-
workers prepared star-polymer—DNA conjugates via the click
reaction, where subsequent higher-order nanoassemblies could
be achieved by complementary DNA hybridization, where
DNA was treated as a covalent bond-mimic (Figure 18A).77
Zhang and co-workers reported a series of examples to
assemble polymer—DNA conjugates via DNA cross-linking. In
one study, nucleic acids were covalently conjugated to the
termini of triblock copolymer brushes to yield interactive
handles which could then form head-to-tail ordered wormlike
supramolecular nanostructures (Figure 18B).""* In this
assembly process, intermolecular DNA hybridization was
prevented by the triblock copolymer brushes, inducing the
multivalent conjugate to mimic a divalent structure. The DNA
moieties were designed to attach complementary brushes, thus
forming well-defined 1D nanostructures. This elegant design
was ensured by two key parameters. First, the directionality of

assembly needs to be controlled by a sufficiently rigid polymer
backbone so that the monomer cyclization is energy-
unfriendly. Second, the number of DNA strands at one
termini is critical to avoid multiple connections on one block.
Their further studies also investigated the self-assembly
kinetics and provided a model to accurately predict the degree
of polymerization and size distribution of the assembled
products."**> Moreover, in order to improve the biopharma-
ceutical properties of ODN therapeutics, in another example,
they developed a DNA-backboned bottlebrush structure with
PEG side chains (Figure 18C)."*® Here, the PEGylated ODN
hairpins were constructed to realize a hybridization chain
reaction, which lead to a living polymerization using two
hairpins as monomers. Thereby, a “bottom-up” synthetic
approach was devised to obtain the uniformly PEGylated DNA
nanostructures, The position and number of the PEG chains
could be accurately controlled throughout the nanostructure
surface.

Another assembly model used for DNA-mediated static
DNA—polymer supramolecular complexes is to regard DNA as
a rigid scaffold for organizing polymer molecules at specific
locations with particular direction and number.'** Herrmann
and co-workers achieved the preparation of rodlike micelles by
using long DNA templates as scaffolds.*” This work clearly
reflected how DNA hybridization altered the structural
properties of DNA block copolymer micelles, transforming
the ssDNA shell of the micelles into dsDNA through base
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complementation. When the short complementary sequences
were introduced to spherical DNA block copolymer micelles
through base pairing, a spherical DNA-b-PPO micelle with a
double stranded corona could be fabricated and the overall
shape of micelles was conserved. However, when hybridized
with long DNA templates, the morphology of the spherical
micelles was transformed from spheres to uniform rods (Figure
18D). Four and five DNA-b-PPO polymers were annealed on
two long DNA templates, T88 and T110, respectively. Upon
hybridization, the spherical ssDNA—polymer micelles were
disintegrated and DNA-b-PPOs were arranged linearly along
the long DNA strand. Eventually, nucleic acid segments
participated in the formation of a double helix structure with
the template, and hydrophobic blocks protruded from dsDNA,
resulting in spherical micelles transformed into a rodlike
structure. Using a different form of DNA nanotechnology,
Sleiman’s group built a new type of biohybrid material in
which the positions of polymer chains were pm,%ramrned in 3D
treating DNA cages as scaffolds (Figure 18E).""” DNA cubes
composed of four 80-nucleotide strands were fabricated by a
new method that could be quantitatively assembled from a
minimal number of DNA strands. In this instance, the polymer
component, hexanediol, aided the nanostructure formation by
increasing the flexibility and reducing strain. Hence, four
hexanediol insertions were introduced into these DNA cubes
at the junctions where the square faces were formed. The
DNA—polymer conjugates were synthesized by combining a
block copolymer with a short DNA strand and were
subsequently introduced into the cubes by DNA hybridization,
allowing the arrangement of a precise number of polymers on a
specific surface of the cube. In this study, DNA was treated as a
rigid scaffold, which could be used to sequence polymers
remotely, as well as to control quantity, density, and direction.

4.1.3. Nanostructures Involving DNA and Polymer
Induced Assembly. In this part, we will discuss static DNA—
polymer nanostructures that were assembled through both
DNA hybridization and the polymer hydrophobic interactions.
From the previous section, the regulation of polymer
hydrophobicity can promote the assembly of ssDNA-
conjugated polymers into ribbons, micelles, or other forms in
water, The DNA strands of these self-assembled systems could
present the thermodynamically favored radial arrangement
around the core. However, polymers can also be exploited to
mediate DNA superstructure formation by guiding the
assembly of DNA nanostructure—polymer hybrids. These
polymers are mainly attached to the surface of DNA
nanostructures by DNA hybridization. To date, only a small
amount of DNA superstructure formation induced by
hydrophobic polymer has been published. The first polymer-
mediated DNA superstructure was reported by O'Reilly’s
group by the assembly of a tetrahedron—pNIPAM conjugate.”
Herein, DNA—pNIPAM conjugates were attached to a DNA
tetrahedron by DNA hybridization and, in the presence of
excess polymer, formed polymer-decorated DNA tetrahedrons,
which self-assembled into tetrahedron—pNIPAM composite
nanoparticles. Due to the thermal-responsiveness of pNIPAM,
the formed superstructures are of dynamic nature, which is
described in detail in the next section. Similarly, Sleiman and
co-workers constructed a series of new nanostructures thr_uuﬁh
the self-assembly of DNA cages and sequenced polymers, 71
as presented in Figure 19A. In this instance higher order
nanostructures could be created through orthogonal applica-
tions of DNA nanotechnology and precision polymers, which

exhibited an unprecedented level of control over the number of
polymers.'”" The work first varied the multiplicity position and
multiplicity of hydrophobic polymers on DNA cages and found
that C4 (four binding regions on a single face), a geometric
structure that promoted the aggregation of proximal polymers
and thus superamphiphiles, was hence selected for self-
assembly of a micelle containing the cubes. The number of
aggregated DNA cages was programmed by changing the
number of hydrophobic polymer repeating units on the cages.
With increasing length of the polymer, the monomeric
(polymer chains potentially aggregated on one face) structures
gave way to a higher-order dispersed assembly of the dimer
and an increase in the finite number of aggregates, followed by
a monodisperse oligomer micelle. Moreover, higher-order
micelle assemblies were also possible by recognition of the
external DNA nanostructures to create functional macroscopic
materials. A network of micelles were formed by attaching
different chains to the micelles of two different populations and
then adding a connecting chain (Figure 19A, bottom). This
constituted the first reported example which used quantified
polymer to mediate self-assembly,'”’

The same group further investigated the limits of their self-
assembly method and its value for application by adding
hydrophilic monomers to the hydrophobic polymer.”” In this
system, Sleiman and co-workers focused on the investigation of
systematic change in cage size and structure as well as the
orientation of individual polymer chains on the DNA scaffold.
Importantly, this study elucidated the assembly behavior of
precision polymers attached to DNA cages by changing the
length of the polymers, by adjusting the polymer sequence and
direction of individual polymer chains on the DNA cage, and
by varying the shapes of the DNA cages. When the
hydrophobic polymer was attached to one face of the DNA
cage by DNA hybridization, “quantified cage assemblies” with
a hydrophobic core were obtained. The number of hydro-
phobic repeats directly affected the aggregation number of the
cage (Figure 19B, top left). In this work, the polymers were
sequence-controlled by precisely changing the number of
hydrophilic and hydrophobic repeats. By introducing hydro-
philic segments into the polymer, polymers could guide
conjugates to form monomeric cages or donut-shaped “cage-
rings” (Figure 19B, top right). Furthermore, the diameter and
density of DNA cage-rings could be adjusted by controlling the
length of the polymer blocks. By studying the orientation of
polymer chains on the cages, a DNA cage intrascaffold
“handshake” to form DNA—micelle cages was demonstrated.
When both sides of the DNA cage were decorated with
hydrophobic polymers, it was more stable than the cage that
was unsubstituted (Figure 19B, bottom left). Additionally, the
successful formation of the hydrophobic core in the fabricated
DNA—micelle cages was verified by the encapsulation of the
hydrophobic Nile Red. Finally, in order to probe whether the
geometry of the cage can change the number of cages per
aggregate, cages with different sizes and geometries were
efficiently constructed (Figure 19B, bottom right). According
to the experimental results, the different cage geometries
resulted in an intrascaffold “handshake” within the scaffold
with different capacities for small molecules and with various
hydrophobic repeats. The loading capacity of hydrophobic
guests could be increased when the larger cages were used to
assemble the cage-micelles.

Furthermore, DNA—polymer micelles could also be used to
assemble static DNA—polymer supramolecular complexes. As
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shown in Sleiman’s work, they constructed a micelle-of-cubes
by polymer hydrophobic interactions and DNA hybrid-
ization.'”! Here, HE,,—DNA micelles were fabricated by the
assembly of polymer—DNA conjugates which has been
discussed in section 4.1.1. Subsequently prisms with various
geometry and size were adsorbed onto the surface of the
HE;—DNA micelles to form micelle-of-cubes by DNA
hybridization (Figure 20A). This assembly method was used
to assess the integrity of DNA nanostructures attached to
micelles. Conversely, Caruso and co-workers constructed
DNA—polymer microcapsules employing a layer-by-layer
assembly approach of DNA grafted polymer micelles.'”®
Here, amine-modified ssDNA was conjugated to pNIPAM to
synthesize pNIPAM-T, and pNIPAM-A,, micelles. Colloidal
silica particles were used as templates to assemble pNIPAM-
Ty and pNIPAM-A;;, micelles layer-by-layer. The silica
particles were then dissolved to obtain the DNA—polymer
microcapsules, which possessed lower permeability than single-
component DNA capsules due to the presence of pNIPAM
(Figure 20B).

In general, vesicles, spherical micelles, or other symmetric
forms can be assembled by amphiphilic molecules in water.
However, obtaining amphiphilic assemblies with concrete sizes
and shapes is still a significant challenge in this area."® Liu's
group developed frame-guided assembly (FGA), an approach
to prepare a series of shape-controlled DNA—polymer
amphiphilic assemblies.'*'**'"! This method could be
employed to assist the assembly of polymers driven by the
hydrophobic polymer outside the frame, which offered greater
control over self-assembly. First, they employed DNA-
functionalized AuNPs as the frame to fabricate customized
heterovesicles.'™ Prepositioned, discontinuous leading hydro-
phobic groups (LHGs) were introduced by DNA hybridization
to the corresponding positions of the frame, outlining the

11064
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edges of the designed structures. Other amphiphilic molecules
could be guided to fill the gaps between LHGs and ultimately
produce monodispersed vesicles. This work improved the
understanding of the fundamental mechanism of self-assembly
through the FGA method. Subsequently, a similar method was
employed to fabricate a 2D nanosheet and 3D heterovesicle
assemblies by constructing DNA origami nanostructures."**"”!
A variety of DNA origami shapes could be prepared through
the folding of a long scaffold DNA sequence by a series of
carefully designed short DNA strands. The ssDNA-modified
amphiphilic molecule named DDOEG was positioned
reasonably on the DNA origami platform through sequential
specific DNA hybridization to form a 2D hydrophobic
framework domain on the DNA origami. Consequently, a
homogeneous or heterogeneous 2D nanosheet could be
gradually formed on the DNA origami by absorbing additional
amphiphilic molecules into this hydrophobic frame domain
through the hydrophobic interactions. '’ Through this study it
was finally demonstrated that the FGA strategy can overcome
the obstacle of 2D amphiphile assembly in aqueous solution.
Importantly, the size and shape of the 2D amphiphilic
assemblies could be readily controlled by the shape of the
DNA origami. Additionally, by varying the design of the DNA
origami scaffolds, cuboid and dumbbell-shaped heterovesicles
could be constructed.'®® As shown in Figure 20C, once the
DNA origami nanostructure was formed, 115 copies of polyA
strands were positioned on the surface. Subsequently, the
polyT-modified D;DOEG (selected as the LHG) could be
introduced to the surface of the DNA origami through DNA
hybridization. The added amphiphile molecules, G,CI-18 (see
Figure 20C for the specific structure), were assembled along
the frame under the guidance of LHG, filling the gap between
LHG and forming the heterovesicle. Altogether, the results in
these articles demonstrated the flexibility of the FGA strategies

https:/doi.org/10.1021/acs.chemrev.0c01074
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to guide specific geometrically challenging amphiphilic
assemblies by using the geometric programmability of DNA
origami nanostructures.

In summary, this section systematically studied the
formation of static nanostructures according to the properties
of the polymer and DNA segment. As a traditional direction,
the assembly behavior of DNA—polymer conjugates has been
widely studied. Currently, different shapes of static nanostruc-
tures such as micelles, nanoribbons, nanorods, and micro-
capsules have been successfully prepared by the corresponding
DNA-polymer conjugates, Among them, DNA-polymer
micelles were studied the most. However, although the
structures are now expansive, only a few types of polymers
have been explored in conjugation with ssDNA. We believe
that in the future, as the conjugation chemistry develops, more
synthetic polymers with distinct structures and properties
could be conjugated to DNA terminals and, therefore, the
variety of DNA—polymer micelles would be further expanded.
4.2. Dynamic Nanostructures

Unlike static DNA—polymer assembly, smart dynamic DNA—
polymer nanostructures can alter their shape and size in
response to external stimuli,'”? which has been greatly
investigated by several groups.%'li:'l"‘)3 As shown in Figure

21, these structures can respond to chemical stimuli (e.g., pH),

Stimuli-
responsive
DNA-polymer

Physical stimu®

Figure 21. Schematic illustrations of different types of stimuli-
responsive DNA—polymer dynamic nanostructures.”>**" Adapted
with permission from ref 93. Copyright 2003 American Chemical
Society. Adapted with permission from ref 200. Copyright 2013
American Chemical Society.

biochemical stimuli (e.g,, ssDNA), and physical stimuli (e.g,
light and temperature). They are widely used in biomedical
fields, such as intracellular delivery of genes via a pH-mediated
mechanism and light-guided delivery of small molecule drugs.
In this section, we discuss the dynamic nanostructures formed
by DNA—polymer conjugates under each stimuli category.
4.2.1. DNA Programmable Dynamic Nanostructures.
Due to stimuli-responsiveness, the precise sequence-control,
desirable molecular properties through base pairing, and ease
of modification, DNA could also be used to mediate the
programmed assemblies of dynamic DNA—polymer supra-
molecular nanostructures. The dynamics of these types of
materials are mainly reflected by the strand displacement

strategy and the reversible transformation of complementary
base pairing (RTCBP).

Sleiman and co-workers fabricated a series of dynamic
DNA-—polymer supramolecular nanostructures by the strand
displacement strategy. In their first work, a long DNA strand
containing a repeating sequence was created by the use of
rolling circle amplification and then employed as a guide strand
to construct robust nanotubes with a non-nicked backbone
(Figure 224).% Subsequent block copolymer assemblies were
sequence-specifically and longitudinally positioned on robust
DNA nanotubes. These materials were dynamic, and the block
copolymer structures could also be cleanly removed from the
DNA nanotubes when a specific competitor DNA sequence
was added (shown in Figure 22A). The second work employed
the strand displacement strategy, providing an economic
approach to build DNA nanotubes functionalized with lipid-
like polymers.'™* A spacer was used to link polymers to the
nanotube, and polymers folded inside to create a hydrophobic
environment within the nanotube. The spacer was vital to the
morphology of the dynamic DNA—polymer nanostructures. A
network of DNA bundles was formed when the polymers were
directly linked to the nanostructure without spacers. However,
in the presence of 8T spacers on the amphiphilic strands, the
micellar microenvironments were generated along the
repeating units of the nanotubes due to the DNA amphiphiles
accumulating in the nanotube (Figure 22B). These micellar
microenvironments were constructed mainly to encapsulate
the small molecule Nile Red. Subsequently, a series of specific
DNA strands were designed to interact with the 8T spacer, and
the amphiphilic strands LS 1-3 were removed by strand
displacement, which illustrated the dynamics of this nano-
structure, Small molecules encapsulated in the nanotube would
ultimately be released from the nanostructures when specific
DNA strands were added. Another type of dynamic DNA—
polymer nanostructure was also developed to demonstrate that
not only small molecules but also nucleic acid therapeutics
could be delivered by DNA—polymer dynamic nanostructures.
Sleiman and co-workers designed a stimuli-responsive spherical
nucleic acid, which could be used to load and release nucleic
acid therapeutics."”*

This spherical nucleic acid vehicle was assembled from only
four strands, and nucleic acid therapeutics could be delivered
upon recognition of specific ODN triggers via strand
displacement. This work led to a new class of responsive
drug delivery vehicles that were stimuli-responsive and more
accessible than previous examples.

Besides strand displacement, DNA hybridization is also
thermally responsive; thus, it could be reversible depending on
the temperature, and therefore, it is possible to exploit to
induce dynamics to the nanostructures. For instance, as shown
in Figure 22C, Sleiman’s group constructed dynamic supra-
molecular DNA—polymer nanostructures through the
RTCBP.'* Here, the hexavalent printed particle was formed
inside the DNA cage. Under thermal denaturing conditions the
hexavalent particles with different DNA strands could be
obtained and hence precisely controlled in terms of the
number of DNA strands and their directionality, while
preserving sequence anisotropy. These hexavalent printed
polymeric particles could reassemble into well-defined
structures by scaffold rebinding and then again be released
from the DNA scaffold via strand displacement. In this work,
the dynamics of DNA nanostructures were reflected in both
strand replacement and reversible DNA hybridization. In
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Adapted with permission from ref 166. Copyright 2018 Springer Nature (D) Schematic presentation for the kinetic micellization of DNA 1, -b-
PSg g, and subsequent reversible micelle morphological changes.'* Adapted with permission from ref 125. Copyright 2015 the Royal Society of
Chemistry.

addition, Zhang and co-workers assembled dynamic DNA-PS responsive materials. The first example of a DNA—pNIPAM

supramolecular nanostructures through the RTCBP (Figure conjugate was reported by Maeda’s group.'”” In this work, a
22D)."** In this example, the DNA—polymer micelles were DNA—pNIPAM conjugate was used to capture a DNA-
prepared first and then used to form higher-order assemblies. binding genotoxin, ethidium. Subsequently, DNA—pNIPAM
Here, the kinetic and thermodynamic self-assemblies of several conjugates could be widely used to assemble dynamic DNA—
DNA-b-PS amphiphiles were investigated via DNA hybrid- pNIPAM nanostructures due to the reversible phase-transition
ization, The kinetic products were obtained through a pair of properties of pNIPAM. Furthermore, according to the type of
complementary DNA-PS micelles, and the thermodynamic DNA-pNIPAM conjugate adopted, the formed dynamic
DNA—polymer micelles formed again when heated to 99.5 °C DNA—-pNIPAM nanostructures could be divided into two
for 10 min. categories: assemblies driven by ssDNA—polymer conjugates
4.2.2, Temperature-Responsive Dynamic Nanostruc- and DNA nanostructure—polymer conjugates, respectively.
tures, In recent years, temperature-responsive polymers, as The first class of dynamic ssDNA—polymer conjugates were
“intelligent” materials sensitive to temperature, have been formed by the well-established hydrophilic=hydrophobic
widely studied. These polymers show mainly hydrophobicity transition of ssDNA—pNIPAM nanostructures. Maeda and
changes in response to altered temperature and can therefore co-workers connected pNIPAM-SH to $'-maleimide-modified

be used in the preparation of “dynamic polymer” materials. DNA to form the DNA— IpNIPAM conjugates by using the
Among them, pNIPAM and PPO are the two most widely Michael addition reaction.'”® When the solution temperature

studied thermoresponsive polymers, which can be coupled to rose above the LCST of the DNA—pNIPAM conjugates,
DNA to form DNA—polymer conjugates.qq"QZ’LQS"% ‘When micelles were produced via the self-assembly of the conjugates.
the temperature changes, the hydrophobicity of the polymers The subsequent experimental results demonstrated that the
increases, leading to the formation of the DNA—polymer large size polymer micelles could produce non-cross-linking
conjugates into temperature-responsive DNA—polymer dy- aggregation and exhibited colloidal stabilization induced by
namic nanostructures, In the following sections recent work in terminal mismatch. The dynamics of the temperature-
this area is discussed. responsive supramolecular assemblies was also demonstrated
DNA—pNIPAM. pNIPAM has been widely studied as a by morphological changes. Park’s group assembled dual-
thermoresponsive polymer, and as a linear form, at room responsive DNA triblock copolymer dynamic nanostructures
temperature it is water-soluble. However, when the LCST is (molecular recognition of DNA and temperature-responsive-
exceeded, pNIPAM transforms from hydrophilic to hydro- ness of PNIPAM) through constructing a thermally switchable
phobic as the chains collapse with the entropic release of water. triblock copolymer, DNA-b-pNIPAM-b-pMA (Figure 23A).'"
Therefore, pNIPAM can be used to prepare temperature- Both DNA and pNIPAM were hydrophilic at temperatures
11066 httpsi/dol.org/10.1021/acs chemrev.0c01074
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Figure 23, Fabrication of thermoresponsive dynamic DNA—pNIPAM
nanostructures. (A) Schematic illustration of the dual-responsive
DNA triblock copolymer dynamic nanostructures. The dual-responses
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recognition properties.’”” Adapted with permission from ref 192.
Copyright 2016 American Chemical Society. (B) Nuclease-catalyzed
degradation of hybrid temperature-responsive DNA micelles.””
Reproduced with permission from ref 199. Copyright 2019 the
Royal Society of Chemistry. (C) Construction of DNA-functionalized
AuNPs and verification of the recnﬁniticn characteristics of DNA
molecules on the surface of AuNPs,”"" Adapted with permission from
ref 200. Copyright 2013 American Chemical Society. (D) Temper-
ature-induced formation of “surfactant”-stabilized nanoparticles by the
self-assembly of the DNA tetrahedron—pNIPAM conjugate.”
Adapted with permission from ref 99. Copyright 2013 American
Chemical Society.

below the LCST of pNIPAM, and hence, the overall
hydrophilic/hydrophobic volume ratio favored the formation
of spherical micelles.

However, when the solution temperature exceeded the
LCST, pNIPAM became hydrophobic which induced the
increased volume fraction of the hydrophobic part, reducing
the micellar interfacial curvature and transforming the spheres
into cylinders. This shape transformation was reversible. The
cylinder could be transformed into a spherical shape when the
temperature dropped below the LCST. In addition to the
temperature response, the system was also designed to respond
to DNA. The binding of “stimulus” DNA induced cylinder-to-
sphere morphological changes due to the increase of the
hydrophilic block volume (Figure 23A, right). The same group
modified ssDNA with PS and then used ssDNA-PS and PS-
pNIPAM to successfully prepare other dynamic DNA-

polymer micelles which contained a DNA/pNIPAM corona
and a PS hydrophobic core (Figure 23B).'”” Through
experimental design it was found that pNIPAM strands
present a significant steric hindrance to bind to DNA
immobilized on nanoparticles. However, by increasing the
temperature above the LCST, the steric hindrance could be
minimized as the conformation of pNIPAM would change
from the extended form to the collapsed form, demonstrating
the switching behavior of the resulting DNA—polymer
micelles. The dynamics of the structures could also be
reflected by the nuclease-catalyzed degradation. As shown in
Figure 23B, when the temperature was above 37 °C, pNIPAM
assumed the collapsed state and DNA sequences were
degraded by DNase I. Conversely, when the temperature was
lower than 25 °C, the dynamic DNA—polymer micelles were
stable and DNA sequences could not be degraded by DNase I.
The above work used PS as the hydrophobic core and
described the response of reversible hidden or exposed DNA
sequences to temperature cues. Mirkin and co-workers used a
similar concept to fabricate a dynamic DNA—polymer micelle,
with the hydrophobic core being replaced by AuNPs. As
shown in Figure 23C, the DNA and pNIPAM were
coassembled onto Au NPs.**® By increasing the temperature
higher than LCST, pNIPAM shrank and the DNA sequences
were exposed from the polymer surface, which induced the
assembly of DNA—AuNPs by DNA hybridization, whereas, at
a lower temperature, the formed complex assembly would be
disassembled.

Another class of dynamic DNA—pNIPAM nanostructures
was formed by using DNA nanostructure—polymer conjugates.
pNIPAM could be conjugated to DNA nanostructures,
followed by dynamic DNA nanostructures formation through
the hydrophilic=hydrophobic transition of pNIPAM. Baum-
berg and colleagues designed a temperature-responsive DNA
origami flexor by introducing a hydrophobic pNIPAM switch
that reversibly regulates the DNA structure.””’ The work paved
the way for the intelligent design of preprogrammed
nanomachines. O’'Reilly’s group fabricated the dynamic
tetrahedron—pNIPAM composite nanoparticles by adding an
excess of pNIPAM homopolymer (Figure 23D).” The DNA
block copolymers could be used to assemble a DNA
tetrahedron due to the DNA segment remaining sequence-
specific during hybridization. Subsequently, due to the
elevation of temperature above the polymer LCST, temper-
ature-responsive dynamic structures with surface DNA
tetrahedra would be formed when an excess of free pNIPAM
was used.

DNA—PPO. PPO is another temperature-responsive poly-
mer, with many groups focusing on the assembly behavior of
DNA block poly(gropylene oxide) (DNA-b-PPQ) copolymers
currently.">'7**" PPO displays hydrophobic characteristics
at room temperature and is hydrophilic at lower temperatures
(below 20 °C). As a result, dynamic spherical micelles in
aqueous solution can be formed by the self-assembly of ODN-
b-PPQ. Liu’s group has made outstanding contributions to the
development of the thermally responsive DNA—PPO dynamic
structures,'”™'”® in which they first fabricated DNA—PPQO
dynamic nanostructures by the self-assembly of PPO-dsDNA-
PPO triblock copolymers.'®® The unimer of the inverse coil—
rod—coil triblock copolymer PPO-dsDNA-PPO was formed
via specific DNA hybridization below the LCST of PPO, which
resulted in two thermally responsive PPO segments at the ends
and a rigid dsDNA segment in the middle (Figure 24A).

https:/doi.org/10.1021/acs.chemrev.0c01074
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Figure 24. Dynamic DNA—polymer nanostructures formed by the
self-assembly of DNA—PPO conjugates. (A) Construction of a
supramolecular spherical DNA—PPO nanostructure.'”> Adapted with
permission from ref 195. Copyright 2015 American Chemical Society.
(B) Illustration of the construction of temperature-responsive
heterovesicles by the FGA strategy.'”® Reproduced with permission
from ref 196. Copyright 2014 John Wiley and Sons. (C) Construction
of a 3D DNA network through the inset of temperature-responsive
polymer PPO.”** Reproduced with permission from ref 203.
Copyright 2018 John Wiley and Sons.
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Subsequently, the spherical assemblies were self-assembled via
hydrophobic interactions of PPO above the LCST by using the

prepared triblock copolymer. Usually, DNA biblock copoly-
mers self-assembled randomly without forming an ordered
compact structure. However, the self-assembly process in this
work was different from the DNA diblock copolymers
commonly used. Subsequently, they employed the FGA
strategy to fabricate heterovesicles with controlled size and
shape.”® DNA-modified AuNPs were adopted as the frame
(Figure 24B) to prepare the vesicles, and PPO was employed
to make the LHGs thermally responsive. By DNA hybrid-
ization, the frame could attach DNA-b-PPO conjugates and the
LHGs. After heating, the temperature-responsive heterove-
sicles were obtained due to hydrophobic transformation of the
PPO segment and further induction of random DNA-b-PPOs
around the AuNP frame. This work provided further
information to understand the principles FGA and offered
the chance to manipulate the FGA process by a thermal trigger.
Moreover, the development of FGA enabled the construction
of more complex and functional nanostructures.

To expand on the structures responsive to temperature, the
triblock copolymer DNA—PPO—DNA was utilized to insert
the thermally responsive polymer PPO into a 3D DNA
network.””> This work verified the feasibility of the in situ
study of the collapse of hydrophobic polymers in solution. By
base pairing recognition, a DNA Y-shaped nanostructure could
be connected by using DNA—PPO—DNA as the linker (Figure
24C). At a low temperature PPO was hydrophilic and could be
uniformly distributed in the 3D DNA network, whereas
increasing the temperature induced a hydrophobic change to
PPO, which self-collapsed in the network. As the self-collapsing
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Figure 25. Construction of several pH-responsive DNA—polymer dynamic nanostructures. (A) Conceptual schematic illustrations of a pH-
responsive PIC micelle formation.”* Adapted with permission from ref 94. Copyright 2003 American Chemical Society. (B) Construction of a new
delivery system that is pH-sensitive and can target antisense ODN.” Reproduced with permission from ref 93. Copyright 2003 American Chemical
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with permission from ref 207. Copyright 2012 the Royal Society of Chemistry. (D) Reversible shape transformation of the pH-responsive DNA-b-
PPO copolymer micelles.” Adapted with permission from ref 95. Copyright 2005 John Wiley and Sons.

11068

173

https/doi.org/10.1021/acs.chemrev.0c01074
Chem. Rev. 2021, 121, 1103011084



Chemical Reviews

pubs.acs.org/CR

Review

process was reversible, this strategy offered a good method to
explore the nucleation-growing process of block copolymers.
At the same time, this strategy also provided a good
opportunity to study the molecular mechanism of mechanical
properties of responsive materials.

4.2.3. pH-Responsive Dynamic Nanostructures. Based
on the unique properties of DNA and polymers, some
supramolecular DNA—polymer complexes can exhibit pH-
responsiveness. The DNA backbone is negatively charged and
can be used to assemble pH-responsive DNA—polymer
dynamic nanostructures through electrostatic interactions of
DNA and cationic polymers. Numerous examples have shown
that cationic polymers can form a nanocomplex by absorbing
negatively charged DNA. The pH environment greatly affected
the surface charge of the polymerized nanoparticles, and the
loaded DNA could be intracellular released by a pH-mediated
mechanism.””* """ Such pH-responsive systems are highly
valuable for gene delivery, which has been intensively discussed
in a previous review.” Herein, we focus our discussion on
pH-responsive dynamic nanostructures where at least one
composition is a covalent DNA—polymer conjugate.

Other than the facile adsorption to DNA via electrostatic
interactions to form pH-responsive DNA—polymer nano-
particles, DNA delivery could also be achieved by conjugating
DNA with polymers via a pH-responsive linker. For instance,
Kataoka and co-workers constructed pH-responsive polyion
complex (PIC) micelles,”* which was the first report describing
the design and synthesis of pH-responsive DNA—polymer
dynamic nanostructures. The PIC micelle was formed through
the association of a PEG—ODN conjugate and linear-PEL. A
pH-responsive ester linkage (f-thiopropionate linkage) was
introduced into the micelles to achieve the pH-responsiveness
(Figure 25A). Subsequently, they developed a novel targetable
antisense ODN delivery system, employing a PIC micelle. The
system was intracellular environment-responsive and was
composed of poly(L-lysine) (PLL) and a lactosylated PEG-
antisense ODN (Lac-PEG—ODN) conjugate. An acid-labile
linkage (b-propionate) was introduced into the micelle
between PEG and ODN segments to realize the pH-response
(Figure 25B).”* The experiment demonstrated that the
lactosylated PIC micelles exhibited an antisense effect (65%
inhibition). However, the lactosylated PIC micelles without
any acid-labile linkage exhibited a decrease in antisense effect
(65 — 27% inhibition). This suggested the endosomal
compartment contained a possible cleavage of the acid-labile
linkage which was in response to the lower pH. In a similar
approach, Park’s group prepared pH-responsive polyelectrolyte
complex micelles by the combination of the ?eptide KALA and
the ODN—PEG conjugates (Figure 25C).”" The ODN-PEG
conjugates were prepared by covalently conjugating the ODN,
c-myb, to PEG, and an acid-cleavable phosphoramidate linkage
was introduced into the conjugates. The phosphoramidate
linkage could be cleaved completely within 5 h when the
micelle was in an endosomal acidic condition (pH 4.7). This
experiment mainly illustrated that the micelles were more
efficiently transported into cells than the c-myb ODN and the
polyelectrolyte complex micelles were a good carrier to deliver
antisense ODN.

In addition to obtaining pH-responsiveness with a
polycationic polymer or chemical linker, specially designed
DNA sequences could also be used to impart similar
responsiveness to the assembled structures. For example,
Liu’s group reported a dynamic nanostructure with pH and

temperature dual-responsiveness due to the combination of a
thermoresponsive PPO and sequence-specific DNA strands.”"”
As shown in Figure 25D, a bimolecular “i-motif” could be
formed through the folding of two DNA molecules of
sequence, S'-TTTCCCCTAACCCC-3". Through the “i-
motif” interaction two DNA-b-PPO conjugates were brought
together and thus resulted in a triblock PPO-DNA—-PPO
copolymer. In addition, by adjusting the pH to slightly basic
conditions the “i-motif” structure could be decomposed into
random coils. Meanwhile, DNA-b-PPO copolymers could
embody the characteristics of diblock copolymer under high
pH. In this case, the assembly behavior of DNA-b-PPO was
influenced by this stimuli-responsive nature. Hence, the
morphologies of DNA-b-PPO dynamic nanostructures in an
aqueous solution could eventually be transformed by adjusting
the pH and temperature stimuli reversibly. DNA-b-PPO
copolymers were assembled to form nanofibers at pH 5.0,
and at pH 8.0 the morphologies would be transformed into
spherical micelles (Figure 25D).

4.2.4. Light-Responsive Dynamic Nanostructures. In
addition to temperature and pH, light-responsive dynamic
nanostructures were also constructed through supramolecular
DNA-—polymer complexes. Among the different stimuli, light is
a cheap and easily manipulated clean resource, which can be
precisely controlled in space and time and thus is unique in its
administration. The wavelength of light is often the main
design consideration that affects light-responsive materials. UV
light is able to provide high energy, thus resulting in efficient
light-responsive structural changes; however it is harmful for
cells and tissues which is unfavorable for biomedical
applications. The UV light may also lead to DNA damage,
which must be considered when designing such systems. As
such, visible light and even near-infrared light sources are more
preferred. However, they have been rarely explored due to the
lack of efficient photochemical reactions with low energy light.
In general, only a few studies have investigated light-responsive
DNA—polymer assemblies; therefore, there are several areas to
explore to improve irradiation wavelengths and structural
variety.

Tan and Sleiman’s groups both provided seminal studies to
the progress of UV-irradiation light-responsive dynamic
nanostructures,'**?%* Through the self-assembly of HBP—
DNA conjugates, Tan’s group constructed a light-responsive
drug delivery system (Figure 26A)."”" O-Nitrobenzyl deriva-
tives were introduced to the delivery system to form the UV-
responsive hydrophobic core. Under UV irradiation, the
cleavage of o-nitrobenzyl moieties occurred, which reduced
the hydrophobicity of the core and caused drug release
through the disintegration of the nanoparticles. Conversely,
Sleiman and co-workers fabricated 1D light-responsive DNA
nanofibers by introducing a photocleavable linker to DNA—
polymer conjugates (Figure lﬁB).Zw As mentioned in section
4.1.1, assemblies induced by hydrophobic interactions through
the polymer segment highlighted that the position of a cyanine
(Cy3) dye played a crucial role in the shape-shifting of DNA
nanostructures. The presence of Cy3 and its position in DNA—
polymer hybridization were important for the formation of
DNA nanofibers. The introduction of a photocleavable linker
between the HE;, and Cy3Cy3 units would induce the
formation of light-responsive DNA nanofibers. Furthermore,
the morphology of DNA nanostructures was transformed from
nanofibers to spherical nanoparticles through the cleavage of

https://doi.org/10.1021/acs.chemrev.0c01074
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Figure 26. Different types of light-responsive DNA—polymer
dynamic nanostructures. (A) Schematic of UV-promoted degradation
of hyperbranched polymer (HBP)—OH. O-Nitrobenzyl moieties were
introduced to the HBP side chains and would be cleaved under UV
irradiation.'”” Adapted with permission from ref 120. Copyright 2018
John Wiley and Sons. (B) Light-responsive shape-shifting of
photocleavable Cy3Cy3-DNA nanofibers. The morphology of DNA
nanostructures would be transformed from nanofibers to spherical
nanoparticle due to the cleavage of Cy3Cy3 units from the structure
under UV irradiation at 365 nm.””* Adapted with permission from ref
208, Copyright 2018 American Chemical Society.

Cy3Cy3 units from the structure under UV irradiation at 365
nm.

In summary, this section mainly reviewed DNA—polymer
dynamic nanostructures. From the above description, we can
see that these dynamic DNA nanostructures are mainly
generated by DNA regulation, temperature response, pH
response, and light response. By the strand displacement
strategy and the reversible transformation of complementary
base pairing, DNA could be used to mediate the programmed
assemblies of dynamic DNA—polymer supramolecular nano-
structures. The introduction of temperature-responsive poly-
mers such as pNIPAM and PPO and the addition of a pH-
responsive linker or a photocleavable linker to polymers could
also bring in stimuli-responsive dynamics to the system. Even
though the examples of dynamic DNA—polymer conjugated
nanostructures reported so far are still very limited, especially
for the ones with clear application potentials, DNA-based
dynamic nanostructures which did not incorporate polymers
have been quickly developed in recent years. A series of
temperature-actuated DNA nanopores, pH-actuated DNA-
only devices utilizing Hoogsteen base pairing, and salt-actuated
devices utilizing salt to mediate sticky end interactions between
DNA pieces were fabricated.””” Even the electric field-actuated
and magnetic field-actuated DNA nanodevices were also
invented.”'™*'! Combining these dynamic DNA structures
with polymers would pave the way to more smart and dynamic
DNA—polymer systems with advantages of both DNA design
and polymer properties.

5. FUNCTIONALITY OF DNA—-POLYMER
CONJUGATES

In recent years, the functions and applications of DNA—
polymer conjugates have attracted more and more attention
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from scientists. Polymers are a class of widely studied materials,
which consist of a range of types, functions, and applications.
When polymers are conjugated to DNA, the functionality of
DNA-polymer conjugates will be affected by polymer
properties. Therefore, hydrophobic polymers attached to
DNA induce the self-assembly of DNA—polymer conjugates
to form DNA—polymer micelles with a hydrophobic core and
a hydrophilic DNA corona. These structures have great
potential applications in medicine and biology. Some types
of hydrophobic polymers conjugated to DNA, due to their
good biocompatibility, can be used to develop drug carriers to
deliver small molecule drugs and nucleic acid therapeutics.
Several hydrophilic polymers can also be attached to DNA and
are often used to enhance the stability of DNA nanostructures.
However, the functionality of DNA—polymer micelles is
influenced not only by the polymer but also by the DNA.
Several specific sequences of DNA can manifest different
functions, such as targeting, catalyzing, and therapeutic action.
These specific sequences of DNA can be introduced to DNA—
polymer micelles, which will give new functionalities to DNA—
polymer nanostructures. Therefore, as shown in Figure 27, this
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Figure 27. Functionalities of DNA—polymer conjugates. According to
the hydrophobicity of polymers and DNA-based recognition ability,
the functionalities of these DNA—polymer conjugates are mainly
reflected in the protection of DNA nanostructures and used as drug
carriers.

section can be divided into three categories according to the
source of functionalities: (1) functionality from the polymer,
(2) functionality based on DNA, and (3) synergistic
functionalities.

5.1. Functionality from the Polymer

To date, many types of polymers such as PPO, pNIPAM, PS,
and PCL have been conjugated to DNA to form DNA—
polymer conjugates. Due to the different chemical and physical
properties of the polymer, the polymer can vary the
functionality of the corresponding conjugate. Based on the
progress reported so far, these functionalities from the polymer
are mainly reflected by the following two aspects: (1) small
molecule drugs can be delivered by DNA—polymer conjugates
due to the hydrophobic core of DNA—polymer micelles, and
(2) polymers can be conjugated to DNA for stability
enhancement of DNA—polymer conjugates.

The amphiphilic block copolymers based on DNA—polymer
conjugates can phase-separate into micelles containing a

https:/doi.org/10.1021/acs.chemrev.0c01074
Chem. Rev. 2021, 121, 1103011084
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Figure 28. Construction of a spherical nucleic acid (SNA) system to deliver small molecule drugs. (A) Schematic representation of the self-
assembly of the monodisperse BKM120-loaded HE;,—SNAs.”"> Adapted with permission from ref 212, Copyright 2017 the Royal Society of
Chemistry. (B) Synthesis of PLGA-SNAs utilizing nanoprecipitation and coumarin encapsulation. Coumarin 6 encapsulated inside the PLGA
hydrophobic core was utilized as a fluorescent model drug to evaluate drug-release kinetics.”'* Adapted with permission from ref 213, Copyright

2018 John Wiley and Sons.

hydrophobic core and a hydrophilic DNA corona. Due to the
hydrophobic interactions, several small molecule hydrophobic
drugs can be complexed to the core of the micelle and
delivered to the cells. As shown in Figure 284, a novel delivery
platform was constructed by Sleiman and co-workers to deliver
small-molecule chemotherapeutics through the self-assembly of
sequence-defined polymer—DNA conjugates.”'> In this study,
an SNA system was constructed to deliver the anticancer drug
BKM120 (a small molecule drug with low water solubility) for
the treatment of chronic lymphocytic leukemia. The DNA—
polymer conjugates (HE;;—DNA conjugates) were prepared
via solid phase synthesis and subsequently used to form
spherical micellar DNA nanoparticles in aqueous solution. The
hydrophobic HE,, core of the formed DNA nanoparticles
provided a favorable environment to encapsulate the hydro-
phobic drug BKM120. Meanwhile, this work also showed that
HelLa cells had enhanced uptake of these structures, as well as
their cargo internalization. Moreover, in vitro studies illustrated
that BKM120-loaded HE,;—SNAs induced cellular death and
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apoptosis. In addition, Mirkin’s group used an extremely facile
strategy to construct another new types of polymer SNA
conjugates which were comprised of PLGA NP cores that
could be used to deliver small molecules (Figure 28B).2"3
PLGA-PEG—N,; nanoparticles were prepared under mild
stirring followed by ODN conjugation to these nanoparticles
to form the PLGA—SNAs. A hydrophobic model drug,
coumarin 6, was encapsulated into the PLGA—SNAs and
then released in a tunable manner depending on the polymer
composition.

The work described above highlights that DNA—polymer
carriers have great potential for biomedical applications.
However, as discussed in section 3.2.2, the in vivo nuclease
activity could result in rapid degradation, which has strongly
hindered their application. Therefore, the desire to enhance
the stability of DNA—polymer carriers has attracted more
attention. Zhang’s group explored the stability of ODN
hairpins and demonstrated that the introduction of PEG side
chains increased the resistance of DNA-backboned bottlebrush

https:/doi.org/10.1021/acs.chemrev.0c01074
Chem. Rev. 2021, 121, 1103011084
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polymers against nucleolytic degradation and improved the
thermal stabilities.'*® Importantly, the PEGylation did not
affect the hybridization of ODN hairpins. The stability of DNA
nanostructures was also enhanced by cnntin§ polymers at the
exterior. As shown by Schmidt’s group,16 coating with a
cationic PEG—polylysine (p(lys)) block copolymer by electro-
static adsorption successfully enhanced the stability of DNA
origami structures (Figure 29A).

& "\ o8 ¥
@ :"?J' = p?)’l}’plex .
# degrade 3§3\ decggjglex #

Figure 29. Protection of DNA nanostructures from nuclease digestion
and denaturation through polymer coating strategies. (A) Cationic
polymer was coated on DNA origami to form the polyplex micelles by
electrostatic interaction.'®’ Native DNA nanostructures could be
degraded easily by nucleases, but the formed polyplex micelles were
resistant to nuclease digestion. Reproduced with permission from ref
160. Copyright 2017 John Wiley and Sons. (B) Schematic
representing the differences in stability of native and coated DNA
nanostructures in physiological buffers at 37 °C containing low salt
and/or 10% FBS."' Reproduced with permission from ref 61.
Copyright 2017 Springer Nature.

The nuclease digestion of DNase I and FBS and
denaturation under low salt concentration are the main factors
affecting the stability of DNA structures. The formed robust
shell, via PEG-p(lys) block copolymers coating around the
DNA origami nanostructures, could protect the DNA
structures from nuclease digestion and denaturation. As a
direct, economical, and reliable approach, this protection
strategy could be used to protect various types of DNA origami
nanostructures. Moreover, it was demonstrated that the DNA
origami template directly determined the shape of the prepared
DNA origami polyplex micelles after coating with PEG-p(lys)
block copolymers. Shih and co-workers adopted a similar
approach to enhance the stability of DNA nanostructures.
Through an oligolysine coating the major challenges which
limited the effective use of DNA nanostructures in vivo were
overcome.”! They found that DNA nanostructures coated with
oligolysines were significantly more stable and were 10 times
more resistant to DNase I in low-salt environments than in
uncoated environments at 0.5:1 N:P (ratio of nitrogen in lysine
to phosphorus in DNA) (Figure 29B). However, it is of
important note that when N P ratios increased, DNA
nanostructures coated by oligolysines aggregated. Oligoly-
sine—PEG copolymers could also be used instead of
oligolysines to coat DNA nanostructures to avoid aggregation,

which resulted in up to 1,000-fold resistance to digestion by
serum nucleases.

5.2. Functionality Based on DNA

In this section, we discuss functionalities of DNA—polymer
conjugates, which are based on DNA. These functionalities are
mainly embodied in the delivery of genes and small-molecule
cargos through the complementary pairing of DNA bases and
more effective cellular uptake of DNA—polymer supra-
molecular nanostructures caused by nucleic acid shells. As
shown by Haner's group, functional DNA-grafted supra-
molecular polymers were designed and synthesized from
monodisperse diblock oligophosphates.ls” Through comple-
mentary base pairing, ssDNA chains arranged along the edges
of the formed ribbons were available to load DNA-meodified
AuNPs, which served as a model cargo. Subsequently, Zhang
and co-workers successfully realized the delivery of siRNA via
nucleic acid hybridization.”'* DNA-g-PCL brushes with
complete water solubility were synthesized by grafting DNA
onto a PCL trunk followed by the self-assembly of spherical
and nanosized hydrogels by functional siRNAs cross-linking
(Figure 30A). The nanogels delivered siRNA to different cells,
generating effective gene silencing in vitro and in vivo to
enable the development of a novel siRNA delivery system. In
addition to delivering siRNA, antisense nucleic acid
therapeutics could also be delivered by DNA-—polymer
supramolecular nanostructures as Sleiman’s group demon-
strated (Figure 30B). They developed a novel responsive drug
delivery vehicle to deliver nucleic acid t['lera}::el.ltit:s.m'I This
yielded a stimuli-responsive SNA which was assembled by
monodisperse DNA—polymer conjugate interactions. Nucleic
acid therapeutics were incorporated to the SNA via partial base
complementation and could only be released through chain
replacement in the presence of cytoplasmic genetic markers.
The nucleic acid shell of SNAs not only enables cargo
loading and delivery of nucleic acid therapeutics but also
facilitates the effective cellular uptake of SNAs. Mirkin and co-
workers designed a strategy to construct micelle—SNAs with a
biodegradable core and ODNs (Figure 30C)""* and
demonstrated that the density of DNA affected its SNA-like
properties. When the terminal segment of a diblock copolymer
was connected with multiple DNA strands, the formed SNA
would be induced with a higher DNA surface density. The
DNA-brush block copolymer-based micelle—SNAs exhibited
more effective cellular uptake than linear DNA block
copolymer-based micelle—SNAs due to the higher surface
density of nucleic acids. It was demonstrated that the cellular
uptake would be enhanced due to the interaction of the ODN
with class A scavenger receptors presented on the cell
surface.”'*'® In accordance with Mirkin’s theory, Nguyen’s
group modified DOX-loaded polymeric nanoparticles with a
dense ODN shell which greatly increased the cellular uptake of
doxorubicin-loaded polymeric SNA (Figure 30D)."*! Further-
more, the dense shell of ODNs could increase the colloidal
stability of DOX-loaded SNA structures in biological media
under physiological conditions. Not only does the density of
DNA on the surface of a DNA nanostructure affect its cellular
uptake efficiency, but the different shapes also have an effect.
As shown in Figure 18D, the different lengths of DNA
template introduced by DNA hybridization affect the
morphology of DNA nanostructures. The introduction of
long DNA templates induced the morphology of the spherical
micelles transforming from spheres to uniform rods. The cell

hitps//dol.org/10.1021/acs chemrev.0c01074
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(DOX)-loaded polymeric SNAs."'! Adapted with permission from ref 111. Copyright 2017 American Chemical Society.

uptake experimental study illustrated that even though the
components of the DNA nanostructures were the same, the
cellular uptake efficiency of the rod-shaped polymer particles
was §|27 times more efficient than their spherical counter-
parts.

5.3. Synergistic Functionalities

The reports above describe functionalities of DNA—polymer
conjugates from the polymer and DNA, respectively. The
following section focuses on the synergistic functionalities from
the polymer and DNA which are mainly reflected in the design
and development of targeted drug delivery systems. Generally,
the polymer fragment can form a hydrophobic core to carry
hydrophobic drug molecules and the DNA shell can enhance
cellular uptake and introduce selectivity to targeted cells.
The first targeted drug delivery system designed through
DNA—polymer micelles was published by Herrmann and his
colleagues in 2008."7* In this work, due to the proven
biocompatibility toward different cell types, PPO was used as
the hydrophobic component of the micelles to load the
anticancer drug DOX efficiently.”'® Subsequently folate
targeting units were introduced to the micelle corona through
base complementation (Figure 31A). It was demonstrated by
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subsequent experiments that the density of targeting units had
a strong effect on cellular uptake and that the combined action
of targeting units and chemotherapy drugs within the micelles
resulted in cancer cells being effectively killed. Since then,
there has been an influx of designs for targeted drugs based on
DNA—polymer micelles.

Several special short ssDNA sequences known as aptamers
have been shown to recognize cellular surface receptors and
thus can be used to import the desired DNA—polymer micelles
into targeted cells. Zhu and co-workers fabricated a targeted
drug delivery carrier by modifying a polymer with the DNA
aptamer AS1411.""” A new kind of hyperbranched poly(2-((2-
(acryloyloxy)ethyl) disulfanyl)ethyl 4-cyano-4-(((propylthio)-
carbonothioyl)-thio)-pentanoate-co-poly(ethylene glycol)
methacrylate) (HPAEG) polymer with a backbone possessing
a redox-responsive property was first successfully prepared
through combining RAFT polymerization and SCVP. Then
HPAEG was functionalized with AS1411 to form the drug
delivery carrier (HPAEG-AS1411). Subsequently, the formed
HPAEG-AS1411 nanoparticles were loaded with the anti-
cancer drug DOX (Figure 31B). HPAEG-AS1411 nano-
particles could exhibit ascending tumor cell uptake when
compared with pure HPAEG nanoparticles due to the high

https/doi.org/10.1021/acs.chemrev.0c01074
Chem. Rev. 2021, 121, 1103011084
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affinity of AS1411 to the overexpressed nucleolin on the cancer
cells.””**" This work confirmed that DOX-loaded HPAEG-
AS1411 nanoparticles could exhibit a higher tumor cellular
proliferation inhibition rate and lower cytotoxicity to normal
cells, providing a new pathway for the development of targeted
drug delivery for tumor therapy. Tan’s group also designed a
targeted drug delivery carrier by conjugating the DNA aptamer
sgc8 to the polymer.’*® This work was the first attempt to
develop a new photoresponse-based drug delivery system. The
drug release system could realize controlled drug release by
light mediation and be used for aptamer-targeted tumor
therapy. In addition to targeting, aptamer sgc8 was used to
functionalize the hyperbranched polymer (HBP) to form the
assemblies and increase colloidal stability of this nanostructure.
The model drug Nile Red was encapsulated into the core of
the drug delivery system which could undergo cleavage under
UV irradiation by employing o-nitrobenzyl moieties.

Once cleavage had occurred, the hydrophobicity of the drug
delivery system core was rapidly reduced, causing the
breakdown of the system and the resulting release of drugs
(Figure 31C).

The two examples above mainly focused on directly
modifying the polymer with aptamers to achieve the targeting
effect. An alternative approach could introduce the aptamers to
the surface of DNA—polymer micelles by DNA hybridization,
As demonstrated by Tan’s group in 2013, the sgc8 aptamers
could be introduced to the drug delivery system through
hybridization of a diacyllipid-modified DNA strand.**' dsDNA
on the hydrophilic shell formed through the hybridization of
the sgc8 aptamers were used to load DOX via intercalation,
while the hydrophobic PLGA core was designed to encapsulate

the PTX through hydrophobic interactions (Figure 31D). The
drug delivery system was successfully constructed by the
assembly of PLGA and the lipid-functionalized DNA aptamer.
DOX and PTX were codelivered by the constructed carriers to
cancer cells in antitumor therapy. By crossing the blood—brain
barrier (BBB) to deliver a second near-infrared (NIR-II,
1000—1700 nm) dye to the brain with a tumor-targeted
aptamer, Tian and colleagues achieved brain-tumor imaging
using DNA nanotechnalogy.”** For many years, the obstacle of
the BBB limited the exploration of NIR-II nanofluorophore in
the brain tumor’s imaging and diagnosis.q’q"m’114 In this work,
the brain-tumor targeting aptamer was attached to the surface
of SNA by hybridization with the DNA shell to cross the BBB
(Figure 32A).”** NIR-II dyes could be encapsulated into the
hydrophobic core of the SNA structure to be used for brain-
tumor imaging. In addition, the brain-tumor targeting aptamer
attached to the surface of the SNA structure could be used to
increase the accumulation of the NIR-II dye in brain tumors to
realize better brain-tumor imaging.

In addition to DNA aptamers, short hairpin RNA (shRNA)
was used to design a targeted drug delivery carrier. Chen and
co-workers constructed a new kind of nucleic acid—polymer
nanodrug formulation which could be used to codeliver nucleic
acid therapeutics (shRNA) and DOX (Figure 32B).*** ShRNA
on amphiphilic DNA—polylactide (PLA) micelles was
synthesized through in situ rolling circle transcription
(RCT), which promoted the generation of PLA poly shRNA
microflowers. This was the first time to employ in situ RCT to
produce a layer of multidrug resistance protein 1 (MDRI1)-
silencing poly shRNA concatemers on the DNA-—polymer
micelle. Hydrophobic DOX was concurrently loaded into the

https:/doi.org/10.1021/acs.chemrev.0c01074
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PLA cores, and then biocompatible and multifunctional PEG-
grafted polypeptides (PPT-g-PEG) were designed to induce
microflowers electrostatically condensing into PLA-poly
shRNA-PPT-g-PEG nanoparticles. The in vivo and in vitro
experiments finally revealed the great potential of this vector in
the combination of nucleic acid therapeutics and chemo-
therapeutics in tumor therapy.

The above work summarized that the DNA corona of
DNA—polymer micelles could be functional aptamers to
increase the efficiency of cell uptake. In addition, the DNA
on the surface of the micelles can also be used for gene
therapy. As shown in Figure 32C, Zhang’s group developed an
SNA-like drug delivery system with the small-molecule drug

PTX treated as the hydrophobic core of the micelle."”” In this
work, the DNA corona of the SNA performed two functions:
first as a gene therapeutic and second as a delivery vehicle for
small-molecule drugs. A self-immolative disulfide linker could
be introduced to this system to control the release of free drug.
Multiple PTX molecules were combined to ssDNA to provide
the sufficient driving force for DNA—PTX micelle formation
through screenmg of the repulsive interactions between DNA
strands.”® These self-assembled DNA—PTX nanostructures
bypassed the need for a complex carrier system and allowed
one to access a gene target and a drug target using only the
payloads themselves. Additionally, as these nanostructures
enable gene therapy and chemotherapy using the payloads

https://doi.org/10.1021/acs.chemrev.0c01074
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themselves, cytotoxicity and immunogenicity challenges
associated with complex vector systems are potentially avoided.

Although substantial studies have been reported on DNA—
polymer conjugates as drug carriers, their application is still
limited by many challenges. For instance, the stability of DNA
nanostructures needs to be further improved to adapt to the
complicated bioenvironment. To solve this challenge, scientists
have attempted to use cationic polymers to coat DNA
nanostructures to improve their stability, as described in
section 5.1. However, there has been little research to confirm
whether the function of DNA—polymer conjugates would be
affected by polymer coating. Moreover, the poor under-
standing of the cytotoxicity, immunogenicity, and pharmaco-
kinetics of DNA—polymer conjugates has also limited the
development of their applications. Additionally, beyond the
application as drug delivery carriers, DNA nanostructures have
shown broad application prospects in fields such as in sensing,
nanorobotics, and diagnostics. Hence, we can reasonably
envision that DNA-—polymer conjugates will also present
promising future applications in these fields.

6. CONCLUSIONS AND OUTLOOK

The development of DNA technology, from chemical
functionalization to nanoscale strategies, has seen significant
refinement and breakthrough in recent years. Given the ease of
access toward these methodologies, the possibilities for which
DNA can be exploited have expanded far beyond conventional
biology related disciplines. In particular, this review has
summarized the impact of DNA on the construction of
precision macromolecular conjugates and on programming
supramolecular assemblies.

On the molecular scale, DNA offers a high level of
customization provided by both solid phase synthesis and
state-of-the-art biorthogonal chemistry thereby granting
general accessibility to the community. These chemical
approaches subsequently inspired the development of other
reactions that can be conducted on the DNA such as
polymerizations and assembly driven chemistry. Nonetheless,
the technical challenge of DNA stability, its polyelectrolytic
nature, and nucleophilic functional groups are still prevalent
issues, These considerations become more complex at the
macromolecular level as conjugation toward hydrophobic
polymers/materials relies heavily on the exposure of reactive
groups that are often masked by chain dynamics in solution.
Nonetheless, the greater accessibility of DNA materials will
ensure increasing efforts in method development.

At the nanostructure level, supramolecular interactions
dictated by both the polymer and the DNA component take
the central role in determining their eventual morphology. As
such, polymer physics of DNA-—polymer materials has
overwhelming room for future innovation. In this respect,
DNA offers new insights in phase transitional behavior,
packing of polymer chains, and crystallinity by using precise
chain conformational switches such as i-motifs and hairpins.
Additionally, the balance between the ordered and mono-
disperse sequences of DNA against the intrinsically disordered
polymer chain is a unique relationship that can foster novel
nanoscience frontiers. Customization at this size regime
involves polymer design and the effect of different monomers
(i, hydrophobicity, charge interactions) in directing structure
formation. Hence, most technical challenges involve irrever-
sible aggregation of the conjugates due to incompatibility
between the two blocks and the solvent system.
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Structures of higher complexity rely on DNA playing a larger
role in directing structure formation and hence are limited to
aqueous systems. This includes highly polygonal 3D objects
created by the DNA origami technology where polymer chains
can be attached at any position by both grafting to and grafting
from methods. Here, transference of the shape profile and
information from the precise DNA scaffold to control
polymerization become a powerful technique to guide polymer
synthesis and orientation. However, additional restrictions with
regard to stabilizing ions are imposed as polygonal DNA
structures are much more fragile. Increasing efforts by
exploring DNA-crossover techniques have shown optimiztic
outcomes, and its broader application can be envisioned. While
this review covered the aspect of polymer stabilization of these
polygonal objects, it still lacks breakthrough strategies that
allow broad implementations.

At each length scale, it is unambiguous how the synergy
between DNA and macromolecular chemistry can bring about
new horizons in multiple disciplines. However, at the same
time, multiple challenges in each facet need to be overcome by
the scientific community to access this knowledge. As such,
every success will bring forth new technologies and features
that will stimulate the collective understanding of precise
nanoscopic 3D architectures in materials science and nano-
medicine.
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ABSTRACT: Small-molecular Toll-like receptor 7/8 (TLR7/8) SofNt pH-degradable nanogel safe

agonists hold promise as immune modulators for a variety of immune ystemic delivery

therapeutic purposes including cancer therapy or vaccination. However,
due to their rapid systemic distribution causing difficult-to-control
inflammatory off-target effects, their application is still problematic, in
particular systemically. To address this problem, we designed and
robustly fabricated pH-responsive nanogels serving as versatile
immunodrug nanocarriers for safe delivery of TLR7/8-stimulating
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By

imidazoquinolines after intravenous administration. To this aim, a \L"»:c Y,
primary amine-reactive methacrylamide monomer bearing a pendant polymerizable splenic
squaric ester amide is introduced, which is polymerized under  squaric ester amides immune stimulation

controlled RAFT polymerization conditions. Corresponding PEG-

derived squaric ester amide block copolymers self-assemble into precursor micelles in polar protic solvents. Their cores are amine-
reactive and can sequentially be transformed by acid-sensitive cross-linkers, dyes, and imidazoquinolines. Remaining squaric ester
amides are hydrophilized affording fully hydrophilic nanogels with profound stability in human plasma but stimuli-responsive
degradation upon exposure to endolysosomal pH conditions. The immunomodulatory behavior of the imidazoquinolines alone or
conjugated to the nanogels was demonstrated by macrophages in vitro. In vivo, however, we observed a remarkable impact of the
nanogel: After intravenous injection, a spatially controlled immunostimulatory activity was evident in the spleen, whereas systemic
off-target inflammatory responses triggered by the small-molecular imidazoquinoline analogue were absent. These findings underline
the potential of squaric ester-based, pH-degradable nanogels as a promising platform to permit intravenous administration routes of
small-molecular TLR7/8 agonists and, thus, the opportunity to explore their adjuvant potency for systemic vaccination or cancer
immunotherapy purposes.

H INTRODUCTION kinetic profile can pave the way to safer systemic applications in
5 % 5 R X
Nanosized drug carriers can improve the pharmacokinetics of cancer xmmuTxt?therapy oras adjuvants during vaccmatlox.l.
potent but systemically toxic small-molecular drugs; however, One promising class of immunomodulators are agonists of
key challenges remain to establish robust fabrication processes, Toll-like receptor 7/8 (TLR7/8) that usually sense viral single-
prevent premature drug release, and guarantee sufficient carrier stranded RNA and raise an immediate cellular innate immune

integrity under physiological conditions. Moreover, opportu-
nities toward on-demand drug release and carrier degradation
would be desired.'™ Polymer-based nanocarriers can be
designed to address these challenges chemically, especially for
applications in immunotherapy.”™ A spatiotemporal control Received: April 9, 2021
over recently identified, highly potent immunomodulators is Published: June 24, 2021
crucial, since their drug leakage can cause uncontrolled systemic

immune responses combined with immense off-target tox-

icity.”* Covalent conjugation of immunomodulators to
polymer-based nanocarriers that control the drug’s pharmaco-

response.'” Imidazoquinolines, a class of synthetic TLR7/8
agonists, are particularly powerful in stimulating these receptors.

© 2021 The Authors. Published by :
s American Chemical Society https:/doi.org/10.1021/jacs.1c03772
v ACS Publications 9872 J, Am. Chem. Soc. 2021, 143, 9872-9883
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Figure 1. Squaric ester-based nanogels derived from polymeric precursor micelles formed by self-assembly of squaric ester amide-containing
amphiphilic block copolymers. Subsequent transformation for in vivo application is achieved by amidation of pendant squaric ester amide groups inside
the amine-reactive, hydrophobic core including pH-responsive cross-linking, covalent drug or dye loading, and hydrophilization, affording fully

hydrophilic drug-loaded nanogels.

They can induce the maturation of antigen-presenting cells and
the release of cytokines that promote cellular immune responses,
especially via activation of T helper 1 (Thl) and cytotoxic T
cells."”"" The latter pla}r a key role in combating cancer and
intracellular pathogens.'”'® As TLR7/8 are located at the
endosomal membrane of phagocytosing innate immune cells,
they can be preferentially targeted by nanocarriers equipped
with imidazoquinoline-derived TLR7/8 agonists,17

Previous studies demonstrated that undesired systemic
inflammation by the highly potent small-molecular TLR7/8
agonist 1-(4-(aminomethyl)benzyl)-2-butyl-1H-imidazo[4,5-
c|quinolin-4-amine (IMDQ)'S can be circumvented through
its covalent conjugation to different types of nanocarriers.
Thereby, its activity upon subcutaneous administration can be
restricted to the site of injection and the draining lymph nodes. A
variety of nanocarriers has been investigated for this objective
includin; lipids,w’20 polysaccharides,zl synthetic p{)lymers,32
micelles,”* and n:lnogels.:”"25 These nanocarrier formulations
have generally been injected subcutaneously and provided a
local TLR7/8 activation by lymph node trafficking. However, a
few findings revealed that intravenous injections would result in
even improved immune responses.”* "’ Especially during
intravenous nanoparticle vaccination, more stem-like antigen-
specific CD8" T cells are generated that lead to superior
antitumor responses, especially during immune checkpoint
inhibition therapy.”® Yet, systemic treatments set new require-
ments for safety and allow for new targeting strategies as
compared to local administration. Thus, new efforts have to be
made in the design of novel blood-stable nanocarriers enabling
intravenous and organ-targeted TLR7/8 agonist administration.

A straightforward way to covalently load IMDQ into
nanocarriers is self-assembled reactive ester block copolymers
that are converted by amidation reactions into pH-degradable
nanogels.“‘z"” Via controlled radical polymerization processes
we have previously generated poly(triethylene glycol mono-
methyl ether methacrylate)-block-poly(pentafluorophenyl
methacrylate) as precursor polymers for which the pentafluor-
ophenyl esters trigger both micellar self-assembly in polar
aprotic solvents such as DMSO and selective reactivity toward
primary amines.’*** This could also be applied for conjugation
of IMDQ and subsequent transformation into fully hydrophilic
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nanogels. However, for this approach the hydrophilic triethylene
glycol monomethyl ether methacrylate block renders a lower
critical solution temperature in water,”* which can impair the
required shielding properties after exposure to biological media.
Additionally, the applied pentafluorophenyl ester exhibits only
limited hydrolytic resistance. Already slight traces of water can
risk its hydrolysis into methacrylic acid®® and, thus, impede
access to the nanogel formation process. In addition, during
amidation toxic pentafluorophenol is released,”® which requires
careful purification prior to applications in vitro or in vivo.

Consequently, alternative amine-reactive groups with higher
hydrolytic stability and nontoxic byproducts are needed. Tietze
et al. reported on squaric alkyl esters for selective amine coupling
reactions with high functional group tolerance as well as
excellent yields, even under mild conditions in aqueous media.””
Due to their homo-bifunctionality squaric alkyl esters can
consecutively be aminolyzed by two different amines, whereby
an enhanced aromatic stability after first amidation is obtained,
providing reduced reactivity for another amidation. Thus, it
assures a controlled sequential squaric bisamide formation.™
Compared to other reactive esters (including pentafluorophen-
yl) this alternative linking chemistry allows conjugation in
biocompatible solvents (e.g, water, ethanol) while releasing
alcohols as nontoxic byproducts.

In this study, we therefore introduce polymerizable squaric
ester amides for a more robust and hydrolysis-resistant
postpolymerization modification of pH-degradable, immuno-
drug-loaded nanogels. Methacrylamides with pendant squaric
ester amides are grafted under controlled radical polymerization
conditions onto linear hydrophilic PEG chains and serve as
solvophobic groups for spontaneous micellar self-assembly now
also in polar protic solvents (Figure 1).

By sequential functionalization with primary amines, they can
be converted into a modular pH-responsive nanogel platform.
This process supports covalent conjugation of both hydro-
phobic and hydrophilic drugs into the core of these nanogels,
e.g.,, the amine-functionalized TLR7/8 agonist IMDQ. Due to
its high degree of PEGylation, this system features excellent
stability in blood that permits intravenous administration and
local maturation of antigen-presenting immune cells inside the
spleen, while circumventing systemic inflammatory responses

https://doi.org/10.1021/jacs.1c03772
J. Am. Chem. Soc. 2021, 143, 9872-9883
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Figure 2. Synthesis of polymerizable squaric ester amides. (A) General chemical structure of synthesized monomers with a pendant squaric ester amide
group. (B) Synthesis route toward the most suitable monomer squaric ester amide methacrylamide (MA-SQ). (C) Schematic illustrations and (D)
synthesis schemes of RAFT homopolymerization of MA-SQ with a small molecular trithiocarbonate chain transfer agent (TTC-CTA) (C1 and D1)
and block copolymerization with macro-chain-transfer agent PEG-TTC-CTA (C2 and D2) (reaction conditions: (i) DMF, 70 °C, 0.2 equiv AIBN per
1.0 equiv TTC-CTA, and (i) DMF, 70 °C, 50 equiv AIBN (to remove the TTC end group)). (E) Molecular weight distributions of polymers obtained
by radical polymerization: (E1) RAFT-derived homopolymer compared to the homopolymer obtained by FRP; (E2) RAFT-derived block copolymer

compared to PEG-TTC-CTA as macro-chain-transfer agent.

caused by the unbound TLR7/8 agonist. Altogether, these
observations demonstrate the broad versatility of amine-reactive
squaric ester-based precursor polymers and how they provide
access to a modular pH-degradable nanogel platform for safe
systemic administration of immune modulators.

B RESULTS AND DISCUSSION

We first aimed to synthesize a polymerizable squaric ester amide
monomer that can be polymerized under controlled conditions
into well-defined homo- and block copolymers using reversible
addition—fragmentation chain transfer (RAFT) agents. While
squaric ester amides have already been studied as amine-reactive
groups for atom transfer radical polymerization (ATRP)" or
RAFT" chain transfer agents, to the best of our knowledge, the
use of squaric esters as functional side groups of monomers and
corresponding polymers has not been introduced before. They
provide access to a new class of hydrolysis-resistant, amine-
reactive precursor polymers for multiple postpolymerization
purposes.?'g We investigated the polymer’s reactivity toward
different types of amines and observed a self-assembly behavior
of corresponding block copolymers in water or ethanol. The
core of the resulting micelles can be used to ligate fluorescent
dyes or IMDQ_followed by core-cross-linking and hydro-
philization affording pH-degradable nanogels. Subsequent in
vitro and in vivo characterization revealed long blood circulation
and maturation of antigen-presenting cells in the spleen while
omitting inflammatory off-target effects.
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Monomer and Polymer Syntheses. Initially, polymer-
izable squaric ester amide monomers with acrylate, acrylamide,
or methacrylamide groups were synthesized (Figure 2A). Direct
(meth-)acryloylation of 2-aminoethanol-functionalized squaric
ester amides failed due to occurring bisacryloyl derivatives and
autopolymerization. For instance, we carefully treated 3-ethoxy-
4-((2-hydroxyethylJamino)cyclobut-3-ene-1,2-dione with
acryloyl chloride but obtained besides the desired squaric ester
amide acrylate product 2-((2-ethoxy-3,4-dioxocyclobut-1-en-1-
yl)amino) ethyl acrylate (At-SQ) also a bisacrylated species (At-
SQ-At) at similar yields, as documented in the Supporting
Tnformation (Figures S14—523). We therefore opted for (meth-
)acrylamides by controlled monoamidation of squaric acid
diethyl ester with amine-functionalized (meth-) acrylamides.
Unfortunately, due to their aza-Michael reactivity, amino-
functionalized (meth-)acrylamides are only stable as protonated
salt species. While the corresponding methacrylamide-based
monomer was commercially available, we synthesized the TFA
salt of N-(3-aminopropyl)acrylamide as corresponding acryl-
amide derivative (Supporting Information Figure S7). It was
converted with squaric acid diethyl ester catalyzed by triethyl-
amine in ethanol and water and provided the desired acrylamide
monomer at acceptable yields (64%, A-SQ, NMR character-
ization in Supporting Information Figures $10—513). However,
several attempts to polymerize it, even under free radical
polymerization (FRP) conditions, failed or yielded only
conversions below 30%. Fortunately, synthesis and polymer-
ization of the methacrylamide analogue was more promising.

https://doi.org/10.1021/jacs.1c03772
J. Am. Chem. Soc. 2021, 143, 98729883
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Figure 3. Amine selectivity of pendant squaric amide groups of p(MA-5Q) 4. (A) Scheme for the conversion of polymeric squaric ester amides to
squaric bisamides by amidation with aminoethanol, morpholine, or triethylamine. UV /vis spectra during conversion with (B1) aminoethanol, (C1)
morpholine, or (D1) triethylamine and the corresponding molecular weight distributions of p(MA-5Q),q before and after conversion with (B2)
aminoethanol, (C2) morpholine, or (D2) triethylamine. (E) Corresponding conversions estimated by UV absorbance over time.

Monoamidation of squaric acid diethyl ester with the
commercially available N-(3-aminopropyl)methacrylamide hy-
drochloride was again conducted in ethanol and water catalyzed
by triethylamine. It afforded a squaric ester amide methacryla-
mide monomer (MA-SQ) with a high yield of 90% (Figure 2B,
NMR and MS characterization in Supporting Information,
Figures S1—-56).

MA-SQ could afterward be polymerized under FRP
conditions at 70 °C using AIBN as radical source with
quantitative conversion. Consequently, it was an ideal candidate
for RAFT polymerization. We chose a trithiocarbonate as chain
transfer agent (TTC-CTA) and polymerized MA-SQ with either
a small-molecular TTC-CTA or a PEG-functionalized macro-
TTC-CTA (Supporting Information Figure $24—S26; note that
instead of commercially available macro-TTC-CTAs bearing an
ester group between PEG and the CTA group, we preferred to
apply an amide derivative to avoid possible ester aminolysis and
cleavage during amidation). At a monomer to CTA ratio of 50:1,
conversions of 75—80% were found affording p(MA-SQ),, as
homopolymer and PEG,;-b-p(MA-SQ);4 as block copolymer
(Figure 2C/D).

Consistent with earlier reports, NMR analysis validated that
squaric ester amide moieties withstood radical polymerization
conditions and remained intact (Figures $28 and $32).**'
Molecular weight distributions of p(MA-SQ)., obtained by size-
exclusion chromatography (SEC) revealed well-defined homo-
polymers with a number-average molar mass (M,) of 13 800 g/
mol and polydispersity index (PDI) of 1.26 (Figure 2E1). In
stark contrast to the FRP, the RAFT homopolymers of MA-SQ_
confirmed controlled polymerization conditions. Via NMR
spectroscopy, monomer conversion over time demonstrated
first-order kinetics for the polymer formation (Figures $34 and
$35). Similar conditions were applied during block copoly-
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merization and provided polymers with a narrow PDI of 1.16
and M, of 22200 g/mol (Figure 2E2). The molecular weight
shift of the block copolymer (PEG, 5-b-p(MA-SQ)35) compared
to PEG-TTC-CTA clearly attested full MA-SQ monomer
grafting onto the macro-CTA. Additionally, DOSY NMR
analysis confirmed successful block copolymer formation by
providing identical diffusion coefficients of both blocks (Figure
$29). To avoid interference with the trithiocarbonate (TTC)
end group during subsequent amidation of the squaric ester
amides, both homo- and block copolymer were further treated
with an excess of AIBN for end group removal. This additional
step did not impair the composition or distribution of the
polymers (compare Supporting Information Figures S30 and
$33).

Amine-Selective Conversion. In order to verify amine
reactivity, the homopolymer p(MA-5Q),, was first reacted with
an excess of primary, secondary, or tertiary amine. As model
compounds aminoethanol, morpholine, and triethylamine were
selected (Figure 3A, note that these reactions were conducted in
DMSOQ to ensure complete solubility of the homopolymer).
Interestingly, the formed squaric bisamides provide an
absorption maximum around 300 nm compared to the squaric
ester amide educts. Therefore, their aminolysis can easily be
monitored over time by UV/vis absorbance spectroscopy.” A
strong and fast increase in absorbance at 300 nm revealed rapid
and quantitative conversion of the squaric ester amides by the
primary amine aminoethanol. The secondary amine morpholine
could only convert about 25% after 2 h, while no conversion was
observed with triethylamine as tertiary amine (Figure 3B1-D1,
Figure 3E, and Supporting Information Figure S37). The
respective homopolymers were isolated by precipitation in
diethyl ether. Recorded molecular weight distributions by SEC
demonstrated no significant change in M, and PDI for p(MA-

https://doi.org/10.1021/jacs.1c03772
J. Am. Chem. Soc. 2021, 143, 9872-9883
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Figure 4. Nanogel fabrication process. (A) Scheme of sequential nanogel formation from squaric ester amide-derived, self-assembling precursor
polymers. Based on the cross-linking strategy, degradable nanogels (D-NG) as well as nondegradable or non-cross-linked control samples (ND-NG,
NCL-NG) can be obtained. (B) DLS size distribution of self-assembled micelles in ethanol and (C) fully fabricated nanogels D-NG, ND-NG, and
NCL-NG in PBS. (D) TEM image of D-NG. (E) AFM image of D-NG. (F1 and F2) Scheme of ketal-hydrolysis in acidic media resulting in D-NGs'
disassembly into soluble unimers (NCL-NG). (G) DLS study of D-NG at neutral pH in PBS compared to mildly acidic pH in HAc/Ac buffer by (G1)

size distribution and (G2) DLS count rate over time.

SQ) 4 treated with triethylamine, while a complete peak shift to
smaller molecular weights was found after conversion with
aminoethanol (Figure 3B2—D2). The squaric ester amide
polymers treated with morpholine showed only a minimal peak
shift reflecting their incomplete conversion. These observations
were confirmed by NMR analysis (Figures $38 and $39).
Further studies indicated that full conversion by secondary
amine morpholine can still be achieved at elevated temperature
and extended reaction time (Figure $40, e.g,, after 22 hat 70 °C
complete squaric ester amide aminolysis was demonstrated;
compare Figures S41 and S42). These results highlight the
suitability of squaric ester amides as reactive polymer side groups
for quantitative postpolymerization modification with preferen-
tially fast conversion of primary amines.

Nanogel Fabrication and Characterization. Polymeric
squaric ester amides can be used as precursors to introduce new

9876

194

functionalities by amidation reactions. Following the design
concept of Figure 4A, we were interested in whether this
postpolymerization modification can also be combined with self-
assembly to sequentially access nanogels (by micelle formation,
covalent core-cross-linking, and transformation of the core from
hydrophobic to hydrophilic). The well-defined amphiphilic
block copolymer PEG,,3-b-p(MA-SQ)s5 was suspended in
ethanol and treated with ultrasound, yielding narrowly dispersed
micelles. By dynamic light scattering (DLS) their sizes were
analyzed, revealing a z-average diameter (D) of 44 nm and a
narrow PDI of 0.13 (Figure 4B). Next, the polarity of the core
was switched chemically by exploiting its reactivity toward
hydrophilic amines. After addition of 5.0 equiv of PEG,;-amine
the micelles disassembled within 30 min and provided fully
soluble polymers (Supporting Information Figures $43 and S44;
note that amines like aminoethanol did not increase the polarity

https://doi.org/10.1021/jacs.1c03772
J. Am. Chem. Soc. 2021, 143, 9872-9883
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correlation spectroscopy toward stability in plasma and the ability to disassemble upon exposure to endolysosomal pH values: (B1) normalized
autocorrelation curves (dots) and corresponding fits (solid line) of OG-labeled D-NG incubated in human blood plasma for 0, 6, and 24 h; (B2)
normalized autocorrelation curves (dots) and corresponding fits (solid line) of OG-labeled D-NG incubated in acidic buffer (pH 5.2) over time. (C)
Tetramethylrhodamine cadaverine (TMR)-labeled nanogels (D-NG) investigated for the in vitro uptake behavior in RAW murine macrophages using
flow cytometry and confocal microscopy imaging (n = 3): (C1) cellular mean fluorescence intensities (MFI) of RAW macrophages incubated with
TMR-labeled D-NG at 100, 50, and 10 pg/mL for 24 h; (C2) corresponding histograms of RAW macrophages incubated with TMR-labeled D-NG at
100, 50, and 10 ug/mL for 24 h (n = 3) or PBS (control). (C3) Confocal microscopy images of RAW macrophages incubated with TMR-labeled D-NG
at 100 ug/mL for 4 and 24 h (blue: nuclei stained with Hoechst 33258; green: cell membrane stained with cholera toxin B (CTB)-AF488; red: TMR-
labeled D-NG, scale bar 10 ym). (D) Near infrared dye 800RS cadaverine (NIR)-labeled nanogels (NIR-labeled D-NG) investigated for their
biodistribution after systemic application to BALB/c mice via tail vein injection using an in vivo NIR-imaging system (IVIS): (D1) whole body
fluorescence imaging 24 h after intravenous injection of 100 yL of NIR-labeled D-NG dispersion (2 mg/mL); (D2) ex vivo organ distribution imaging
and (D3) semiquantitative analysis (n = 4).
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to unfold the micelles). Thus, core hydrophilization is possible
to fabricate fully hydrophilic nanogels.

Next, polymeric micelles were modified by pH-responsive
cross-links prior to hydrophilization (note that the following
process is possible in both pure ethanol and buffered water;
compare Supporting Information Figure $50). In relation to 1.0
equiv of pendant squaric ester amide moieties, 0.15 equiv of the
ketal-containing bisamine 2,2'-bis(aminoethoxy)propane was
added. Its ketal unit renders the nanocarriers” sensitivity to
endosomal acidic pH. As shown in previous reports, it can
effectively hydrolyze at pH 5, resulting in a disassembly of
nanogels into soluble polymer chains.****** In order to provide
a nondegradable nanogel version, the core of the micelles was
conjugated with 0.15 equiv of an ether-containing bisamine
(1,2-(bis(aminoethoxy)ethane). Additionally, a non-cross-
linked soluble polymer representing the ketal-cross-linked
nanogel after hydrolysis was obtained by aminolysis with 0.3
equiv of 2-aminoethanol. For each species, all remaining squaric
ester amide moieties were finally converted with 3.0 equiv of
PEG;-amine, resulting in fully hydrophilic nanogel or soluble
polymer species (Figure 4A). All samples were purified by
dialysis against water containing 0.1 wt % ammonia to prevent
premature ketal-hydrolysis. Subsequent lyophilization afforded
the nanogels as dry powders, which could be easily redispersed
in PBS buffer.

UV/vis absorbance spectroscopy could again be used to
monitor the conversion of the squaric esters inside the self-
assembled micelles/core-cross-linked nanogels by following the
increase of the absorption maximum around 300 nm related to
the formed squaric bisamides (compare Supporting Information
Figures $46—548). Sequential addition of primary amines for
functionalization, cross-linking, and final conversion of the
remaining squaric ester amide moieties with PEG, -amine
yielded a stepwise increase of the absorbance. Note that no
difference between the absorption after addition of 3.0 equiv of
PEG,;-amine and the purified nanogel after extensive dialysis
against water with 0.1 wt % ammonia could be found, confirming
quantitative squaric ester conversion inside the nanogels during
the fabrication process (compare Supporting Information
Figures $46—548).

As shown by DLS analysis, the ketal-cross-linked, degradable
nanogel (D-NG) showed a very narrow monomodal distribu-
tion and a D, of 44 nm, which was similar to the size of the
precursor micelle. The same was found for the nondegradable
nanogel (ND-NG, D, = 46 nm), while for the non-cross-linked
version (NCL-NG) a significantly lower count rate was detected
indicating the absence of particular scattering. The average
volume diameter of the NCL-NG was 8 nm (Figure 4C). The
ketal-cross-linked nanogels were imaged by transmission
electron microscopy (TEM) and atomic force microscopy
(AFM). The dried particles could be recorded as spherical and
some slightly elongated morphologies with narrow dispersities
(Figure 4D and E; Supporting Information Figure $49). To
prove that the ketal-cross-linked nanogels fully disassemble into
soluble unimers under endolysosomal pH conditions (Figure
4F1,F2), several DLS stability studies at pH 7.4 or 5.2 were
performed. D-NG was exposed to acidic pH in acetate buffer at
10 mg/mL and subsequently monitored over time by DLS. A
gradual decline in count rate within 600 min was observed, while
a decrease of the particles’ size distribution demonstrated
complete nanogel disassembly into single polymer chains
(Figure 4G1,G2). In contrast, no change in count rate or size
was observed at neutral pH for D-NG in PBS (Figure 4G1,G2).
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This was also the case for ND-NG and NCL-NG at both pH
levels over time (Supporting Information (Figure $54). Thus,
ketal-cross-linked nanogels represent ideal candidates for drug
delivery due to their transient supramolecular architecture that
unfolds into secretable smaller entities upon exposure to
endolysosomal pH values.

Nanogel Functionalization. To further investigate the
nanogels’ covalent drug delivery function, their squaric ester
amides were first used to introduce fluorescent labels. Prior to
the described cross-linking and core-hydrophilization, 0.01
equiv of amine-bearing fluorescent dyes (e.g, Oregon Green
cadaverine (OG), tetramethylrhodamine cadaverine (TMR), or
the near-infrared dye 800RS cadaverine (NIR)) was conjugated
to the core (Figure SA). Covalent dye conjugation did not affect
the nanogel fabrication process. To ensure the absence of free
dye, nanogels were extensively spin-filtrated (MWCO: 10 000
g/’mol) using a mixture of 0.1 wt % ammonia in water/EtOH (v/
v, 1:2) in addition to the described purification methods. Dye
labeling enables analyses of the nanocarriers’ behavior in
complex biological environment and, thus, provides key features
to evaluate their applicability for immunomodulating drug
delivery.

We first investigated the dye-labeled nanogel’s stability in
human blood plasma as complex biological medium relevant for
in vitro and in vivo application. Selective monitoring of nanogel
integrity over time was facilitated by fluorescence correlation
spectroscopy (FCS). It provides information about the
nanocarrier’s size in solution by autocorrelation analysis of
fluorescence intensity fluctuations that result from diffusional
motions of fluorescent s?ecies (e.g, labeled nanocarriers)
through a confocal volume.** After incubation of pH-degradable
nanogels (OG-labeled D-NG) in human blood plasma for 0, 6,
and 24 h at 37 °C, FCS analysis confirmed that the nanogel’s
autocorrelation curve and the corresponding hydrodynamic
radius remained identical (Figure 5B1). Consequently, the
carriers are profoundly stable under these biologically relevant
conditions: Neither an increase of the nanogel’s size, which
would reflect aggregation with serum components nor its
decrease was observed, which would imply nanogel degradation.
The latter could only be observed by FCS when the ketal-cross-
linked OG-labeled D-NG was again exposed to pH 5.2 using
acetate buffer. As evident from the shift of the autocorrelation
curves, one can perfectly observe a sequential disassembly of the
nanogels into single unimers (Figure $B2).

Next, cellular nanogel interaction was studied for TMR-
labeled D-NG using flow cytometry as well as confocal
microscopy. RAW macrophages were selected as model for
phagocytosing cells of the reticuloendothelial system that
usually rapidly engulf nanocarriers after systemic administration.
However, only a minor uptake of D-NG was observed after
dosing from 10 to 100 wg/mL. A weak increase in mean
fluorescence intensity from 500 (basal autofluorescence) to 700
could be recorded by flow cytometry (Figure SCL), and the
resulting histogram provided only a minor but homogeneous
shift of all cells to increased fluorescence (Figure SC2). These
observations were independent from the type of nanogel, as
similar low mean fluorescence intensities and low TMR-positive
cells were found for all species (D-NG, ND-NG, and NCL-NG;
compare Supporting Information Figure $56). These results
were further supported by confocal microscopy images of RAW
macrophages incubated at 100 ug/mL for both 4 and 24 h
(Figure 5C3 and Supporting Information Figure $55). All cells
provided a homogeneous intracellular localization of some
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Figure 6. Squaric ester amide-based nanogels with covalently attached TLR7/8 agonist IMDQ. (A) Scheme of sequential nanogel fabrication with
integral in situ conjugation of IMDQ. (B) TLR agonistic activity of soluble IMDQ (sSIMDQ) and covalently attached IMDQ to degradable nanogels
(IMDQ-D-NG) measured by NF-kB activation of RAW Blue cells after 24 and 48 h via a Quanti-Blue reporter assay (n = 4). (C) Bioluminescence
images of heterozygous IEN-f (IEN-B*/21) reporter mice intravenously injected with sSIMDQ and covalently attached IMDQ-D-NG (5 g of
IMDQ soluble or bound to nanogel in 100 uL of PBS); images were recorded before (0 h) as well as 4, 24, and 48 h after tail vein injection (n=3). (D—
H) Results of flow cytometric analysis of isolated splenocytes (compare Figure S60 for the applied gating procedure) after systemic administration of
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nanogels presumably inside vesicular compartments, Due to the
fact that particle uptake was only observed upon high particle
dosing at 100 yg/mL, these in vitro studies suggested the
potentially useful property of these nanogel carriers to withstand
rapid phagocytosis, making them applicable for systemic in vivo
applications.

We therefore intravenously injected NIR-labeled D-NG into
mice’s tail veins and observed after 24 h still a strong fluorescent
signal distributed all over the body by the in vivo NIR imaging
system (IVIS) (Figure SD1). These findings confirmed that the
nanogels remained in the blood circulation long enough to
address multiple organs. Subsequently, major organs were
harvested and imaged ex vivo to better quantitate the NIR signals
(Figure SD2). Semiquantitative analysis confirmed that nano-
gels were sequestrated not only in the liver, a typical nonspecific
sink for systemically administered nanocarriers, and kidneys
(probably due to the renal clearance properties of the soluble
polymers after hydrolysis of ketal-cross-linked nanogels), but
also in the spleen. The spleen is a central organ of the lymphatic
system, being highly relevant for immunodrug delivery because
it harbors many antigen-presenting cells (Figure 5D3). We,
therefore, opted for a strategy to systemically deliver a TLR7/8
agonist into this organ and induce a local immune modulation.

Effective and Safe TLR7/8 Agonist Delivery for
Intravenous Routes of Administration. The highly potent
small-molecular TLR7/8 agonist IMDQ' was selected as an
immune modulatory compound to trigger maturation of splenic
antigen-presenting cells. This compound has been demon-
strated to activate TLR7/8 even when it is bound to
macromolecular nanocarriers.”****¢ Due to its primary benzylic
amine, IMDQ_can straightforwardly be conjugated to pendant
squaric ester amide groups and, therefore, directly be
incorporated into the nanogel fabrication process (Figure 6A).
IMDQ _conjugation did not affect the nanogel fabrication, as
cross-linked nanogels (IMDQ-D-NG and IMDQ-ND-NG)
were of similar size and the non-cross-linked species (IMDQ-
NCL-NG) was again completely soluble (compare Supporting
Information Figure $51). Quantification of the covalently
attached IMDQ_was conducted by '"H NMR spectroscopy.
For the soluble NCL-NG species, a drug load of 2.7 wt % was
found (compare Supporting Information Figure $52) being
covalently attached to the polymer (confirmed by DOSY NMR,
Figure $53).

For demonstrating TLR7/8 stimulation activity, we used a
RAW-Blue macrophage reporter cell line that is genetically
engineered to secrete embryonic alkaline phosphatase (SEAP)
in response to TLR activation and downstream signaling via the
NF-kB pathway. SEAP expression itself can readily be detected
from the cell culture supernatant via UV/vis spectrophotometry
after addition of a coloring substrate (Quanti-Blue assay). RAW
Blue macrophages were pulsed with increasing doses of either
soluble IMDQ_(sIMDQ) or IMDQ-D-NG (empty nanogel D-
NG served as a control). A strong TLR activation was found for
sIMDQ_ already at sub-micromolar concentrations, while
nonligated control nanogels did not induce any significant
activation (Figure 6B). IMDQ-D-NG led to a dose-dependent
activation, albeit less potent than sSIMDQ, but still active in the
micromolar concentration range. Similar activities were found
after 24 as well as 48 h and could be confirmed for both IMDQ-
ND-NG and IMDQ-NCL-NG (Figure S$58), which may
corroborate the weak cellular internalization. In parallel, RAW
Blue cellular viability was monitored by an MTT assay. No
significant influence on metabolic activity was found for all
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nanogel samples in the tested experimental window (Figure
§57).

We then investigated the nanogel’s in vivo immune
stimulatory activity with a special focus on the activation of
antigen-presenting cells in the spleen while avoiding systemic
off-target effects. The latter can be visualized by bio-
luminescence imaging of heterozygous BALB/c IFN-f (IFN-
[/815) reporter mice,”” in which luciferase as reporter gene is
genetically linked to the expression of type I interferon IFN-f, a
cytokine that is induced upon TLR7/8 stimulation. Mice were
intravenously injected into the tail vein, and bioluminescence
was monitored after 4, 24, and 48 h (Figure 6C and Supporting
Information Figure $59). For sIMDQ, a strong signal was
observed all over the body, reflecting a systemic inflammatory
response in those mice. A prominent IFN-f expression occurred
in the neck and abdomen and remained high up to 48 h
postinjection. The nanogel-conjugated IMDQ, however, did not
cause such a severe global immune activation all over the body.
After 4 h no severe systemic inflammation was recorded. Only
after 24 h a mild activity was observed with some expression in
the abdomen and neck region, but with reduced gain compared
to sSIMDQ (Figure 6C and Supporting Information Figure $59).
These observations clearly underline that severe systemic
inflammatory responses are absent for the nanogel carrier
system.

To further corroborate the absence of soluble IMDQ’s acute
toxicity, we also monitored the systemic inflammatory cytokines
in sera of mice treated with soluble IMDQ vs nanogel-
conjugated IMDQ. The results are provided in the Supporting
Information Figure $62—S64 and confirm the observations of
the IFN-f} reporter mice: After 4 h, increasing serum cytokine
levels of TNF-a, IL-6, and INF-y are found in mice treated with
soluble IMDQ. They are significantly elevated compared to
mice treated with PBS, while mice treated with nanogel-bound
IMDQ only provide slightly increased but not significant TNF-
a, IL-6, and INF-y levels (Supporting Information Figure $62).

After 24 h, those cytokines are again decreased to levels of
PBS-treated mice. The elevated cytokine levels for soluble
IMDQ:-treated mice caused further liver toxicities by increased
ALT, AST, and GLDH enzyme serum activities (Supporting
Information Figure $63). Additionally, further influence on
pancreas toxicity by high lipase serum activity as well as kidney
toxicity by elevated blood urea nitrogen (BUN) can be observed
(Supporting Information Figure S64). These data underline
again the improved safety profile for the IMDQ-loaded nanogels
to circumvent these acute toxicities but focus the immune
stimulatory potential of the TLR7/8 agonist to the spleen.

One may speculate that such reduced systemic off-target
effects for the nanogel-conjugated IMDQ might simply be
caused by the minor receptor activation potency or reduced
bioavailability. However, when it comes to immune intervention
strategies (e.g, vaccination or cancer immunotherapy), site-
specific immune activation (i.e., spleen specific, rather than
systemic) is of important relevance and the major goal of this
study.

Previous biodistribution analysis confirmed that a sufficient
amount of nanogels was found inside the spleen after systemic
activation (Figure SD). To further validate that IMDQ-loaded
nanogels still activate spleen-resident immune cells, we isolated
splenocytes from the mice 48 h after injection and performed
quantitative flow cytometric analyses (for further details on the
gating procedure compare Supporting Information Figure S60).

Both sIMDQ and IMDQ-D-NG comparably increased the
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number of myeloid cells with no influence on B and T
lymphocytes (Figure 6D—H1). Dendritic cells (DCs), macro-
phages, and neutrophils are known to express and respond to
TLR7/8 activation effectively. Their numbers are therefore
increased to a similar extent for both sSIMDQ and IMDQ-D-NG
(Figure 6D1—F1).

We then checked for maturation markers on those cells and
found again that IMDQ-D-NG triggered their expression to a
similar level as sSIMDQ while omitting systemic inflammations
(Figure 6D2—H2 and Supporting Information Figure S61). For
DCs and neutrophils (Figure 6D3/4 and F3/4) the expression
levels of CD80 and CD86 were significantly enhanced by
IMDQ-D-NG as well as SIMDQ. They were also upregulated on
B lymphocytes that in contrast to T lymphocytes have antigen
presenting ability (Figure 6G3/4). Also, the T lymphocyte
activation marker CD69 was induced, again comparably, by
IMDQ-D-NG and sIMDQ treatment, indicating further down-
stream T lymphocyte activation (Figure 6H3).

Most interestingly, for macrophages no difference in the
expression of CD86 was observed (Figure 6E4), as CD86
upregulation is more typical for DCs. However, CD80
expression was more significantly triggered by IMDQ-D-NG
and even exceeded the expression levels of sSIMDQ_ (Figure
6E3). Apparently, nanogel-bound IMDQ_seems to have a
preferential stimulation potential in those highly phagocytotic
immune cells inside the spleen. These properties outperform the
treatment with sSIMDQ and make the nanogels highly interesting
for further therapeutic immune interventions.

Altogether, these observations confirm the hypothesis that
our nanocarrier can deliver the TLR7/8 agonist into the spleen
and maintain its immune stimulatory activity inside that organ. It
prevents massive systemic immune activations and subsequent
severe inflammatory off-target effects but conserves organ-
specific immune stimulation inside the spleen, especially to
resident macrophages. Since this organ is highly relevant for
further immune intervention strategies including cancer
immunotherapy or vaccination,"*” we consider squaric ester-
based, pH-degradable nanogels as a relevant platform to exploit
further systemic immunologic adjuvant strategies.

B CONCLUSIONS

In this study, we have introduced polymerizable squaric ester
amides as novel functionable tool to robustly fabricate pH-
responsive nanogels serving as a versatile nanocarrier platform
for safe delivery of the highly potent immunomodulator IMDQ_
after intravenous administration. To the best of our knowledge,
the synthesis of methacrylamide monomers with a functional
pendant squaric ester amide moiety has not been reported
before. Its subsequent controlled RAFT block copolymerization
as well as its self-assembling behavior in polar protic solvents
provides access to precursor micelles with amine-reactive cores.
Through their sequential amidation, covalent dye or drug
loading, acid-sensitive cross-linking, and core-transformation
from hydrophobic to hydrophilic polarity can be performed,
affording fully hydrophilic nanogels with profound stability in
plasma and the bloodstream, with modest uptake by phagocytic
cells and with an inherently triggered degradation upon
exposure to mildly endolysosomal pH conditions. The carriers
potential to covalently conjugate IMDQ as a highly potent
immunomodulator enables the drug’s safe and efficient delivery
by preventing systemic off-target inflammation but retaining its
spatial activity in the spleen. These findings underline the
potential of this carrier platform to access intravenous
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administrations routes for small-molecular TLR7/8 agonists
(and other relevant immune modulators) and, thus, provide
novel opportunities to explore their superior adjuvant potency
for systemic vaccination or cancer immunotherapy purposes.
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1. Introduction

Fluorescent nanodiamonds (NDs) are carbon-based nanoparticles with various

outstanding magneto—optical properties. After preparation, NDs have a variety
of different surface groups that determine their physicochemical properties. For
biological applications, surface modifications are crucial to impart a new interface
for controlled interactions with biomolecules or cells. Herein, a straightforward
synthesis concept denoted “adsorption—crosslinking” is applied for the efficient
modification of NDs, which sequentially combines fast noncovalent adsorption
based on electrostatic interactions and subsequent covalent crosslinking. As a
result, a very thin and uniform nanogel (NG) coating surrounding the NDs is
obtained, which imparts reactive groups as well as high colloidal stability. The
impact of the reaction time, monomer concentration, molecular weight, structure of
the crosslinker on the resulting NG shell, the availability of reactive chemical surface
functions, and the quantum sensing properties of the coated NDs are assessed and
optimized. Postmodification of the NG-coated NDs is achieved with phototoxic
ruthenium complexes yielding ND-based probes suitable for photodynamic
applications. The adsorption—crosslinking ND functionalization reported herein
provides new avenues toward functional probes and traceable nanocarriers for
high-resolution bicimaging, nanoscale sensing, and photodynamic applications.
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Among many carbon-based mnanoscale
materials, fluorescent nanodiamonds
(NDs) have emerged for diverse applica-
tions in nanomedicine and bioimaging,
because of their unique magneto—optical
properties as well as their high biocompat-
ibility."! The optically active atom defects
in the lattice of NDs, such as the nitrogen
vacancy (NV) center, provide stable
fluorescence without photobleaching or
photoblinking.”) Due to their stable fluo-
rescence, NDs with NV centers have been
applied widely in bicimaging,”! as well as
real-time reporters for drug delivery.*™!
In addition, the emission wavelength of
NDs is size independent but tunable from
the visible to the near-infrared region
based on the color center (e.g., Si, Ge,
etc.)J7J Furthermore, NDs containing neg-
atively charged NV (NV') centers can serve
as single-spin sensors to detect critical
physical parameters in a biological micro-
environment, such as temperature,[xl mag-
netic fields, electron spins,[w] and mechanical strain.""
However, for most of these applications, an appropriate surface
functionalization of the NDs is essential, because the colloidal
stability of unmodified nanosized NDs in physiological buffer
systems is extremely poor due to aggregation.!"” Moreover, the
shell provides further reactive groups to attach the desired func-
tionalities, such as drug molecules, dyes, cell- or tissue-targeting
groups, or various proteins like antibodies.'*! The surface coating
shields the inner ND surface and creates a new interface, which is
particularly attractive for in vitro or in vivo applications, i.e., to pre-
vent foreign body interactions!'! or increase their circulation
times" or their accumulation at the target site."”) In the past,
various different ND surface coating materials and strategies
have been reported. The covalent attachment of functionalities
such as a silica shell," hyperbranched polyglycerols (HPG),"”
poly(1-DOPA),”! and antibodies™® has been explored as well
as noncovalent adsorption of biomolecules or polymers like poly-
ethyleneimine,' insulin,”” and albumin-based copolymers.*
Nevertheless, uncontrolled aggregation as well as precipitation still
represents a challenge and each reported functionalization strat-
egy has its benefits but also inherent limitations. Covalent conju-
gation approaches are typically challenged by the low number of
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functionalities intrinsically present at the ND surface.*"
Therefore, often only few surface groups could be attached and
Dbatch-to-batch variations of the NDs can cause reproducibility
problems. ND coating by physical adsorption is a straightforward
procedure, which is less influenced by changes of the ND surface
groups. However, ligand loss often occurs in biological media,
thus limiting the stability of the nanoparticle, i.e., during cell stud-
ies.|”l We propose that the combination of both covalent and non-
covalent coating approaches offers efficient functionalization and
stabilization of NDs.

Herein, we report a straightforward procedure based on the
noncovalent adsorption and covalent crosslinking method that
imparts a nanogel (NG) shell at the ND surface. First, the adsorp-
tion of multifunctional and positively charged ligands precoats
the NDs based on electrostatic interactions followed by a cross-
linking step to afford a stable and soft NG shell. Hyperbranched
polyethyleneimine (PEI) is a highly branched, cationic polymer
with multiple primary amino groups that allow cellular uptake by
endocytosis, which has been widely used in biomedical applica-
tions, such as cell transfection® and gene therapy.?*! In addi-
tion, to avoid aggregation of NDs during the adsorption of PEI,
polyvinylpyrrolidone (PVP) has been applied as a commonly used
stabilizer'” with proven biocompatibility, as demonstrated in
biomedical applications such as in tissue engineering.* PEI
has been crosslinked with poly(ethylene glycol) to generate the
soft and homogeneous ND—NG shell, providing high colloidal
stability, reactive primary amino groups for postmodifications,
and low cellular toxicity. We accomplished a ND—NG platform
for the design of ND-based photosensitizers for photodynamic
applications. Photodynamic therapy (PDT) is widely applied in
skin cancer and here, light energy is converted locally at the
tumor site into reactive oxygen species that affect cancer cell via-
bility.””! In the future, real-time monitoring of the local changes
in ion concentration of certain protein markers, i.e., upon drug
treatment, could give new insights into cellular processes during
therapy. In this way, a traceable ND-based photodynamic agent
combining sensing, imaging, and drug delivery offers great pros-
pects for nanomedicine.

2. Results and Discussion

The adsorption and crosslinking procedure to generate a NG shell
around NDs is shown in Figure 1A. First, the NDs are mixed
with hyperbranched polyethyleneimine (PEI, MW: 25 kDa) in the
presence of polyvinylpyrrolidone (PVP, MW: 10 kDa) in Milli-Q
water. At slightly alkaline (pH 7.4) conditions in the presence
of phosphate-buffered saline (PBS), the 4-arm PEG-NHS ester
was applied to crosslink the surface-adsorbed PEI for about
90 min. Purification was accomplished by several washing steps
to remove unreacted precursors and smaller NGs without the
embedded ND to obtain the pure ND—NGs, as shown in
Table S1, Supporting Information.

The ND and ND—-NGs were characterized with regard
to their distribution, shape, and morphology by transmission
electron microscopy (TEM; Figure 1B,C). As shown in
Figure 1B, TEM images revealed that bare NDs were prone
to significant aggregation and displayed a heterogeneous distri-
bution, whereas nonaggregating, homogeneous single particles
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could be observed for ND—NGs (Figure 1C). High-resolution
transmission electron microscopy (HRTEM) imaging showed
a uniform ring of 2nm surrounding the NDs, indicating
the presence of a dry NG coating (Figure S1, Supporting
Information). Because the shell was low in contrast and mea-
sured under dry conditions by TEM, we further assessed the
core—shell structure of the ND—NGs by liquid-mode atomic
force microscopy (AFM; Figure 1D,E), in which the NG could
swell compared with the dry TEM conditions. In Figure 1D,
the topographic image of ND—NGs and deformation images
showed good distribution with no obvious aggregation.
NanoScope Analysis 1.8 software was used to process the data
and visualize the NG coating.”® Apart from the height profile
images, further nanomechanical properties were simulta-
neously recorded. In particular, the deformation of the sample
caused by the probe was analyzed to receive in-depth informa-
tion on the structure of the coated NDs. As the ND core is much
harder than the NG shell, the deformation of the NG shell could
be detected with greater intensity under the same stress condi-
tions. The deformation image revealed clearly that all NDs
were uniformly surrounded by a soft shell (Figure 1D, right).
Furthermore, the deformation image was studied at higher
magnification (Figure 1E), and ~10 nm thickness of the NG
was determined in liquid, which is sufficiently thin for nano-
scale sensing applications.

The ND—NGs were characterized by dynamic light scattering
(DLS) to measure the shell thickness of dispersed ND—NGs
in aqueous solution. The average hydrodynamic diameters
in Milli-Q water of NDs and ND—NGs were 36.2 £ 2.4 and
57.0 £ 1.2nm, respectively, resulting in a shell thickness of
10.4 £ 3.6 nm of the ND—NGs (n=13, Figure 2A, Table S2
and Figure S3A, Supporting Information). The ND—NGs were
also characterized by multiangle light scattering, which is more
sensitive to detect aggregation. No aggregate formation was
observed and a shell thickness of about 9nm (Figure S2,
Supporting Information) was determined, which are in agree-
ment with the results from the AFM measurements (10 nm).
Variation of the reaction conditions on the hydrodynamic diam-
eters of the ND—NGs was investigated by DLS. As shown in
Figure S3B, Supporting Information, their sizes increased with
the reaction time from 45.7 4 5.6 to 52.2 4+ 4.0 nm. However, the
increments slowed down gradually and stabilized after 90 min,
suggesting that the reaction reached saturation or completion.
When the concentration of the crosslinker was increased from
0.125 to 8mg mL™", ND—NGs of 57.0 + 1.2 nm were obtained
with 2mgmL~' but the sizes subsequently increased to
749 £9.9nm for 8mgmL ™" crosslinker. In addition, the PEI
concentrations also varied from 0.01 to 10mgmL ™' to assess
the influence on the resulting colloidal stability (Figure 2B).
Aggregation was detected at a concentration, for ND—NGs, of
0.01 mgmL ', most likely because the low amount of PEI
around single ND was insufficient to impart sufficient colloidal
stability. At 1mgmL~', ND—NGs with dimensions of about
50.2 + 6.0 nm were detected, indicating that a sufficient amount
of PEI covered the surface of the NDs, thus forming a thin shell.
Further increase in PEI to 10 mg mL™" resulted in a significantly
thicker shell (160.9 & 22.6 nm). The influence of the molecular
weight (MW) of PEI and a regularly branched polyamidoamine
(PAMAM) dendrimer with a globular sphere-like structure
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Figure 1. A) Schematic illustration of the preparation of ND—NGs. B) TEM images of NDs (left: scale bar =500 nm; right: scale bar =50 nm).
C) TEM images of ND—NGs (left: scale bar =500 nm; right: scale bar =50 nm). D) AFM images of ND—NGs at liquid state (left: height sensor;
right: deformation; scale bar =500 nm). E) AFM images of ND—NGs (left: scale bar =100 nm; right: deformation distance curve of ND—NGs).

(PAMAM-G3) as well as the buffer, which was used to prepare
ND-NGs, was investigated (Figure S4, Supporting Information).
NDs aggregated and precipitated when PEIs with lower MW were
used (PEI 600 Da and PEI 2000 Da). Alternatives, such as the
positively charged dendrimer PAMAM-G3, did not improve
colloidal stability, and precipitation was likewise observed, imply-
ing that only the positively charged branched polymer with appro-
priate MW (PEI 25000 Da) and molecular structure allowed the
preparation of stable ND—NGs. The ionic strengths of the buffer
affected the preparation of ND—NGs as well (Figure 2A, Table S2,
Supporting Information), yielding ND—NGs with various sizes in

Adv. NanoBiomed Res. 2021, 1, 2000101 2000101 (3 of 9)
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Milli-Q water (83.3 + 11.0 nm), PBS (57.0 + 1.2 nm), and HEPES
(59.6 £ 6.7 nm).

Postfunctionalization allows controlling the chemical,
physical, and physiological properties of ND essential for further
applications."”) PEI possesses many amine groups, which
are positively charged at physiological pH. Bare NDs have a
zeta potential of —37.2+0.6mV, which increased to about
18.8 + 0.78 mV (Table S1, Supporting Information) after coating,
due to many free primary amino groups located at the ND—NG
surface. Fluorescamine is a commonly used fluorogenic reagent
for the detection and quantification of amino groups. An excess
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Figure 2. A) Hydrodynamic diameter of NDs and ND—NGs measured by DLS. B) Influence of the PEI concentration on the size of ND—NGs. Data
presented as mean + SD, n = 3. C) Normalized emission spectra (e.g., 532 nm) of NDs and ND—NGs. NV~ zero-phonon lines are visible in both spectra.
D) Standard curve of fluorescence intensity using ethylenediamine concentration. Data presented as mean +SD, n=3. E) T; time of ND—NG
(129.47 +32.5 pis). Data presented as mean =+ SD, n=37. F) T, time of ND—NG with Gd** (10.53 = 1.82 ps). Data presented as mean = SD, n=22.
G) T, time of ND—NG with ferritin (17.43 + 6.45 ps). Data presented as mean + SD, n=34.

of fluorescamine was added to the ND—NG solution and
the fluorescence intensity was measured using an excitation
and emission wavelength of 365 and 470nm (Figure S6,
Supporting Information), respectively. In comparison with the
control samples, ND—NG, fluorescamine, and water, only the
ND-NGs incubated with fluorescamine showed significant
fluorescence, proving the accessibility of amino groups present
on the surface of ND—NGs. Using ethylenediamine to achieve a
calibration plot (Figure 2D), the content of the amine groups on
ND—NGs was calculated, suggesting about 3.90 x 10~ mol pri-
mary amino groups (-NH,) per gram ND—NGs. Assuming that

Adv. NanoBiomed Res. 2021, 1, 2000101 2000101 (4 of 9)

the NDs consist only of C atoms and that all ND—NGs particles
have a spherical shape of about 40 nm diameter,""”! this results in
an estimated number of about 2769 amino groups per ND—NG
that could be used for postmodifications.

The effect of the NG shell on the photophysical properties
of NDs containing NV centers was investigated (Figure 2C,
Figure S5, Supporting Information). For optical measurements,
ND-NGs with a diameter of 57.0 +1.2nm were used. The
fluorescence intensity of ND—NGs in water was measured using
a laser beam (dex=560nm and Aey,=680nm, Figure S5,
Supporting Information). No significant reduction in the
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fluorescence intensity was observed for ND—NGs compared with
bare NDs. In addition, no change in the spectral shape was
detected. Furthermore, the effect of the NG shell on the charge
state of NV centers in NDs was studied at the single nanoparticle
level (Figure 2C). The spectra were measured on a custom-built
confocal microscope with an excitation laser at 532nm and
100 yW power in front of the objective (oil, NA =1.35).
Obviously, the NG shell did not affect the emission properties,
and the zero-phonon lines of NV~ centers were still well visible
without any shift or background noise. NV centers in NDs are
very sensitive to the surface states and at some conditions, they
can switch to the dark state {neutral NV center; NV° and posi-
tively charged NV center; NV™). These results demonstrate that
the NG coating did not affect the charge properties of the NV
centers, which remained in the optically active states (NV)
and which is important for the future application in bioimaging
and nanoscale sensing. To prove the nanoscale sensing ability of
ND—NG, Gd** salt and the iron-storage protein ferritin contain-
ing iron in ferric state were selected exemplarily as paramagnetic
species. ND—NG was incubated with GdCl; or ferritin overnight
and purified by centrifugation. While the adsorption of ferritin
was revealed by TEM (Figure S8A, Supporting Information),
Gd** ions probably penetrated into the NG and were not visible
in TEM (Figure S8B + C, Supporting Information). To evaluate
the influence of the Gd** and ferritin adsorbed to ND—NG on
the NV spin longitudinal T; relaxation time, we used a confocal
microscope equipped to conduct T; spin relaxometry. A pulsed
T, sequence was chosen, consisting of repetitive laser pulses in
the absence of a microwave. The spin relaxation from the ms =0
spin state to the thermally mixed state was probed and the relax-
ometry measurements were carried out on randomly selected
single particles (Figure S9, Supporting Information). For each
sample, the resulting T; constants were averaged. The T; time
decreased from 129.47 & 32.5 ps of ND—NG to 10.53 + 1.82 ps
of ND-NG with complexed Gd*' and 17.43+6.45ps of
ND—NG with ferritin, indicating that the ND—NGs are in prin-
ciple able to sense magnetic fields in their direct surrounding
(Figure 2E-G).

Next, the biocompatibility of ND—NGs was investigated using
A549 human lung adenocarcinoma cell line (Figure 3). As shown
in Figure 3B,C, and Figure S7A, Supporting Information,
ND—NGs were efficiently taken up into A549 cells after 4h of
incubation. We found many homogenously distributed spherical
structures, indicating that ND—NGs were located in intracellular
vesicles. The uptake was dependent on the ND—NG concentra-
tion and incubation time. When we increased the incubation
time from 6 to 24 h and the concentration of ND—NGs from
100 to 200 pg mL ", the uptake became even more prominent.
In addition, cells proliferated well and the cell morphology
was not altered. Low cytotoxicity of ND—NGs was observed after
the treatment of the cells with a concentration up to 800 pgmL *
(Figure 3A).

To further evaluate the biocompatibility of ND—NG, the Hen’s
Egg Test on the Chorioallantoic Membrane (HET-CAM)
method® was chosen, a potential alternative of animal experi-
ments. The wide availability of fertile eggs and easily achievable
hatching temperature (37-38 °C) made the HET-CAM a desir-
able experiment platform. CAM has an ample vascular network,
which is suitable for studying tissue xenograft, tumor growth,

Adv. NanoBiomed Res. 2021, 1, 2000101 2000101 (5 of 9)
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drug delivery, wound healing, and toxicologic study.*® CAM is
not innervated, and the chick embryo develops a functional brain
only on day 13 of incubation.®" Therefore HET-CAM model can
be considered as an animal-friendly and humane alternative of
in vivo testing. In our HET-CAM test, we observed hemorrhage
from blood vassals within 2—4 s after applying the positive control
(1% sodium dodecyl sulfate; SDS). Lysis occurred after 25-27s,
and we observed coagulation within 24 h. For the negative control
(phosphate-buffered saline) and various concentrations of
NG—NG (100, 400, 800 pygmL '), no instance of irritation was
detected from Smin to 24h of application (Figure 3D and
Figure S7B, Supporting Information). A summary of the results
is shown in Table S3, Supporting Information. These in ovo
results support the biocompatibility of ND—NG.

To underline the potential of ND—NGs as a theranostic plat-
form, a PDT agent, [4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-
yl-kN7 kN8)benzoato]-bis(2,2"-bipyridine-kN1,kN1')ruthenium(1+)
chloride (Ru—COOH), was conjugated with the ND—NGs by the
reaction of its carboxylic acid with the amine groups of ND—NGs
in the presence of EDC to afford ND—NG—Ru (Figure 4A). PDT
is a treatment using photosensitizing agents, whose bioactivity is
activated by light.*# The photosensitizer produces reactive oxy-
gen species, i.e., singlet oxygen ('O,) for therapeutic purposes.
Singlet oxygen is cytotoxic, which strongly decreases, i.e., viability
of tumor cells.** PDT is minimally invasive compared with
other treatment procedures (e.g., surgery) and can be used
together with other therapeutic techniques. Due to the low inva-
siveness of this approach, small or no scarring at the application
site after healing represents an additional benefit for the patient’s
quality of life. However, there are some drawbacks including
low tumor specificity, inefficient cellular uptake, and higher acti-
vation energies (if required), leading to prolonged illumination
times. To overcome these challenges, ND—NG was used as a car-
rier system. After modification with Ru—COOH, the attenuated
total reflection Fourier-transform infrared (ATR-FTIR) spectrum
of ND—NG—Ru was measured (Figure S10, Supporting
Information) and this showed that the peak intensity of the
stretching vibration of N—H decreased as the amine group
reacted with the carboxylic acid groups of Ru—COOH. To quan-
tify the number of Ru complexes on ND—NG—Ru, the fluores-
cence intensity was measured using an excitation and emission
wavelength of 460 and 610 nm, respectively. In comparison
with the control samples (ND—NG), only ND—NG—Ru showed
emission properties in the characteristic range (Figure S11,
Supporting Information). Using a series of Ru—COOH solu-
tions, a calibration plot was generated (Figure 4B) and the con-
tent of the Ru complexes on the ND—NG—Ru was calculated to
be 3.78 pgmg ' of ND—NGs. The DLS and TEM measurements
of ND—NG—Ru revealed a high colloidal stability with good dis-
persion and stability in aqueous media (Figure S12 and S13,
Supporting Information). Compared with the hydrodynamic size
of ND—NG, the dimension of ND—NG—Ru increased from
57.0 £ 1.2 to 73.7 4 4.9 nm, respectively. In addition, no signifi-
cant aggregation was observed in TEM images. PDT relies on the
efficient production of singlet oxygen in cellular environments.
To monitor the generation of 'O, in a quantitative fashion, we
conducted 'O, production efficiency tests as reported previ-
ously.*” The singlet oxygen sensor 9,10-anthracenediyl-bi
(methylene)dimalonic acid (ABDA) was used, which forms an
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Figure 3. A) Cell viability in A549 cells with various concentrations of ND—NG, n =5, one-way ANOVA with Tukey's posthoc test, ***p < 0.001. All
ND—NG concentrations are statistically nonsignificant. B,C) Confocal microscopy images of ND—NGs taken up into A549 cells (scale bar =20 pm) (B)
at 100 pgmL " for 6 h and (C) at 200 pg mL ™" for 24 h. D) Photographs of HET-CAM test results for 1% SDS (positive control), PBS (negative control),

and ND—NG at 800 ugmL™".

endoperoxide of ABDA in the presence of 'O, that alters its
absorbance spectrum. Therefore, the production of 'O, was
monitored by measuring this particular change in absorbance
of ABDA (Figure 4C, Figure S14, Supporting Information).
ND—NG—Ru, ND—NGs, and bare NDs as control were mixed
with 100puM of ABDA and were irradiated with a 470nm
light-emitting diode (LED) array (20mW cm %) for 15min.
Relative changes in absorbance confirmed the successful gener-
ation of '0,. We also examined the intracellular localization of
ND—NG—Ru in a human cervical cancer cell line (HeLa cells)
by laser scanning confocal microscopy. These cells were

Adv. NanoBiomed Res. 2021, 1, 2000101 2000101 (6 of 9)

incubated with ND—NG—Ru (100 pg mL ") for about 4 h before
images were recorded (Figure 4E). ND—NG—Ru were effi-
ciently taken up and many homogenously distributed spherical
structures were observed, suggesting that ND—NGs were
mainly located in intracellular vesicles. To evaluate light-
induced cellular toxicity, Hela cells were incubated with
0-200 pgmL~" ND—NG—Ru for 4h before irradiation with
470 nm LED light for 15 min (50 mW cm™?). The applied power
is comparable with the reported photosensitizing drugs.*”
We found a very low ICso of around 23pgmL™" for the
ND—-NG—Ru (Figure 4D), which is similar to the reported ICso
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Figure 4. A) Schematic illustration of the preparation of ND—~NG-Ru. B) Standard curve of fluorescence intensity using different concentrations of
Ru—COOH. Data presented as mean =+ SD, n = 3. C) Singlet oxygen yield of ND—NG—Ru. D) Logarithmic fitting curve for cell viability of ND—NG—Ru.
Data presented as mean = SD, n = 3. E) Confocal microscopy images in Hela cells after 4 h incubation with 100 pugmL™" ND—NG—Ru (15 min of
irradiation, scale bar =20 um). Green and red colors represent Ru and ND signal, respectively. F) Live/dead staining of Hela cells incubated without

or with 100 pgmL ™" ND—NG—Ru after 15 min of irradiation (scale bar =

represents apoptotic cells (scale bar =200 pm).

of 15pugmL ™" of the Ru—tetrazole-coordinated nanoparticles.*

Live/dead staining of the cells using fluorescein diacetate/
propidium iodide further demonstrated that ND—NG-Ru-
induced cell death upon irradiation could be spatially controlled
(Figure 4F). Furthermore, we confirmed induced cell death using
Annexin-V, a protein that binds to phosphatidylserine, which is
only present during apoptosis (Figure 4G).

Adv. NanoBiomed Res. 2021, 1, 2000101 2000101 (7 of 9)

200 um). G) Early apoptosis detection by Annexin V, FITC. Green color

3. Conclusion

In summary, we established the adsorption—crosslinking
method as a novel synthesis concept for the surface modification
of NDs. This approach combines both noncovalent adsorption
and covalent stabilization, thus integrating the advantages of
both coating strategies within one system, while overcoming
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their respective drawbacks. Using this method, we successfully
prepared ND—NG samples with a thin and uniform NG shell,
as well as a narrow size distribution, while elucidating the
chemical tools to control its formation. Critically, the photo-
physical properties of the NV centers in ND were not affected
by surface modification, thus facilitating the nanoscale sensing
applications. Quantification of the number of amine groups,
which are present on the surface of ND—NGs, was achieved.
Furthermore, the ND—NGs were well tolerated in cell experi-
ments and in in vivo testing. Introduction of a PDT agent,
Ru—COOH, was achieved in a postmodification approach.
ND-NG—-Ru showed successful photodynamic activity
in vitro. By demonstrating the capability to combine multiple
functions, i.e., the nanoscale sensing and photodynamic ability,
the versatility of the platform was proven. Importantly, the
adsorption—crosslinking method can be expanded to other
chemical motifs, as reactive groups are still available within
the NGs for further modification. We believe that our studies
pave the way to customized ND-based nanotheranostics for pre-
cise diagnosis and therapy at the subcellular level.

Supporting Information

Supporting Infermation is available from the Wiley Online Library or from
the author.
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Bikram Keshari Agrawalla, Pia Winterwerber, Eva Wirsching, Michael Fauler,
Manfred Frick, Seah Ling Kuan,* Tanja Weil,* and Holger Barth*

The targeted pharmacological modulation of polymorphonuclear leukocytes
(PMNSs) is of major medical interest. These innate immune cells play a central
role in the defense against pathogenic microorganisms. However, their excessive
chemotactic recruitment into tissues after traumatic injury is detrimental due to
local and systemic inflammation. Rho-GTPases, being the master regulators of
the actin cytoskeleton, regulate migration and chemotaxis of PMNs, are attrac-
tive pharmacological targets. Herein, supramolecular protein complexes are
assembled in a “mix-and-match” approach containing the specific Rho-inhibiting
clostridial C3 enzyme and three PMN-binding peptides using an avidin platform.
Selective delivery of the C3 Rho-inhibitor with these complexes into the cytosol of
human neutrophil-like NB-4 cells and primary human PMNs ex vivo is demon-
strated, where they catalyze the adenosine diphosphate (ADP) ribosylation of Rho
and induce a characteristic change in cell morphology. Notably, the complexes do
not deliver C3 enzyme into human lung epithelial cells, A549 lung cancer cells,
and immortalized human alveolar epithelial cells (hAELVi), demonstrating their
cell type-selectivity. The supramolecular complexes represent attractive molecular
tools to decipher the role of PMNs in infection and inflammation or for the devel-
opment of novel therapeutic approaches for diseases that are associated with
hyperactivity and reactivity of PMNSs such as post-traumatic injury.

body, molecules derived from microbial
pathogens and/or the host, recruit PMNs
via chemotactic mechanisms from the
blood stream to sites of infection. PMNs
evade from the blood vessels into the tissue
to ingest the pathogenic microorganisms
by phagocytosis and to eliminate bacteria
and fungi via their arsenal of cytotoxic sub-
stances. However, besides the beneficial
role of PMN activity with infections, hyper-
activity of PMNs can be detrimental for
patients, if PMNs are excessively recruited
into injured tissues.l!! Such conditions
are, for example, reported for multiple
injured patients suffering from blunt thorax
trauma, where the enhanced chemotactic
recruitment of PMNs and monocytic cells
into the lungs and the subsequent release
of their toxic mediators enhance the alveolar
barrier breakdown resulting in local and
systemic inflammation and contributing to
the poor outcome of such patients.!"%!
Therefore, the targeted, cell type-selec-
tive, pharmacological inhibition of exces-
sive chemotactic recruitment of PMNs

1. Introduction

Polymorphonuclear leukocytes, also termed PMNs or neutro-
phils, are the most abundant leukocytes in human blood and a
major component of the innate immune system. In the human

will enhance our understanding of their role in the first-line
defense against microbes and their contribution to the exces-
sive inflammatory responses after traumatic tissue injury. Since
migration, chemotaxis, and phagocytosis of PMNs depend on
the remodeling of the actin cytoskeleton, which is regulated by
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Rho-GTPases,"'2) PMN-selective Rho inhibition represents an
attractive strategy to downmodulate excessive PMN recruitment
from blood into tissues after traumatic injury.'*) Moreover,
PMN:-selective molecules modulating Rho-signaling and actin
dynamics of these immune cells certainly offer great potential
as molecular tools in cell biology and experimental pharma-
cology to decipher the role of PMN activity in both infection
and inflammation. In this context, the C3 enzymes from
Clostridium (C.) botulinum (C3botl) and C. limosum (C3lim) are
of major interest as they represent the only known specific Rho
inhibitors.©1%1416l C3 proteins are taken up into the cytosol
of monocytic cells where they catalyze the specific mono-
ribosylation of Rho A and Rho B. This inhibits Rho-signaling
resulting in the reorganization of actin filaments accompanied
Dby a characteristic change in cell morphology.'*"'7-21 Recently,
it has been demonstrated by our groups that the targeted phar-
macological inhibition of Rho activity by C3 enzyme inhibits
the migration and chemotaxis of primary human monocytes
ex vivo.'!l Moreover, the local intra-tracheal application of this
Rho-inhibitor prevented the excessive recruitment of mono-
cytic cells from the blood into the lungs of mice after blunt
thorax trauma.'l However, the C3 Rho-inhibitor has no effect
on PMNs ex vivo and does not reduce the amount of PMNs in
the lungs of mice after blunt thorax trauma.l!l Therefore, the
selective introduction of C3 Rho-inhibitor into PMNs would be
highly desirable for such applications.

Herein, we developed PMN-selective Rho-inhibitors based
on the supramolecular assembly of C3 Rho-inhibitor and spe-
cific PMN-targeting peptides on an avidin (Avi) platform to pro-
vide cell-type selectivity. The PMN-targeting peptide sequences
have previously been identified using random peptide phage
display that addresses the neutrophils specifically.?>? For
instance, the Ac-GGPNLTGRWGPPVESALAK-NH, (GGP)
sequence reveals neutrophil and monocyte selective binding,
which has been applied to liposomes for targeted delivery.?"! In
addition, the peptide cinnamoyl-F(D)LF(D)LFK-NH, (FK), an
antagonist of the formyl peptide receptor 1 (FPR-1) of neutro-
phils, has been conjugated to imaging agents or nanoparticles
for in vivo imaging.26:%]

Although peptide sequences such as GGP could be recom-
binantly fused to C3 Rho-inhibitor, the expression of C3 enzyme
with cyclic or chemically modified peptides, such as FK cannot
be achieved by molecular biology techniques. Furthermore,
the fusion of multiple peptide sequences to a single enzyme
is challenging by genetic means and would require tedious
optimization.?®?%l Release characteristics are controlled by
chemical linker design to impart a variety of stimulus-respon-
sive groups for, e.g., pH-controlled release in acidic endosomal
vesicles or inside the cytoplasm of cancer cells, which is also
challenging to achieve by genetic engineering.l** Hence, there
is a great interest in novel “chemistry” methods to design and
produce customized protein drugs.*"3? In particular, supra-
molecular assembly of protein complexes provides convenient
access to sophisticated multiprotein architectures that cannot
be achieved by molecular biology methods.!!

The assembly of multiprotein complexes that contained
functional subunits of bacterial protein toxins and den-
drimersP*34 or multiple copies of the cancer-cell targeting
peptide somatostatin at an avidin platform has been estab-
lished by our groups before. Recently, we have reported the

Adv. Healthcare Mater. 2019, 8, 1900665 1900665 (2 of 12)
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selective delivery of a supramolecular complex that contains
the Rho-inhibitor C3botl (henceforth C3) and somatostatin
as cell-targeting peptide into the cytosol of human cancer cells
overexpressing the somatostatin receptor, resulting in reduced
growth of a human xenograft lung tumor.*>) The best effect
was achieved when three somatostatin peptides and one C3
enzyme were bound to the avidin platform presumably via
the multivalency effect.’® We further expand on this versatile
strategy and report herein for the first time the stoichiometric-
controlled assembly of 1) multiple copies of different PMN-tar-
geting peptides and 2) C3 Rho-inhibitor via 3) a pH-cleavable
hydrazone linker for controlled intracellular release of the C3
enzyme into the cytosol of PMNs (Figure 1). Our platform
allows rapid generation of different supramolecular toxin com-
binations, e.g., by varying the PMN-targeting peptides, which
is highly desirable for throughput synthesis and screening to
evaluate the efficacy of the different combinations of the C3
Rho-inhibitor and different PMN targeting peptide sequences.
We Dbelieve that our approach offers great potential for the
development of cell type-selective biotherapeutics for the tar-
geted treatment of local and systemic inflammation, e.g., after
traumatic injury of multiple injured patients in a convenient
“mix-and-match” assembly.

2. Results and Discussion

2.1. “Mix-and-Match” Assembly and Characterization of the
Supramolecular Complexes (GGP);-Avi-C3 and (FK);-Avi-C3

The supramolecular complexes (GGP);-Avi-C3 and (FK);-Avi-C3
containing the PMN-targeting peptides GGP and FK as well as
C3 (Figure 1) were both designed based on avidin—biotin tech-
nology. Avidin (Avi), the central platform for assembly, is a tetra-
meric protein (pl > 9) that forms strong noncovalent interactions
(Kq = 107 m) with its natural binding partner biotin at four
binding sites. Here, Avi is selected as a monodisperse supramo-
lecular “glue” to combine the PMN-targeting peptides and C3
Rho-inhibitor at spatially distinct locations. To incorporate biotin
into the Ac:GGPNLTGRWGPPVESALAK-NH, (GGP) sequence,
GGP was functionalized using a bifunctional maleimide-biotin
with a short ethylene glycol linker (compound 1, Figure 2A) that
improves water solubility. The biotinylated GGP (B-GGP) peptide
was obtained in 40% yield after high-performance liquid chro-
matography (HPLC) purification with >95% purity (Figure S4,
Supporting Information). The PMN-targeting peptide cin-
namoyl-F(D)LF(D)LFK-NH, (FK) with a biotin at the C-terminus
(Figure 2B) was purchased commercially (PhtdPeptides Co., Ltd.
with 95% purity). To control the stoichiometry of peptides with
terminal biotin bound to Avi, a competitive binding assay with
2-(4-hydroxyphenylazo)benzoic acid (HABA) was performed.
HABA binds to Avi with lower affinity compared to biotin and
shows absorbance at 500 nm in the complexed form (Figure 2C).
Thus, disappearance of the absorption peak indicates displace-
ment of HABA by biotin. A stepwise reduction in absorbance
was observed upon addition of 1-4 equivalents of biotin indi-
cating the controlled binding of the respective biotinylated neu-
trophil targeting peptide to Avi (Figure 2C).

It was determined that 1.25 mole equiv of B-GGP and 1.0
mole equiv of B-FK are required per binding pocket in Avi,

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Design and potential mode of action of supramolecular complexes containing specific PMN-targeting peptides and C3-Rho-inhibitor assem-
bled on a central avidin (Avi) platform. The resultant protein complex is designed to selectively internalize into PMNs where the C3-catalyzed Rho-
inhibition down-modulates Rho-signaling in order to modulate PMN functions such as migration and chemotaxis.

respectively, most likely for steric reasons. Subsequently, the
transporters with three biotinylated peptides per Avi were
prepared by mixing the corresponding mole equiv of B-GGP
or B-FK with Avi (Figure 2D). These (GGP);-Avi or (FK);-Avi
conjugates offer a free available binding site for conjugation to
mono-biotinylated C3.

Next, mono-biotinylation of a cysteine mutant of C3 was
accomplished. The enzyme activity and substrate specificity as
well as the biological activity of this recombinant C3 variant has
been confirmed earlier in J774A.1 macrophages and osteoclast-
like RAW 264.7 cells.?!l A biotin-maleimide conjugation with
a pH-sensitive hydrazone linkage (4) that allows cleavage at
acidic pH was synthesized with modification from a procedure
published previously (Figure 3A and Scheme S1, Supporting
information).l*®) The pH-sensitive hydrazone triggers controlled
toxin release in acidic endosomal compartments of the cells.*’!
Compound 4 was conjugated to C3 to afford mono-biotinylated
C3 (B-C3, Figure 3B) in 78% yield, determined by bicinchoninic
acid (BCA) assay and Quant*Tag biotin quantification assay
(Figure S3, Supporting Information). The successful biotinyla-
tion was determined using Western blot analysis (Figure 5),
and the degree of biotinylation was quantified to be 91% using
the Quant*Tag Biotin Kit (Figure S3, Supporting Information).

The controlled assembly of (GGP);-Avi-C3 and (FK);-Avi-C3
was accomplished through stoichiometric control according
to the optimized ratio of 1.25 equiv of B-GGP and 1.0 equiv
of B-FK per binding pocket (GGP-B:Avi:B-C3 = 3.75:1:1);
(B-FK:Avi:B-C3 = 3:1:1, Figure 4A). Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis of

Adv. Healthcare Mater. 2019, 8, 1900665 1900665 (3 of 12)

(GGP);-Avi-C3 and (FK);-Avi-C3 with and without heating
against a known concentration of B-C3bot1 (Figure 4B) further
revealed that nearly all of the C3 protein reacted during the con-
jugation reaction, confirming the formation of the supramole-
cular complexes. The height profile of the constructs (3-6 nm)
was determined by using atomic force microscopy (AFM) and
no larger aggregates were detected indicating sample homoge-
neity (Figure 4C). Furthermore, no aggregates were detected
by dynamic light scattering in solution (Table S1, Supporting
Information). The zeta-potential of (FK);-Avi-C3 and (GGP);-
Avi-C3 was determined to be —4.56 and —2.39 mV, respectively,
which is consistent with the theoretical isoelectric point (pl) of
FK (pI = 6) and GGP (pI = 9) peptides (Table S2, Supporting
Information).

Next, the stoichiometry of the complexes was assessed
using absorption spectroscopy of dye-labeled constructs. First,
(GGP);-Avi-C3 was triply labeled with dyes in a controlled
fashion: First, Avi was labeled with Alexa-594 dye, B-C3 was
functionalized with Alexa-647 dye and GGP with Alexa-488
(details are given in the Supporting Information). The ratio of
GGP:Avi:C3 was determined from the absorption envelopes
using a multiplate reader and a ratio of 3.2:1:0.7 was calculated
(Figure 4B). Similarly, absorbance measurement of a dual-
labeled (FK);-Avi-C3 construct was determined to give a ratio of
Avi:C3 of 1:0.8 (Figure S7, Supplementary Information).

The assembly and pH-induced release was further demon-
strated with the construct, (FK);-Avi-C3, through fluorescence
resonance energy transfer (FRET) study (Figure 5A). The
labeled proteins and peptides were prepared as outlined in

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. A) Synthesis of biotinylated GGP (B-GGP, H,0:DMF, 1:0.5, 7.5 mL), room temperature, overnight, 40% isolated yield. B) Chemical structure
of B-FK peptide. C) Competitive binding of 2-(4-hydroxyphenylazo)benzoic acid (HABA) and biotin to avidin (Avi). The amount of B-GGP or B-FK
required to saturate a tetrameric Avi was determined using the HABA assay. In the case of B-FK 4 mole equiv saturated the binding sites of Avi, while

5 mole equiv of B-GGP are required to saturate the binding sites of Avi. D)

Figure 4A. Only when the donor-acceptor dye pairs are in close
proximity (<10 nm), an energy transfer is observed in the fluo-
rescence spectrum,P®! which confirms the assembly. Upon exci-
tation at 550 nm in the absorption maximum of Alexa-594 dye
(purple star), an emission band was observed at 680 nm, indi-
cating energy transfer from the Avi to B-C3 (Figure 5A, left). No
energy transfer was observed for the negative controls (FK);-Avi
alone or (FK);-Avi mixed with nonbiotinylated C3 (Figure 5A,
left), thereby corroborating the successful assembly. Upon incu-
bation of the construct at pH 4.5 for 4 h, the FRET is no longer
observed (Figure 5A, right), confirming the pH-induced release
of C3 in acidic environment. To ensure that the construct can be
successfully applied in biological media, the stability of (FK);-
Avi-C3 was investigated in fetal calf serum (FCS). (FK);-Avi-C3
was incubated for up to 24 h in 10% FCS in phosphate buffer
saline (PBS) and Western blot analysis was applied to monitor
its stability. Notably, no increase in free C3 was observed up to
24 h (Figure 5B), which would have indicated disintegration of
the construct. To eliminate false positive due to absorption of
C3 by serum proteins, FRET measurements were performed,
indicating the presence of molecular and nondegraded (FK);-
Avi-C3 in 10% FCS (Figure S10, Supporting Information).
Taken together, our results show the successful assembly of
the (FK);-Avi-C3 and (GGP);-Avi-C3 constructs with about one
C3 per conjugate, thus supporting the postulated formulation.
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Assembly of neutrophil targeting transporters (GGP);-Avi and (FK)3-Avi.

Furthermore, the release of C3 was induced under acidic condi-
tions in vitro and the constructs remained stable in biological
media such as FCS.

2.2. The Supramolecular Complexes (GGP);-Avi-C3 and (FK);-
Avi-C3 are Selectively Internalized into Neutrophil-Like NB-4
Cells and C3 is Released into Their Cytosol

The selective delivery of the Rho-inhibitor C3 into the cytosol
of neutrophils by either (GGP);-Avi or (FK);-Avi was investi-
gated as proof-of-concept for these novel transporter molecules.
First, human NB-4 cells, a neutrophil-like cell line, were used
to test the ability of (GGP);-Avi and (FK);-Avi to deliver the C3
Rho-inhibitor into the cytosol of these cells. Therefore, differ-
entiated NB-4 cells were incubated at 37 °C with either (GGP);-
Avi-C3 or (FK);-Avi-C3. For negative controls, the Avi alone and
the C3 protein alone were applied. Moreover, cells remained
untreated as a further control. The recombinant fusion toxin
C2IN-C3lim is a specific Rho inhibitor based on the C3lim
enzyme. In combination with the C2Ila transport component
of the binary C2 toxin from C. botulinum served as positive con-
trol.’l C2IN-C3lim alone is specifically taken up into mono-
cytic cells, but essentially requires C2Ila for its uptake into the
cytosol of other cell types such as epithelial cells. Therefore, in
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Figure 3. A) Synthesis of compound 4 B) Mono-biotinylation of C3 C) Matrix-assisted laser desorption/ionization (MALDI)-time of flight (ToF) mass
spectrometry (MS) spectra of C3 (green) m/z = 24 484 and biotinylated C3 (B-C3) m/z = 24 735 using CHCA as matrix. D) Acidic cleavage of B-C3.

combination with C2IIa, the uptake of C2IN-C3lim is not cell-
type selective./'37]

In the next step, we determined the characteristic C3-induced
changes in cell morphology (Figure 6A) after release of C3 into
the cytosol of NB-4 cells. Images of the cells were recorded
after different incubation periods and the number of these
intoxicated cells was determined based on the morphological
changes (Figure 6B). This is a well-established,!>17:18.21,35.37.38]
highly sensitive and specific endpoint to monitor the uptake
of C3 Rho-inhibitor into the host cell cytosol. The changes in
cell morphology essentially depend on the C3-catalyzed ADP-
ribosylation of Rho in the cytosol.[>17:18.2135.37] A5 expected, the
combination of C2IN-C3lim and C2IIa exhibited the strongest
effect while C3 alone and the platform (Avi) alone had almost
no effect on cell morphology. Importantly, treatment of NB-4
with (GGP);-Avi-C3 as well as (FK);-Avi-C3 resulted in a sig-
nificantly increased number of cells showing the characteristic
C3-induced morphology when compared to untreated control
cells (Figure 6A,B). This indicates that C3 enzyme activity
reached the cytosol of NB-4 cells after their treatment with
either (GGP);-Avi-C3 or (FK);-Avi-C3 ex vivo.

The ability of both transporters to deliver the Rho-inhibitor
C3 into the cytosol of NB-4 cells was also confirmed by the bio-
chemical analysis of the ADP-ribosylation status of Rho from
these cells and exemplarily shown for (FK);-Avi-C3 (Figure 6C).
In this assay, the ADP-ribosylation status of Rho was analyzed
in cell lysates by sequential ADP-ribosylation with biotin-labeled
NAD*3738] A strong signal in the Western blot indicated that

Adv. Healthcare Mater. 2019, 8, 1900665 1900665 (5 of 12)

no Rho ADP-ribosylation took place in the intact cells. In con-
trast, a weak signal in the blot indicated that all/most of the
Rho protein have already undergone ADP ribosylation in the
intact cells during the incubation with the C3-containing com-
pounds or fusion toxins and therefore is proofed unsuitable as
a substrate for the subsequent in vitro ADP-ribosylation with
biotin NAD*. The observation that C3 alone had no comparable
effect as (GGP);-Avi-C3 or (FK);-Avi-C3 regarding the mor-
phology change and the ADP-ribosylation of Rho in the cells
indicated that (GGP);-Avi or (FK);-Avi are essential for the
transport of C3 into the cytosol of the neutrophils. Moreover, it
excluded the possibility that C3 was separated from the trans-
porters (GGP);-Avi or (FK);-Avi already in the medium during
the incubation with the cells and that some resulting free C3
might have caused the observed effects in the neutrophils inde-
pendently from the supramolecular transporters.

2.3. Effect of (GGP);-Avi-C3 and (FK);-Avi-C3 on Primary PMNs
Isolated from the Human Blood

After successful demonstration of the transport of the Rho
inhibitor C3 into the cytosol of a human neutrophil-like cell
line by both supramolecular C3-containing complexes, the
effect of (GGP);-Avi-C3 and (FK);-Avi-C3 on biologically and
medically more relevant primary human PMNs was investi-
gated. PMNs were isolated from the blood of healthy human
volunteers and incubated at 37 °C with either (GGP);-Avi-C3 or
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Figure 4. Assembly of the supramolecular complexes (FK)3-Avi-C3 and (GGP)3-Avi-C3 and their characterization. A) The controlled assembly of (GGP) -
Avi-C3 and (FK)3-Avi-C3 was accomplished through stoichiometric control according to the optimized ratio of 1.25 equiv of B-GGP and 1.0 equiv of B-FK
per binding pocket. B) SDS-PAGE characterization of the protein complexes under denaturing and nondenaturing conditions indicate the successful
assembly by the disappearance of C3 band under nondenaturing conditions. C) AFM image of (FK);-Avi-C3 with height profile analysis of protein
particles. D) Absorbance spectrum of (GGP)3-Avi-C3. Avi was labeled with Alexa-594 dye (purple star), B-C3 was labeled with Alexa-647 dye (blue star)
and GGP with Alexa-488 (orange star). The ratio of GGP:Avi:C3 was determined from the absorption envelopes and a ratio of 3.2:1:0.7 was calculated.

(FK);-Avi-C3. Images of the cells were taken and the changes
in cell morphology were compared with cells left untreated or
treated with either Avi alone or C3 alone. The fusion toxin,
C2IN-C3lim+ C2Ila, where C2Ila delivers the Rho-inhibitor
C2IN-C3lim into the cytosol of all cell types, served as posi-
tive control. Like the NB-4 cells, the human PMNs responded
with significant changes in cell morphology to the treatment
with either (GGP);-Avi-C3 or (FK);-Avi-C3 and C2IN-C3lim +
C2Ila (Figure 7A-C). However, neither Avi nor C3 had a com-
parable effect (Figure 7A,C). These results clearly indicated that
(GGP);-Avi-C3 and (FK);-Avi-C3 were able to deliver C3 into the
cytosol of primary human PMNs. Moreover, (GGP);-Avi as well
as (FK);-Avi, but not Avi alone, bound to the surface of PMNs
at 4 °C as analyzed by flow cytometry, confirming the specific
function of the PMN targeting peptides (Figure 7D).

In contrast, neither (GGP);-Avi-C3 nor (FK);-Avi-C3 showed
similar effects on the morphology of human lung epithelial
cells A549 (Figure 8A and Figure S11A, Supporting Informa-
tion) or the recently established human alveolar epithelial cell
line hAELVi (Figure 8C and Figure S11B, Supporting Infor-
mation), a model for the air-blood barrier of the peripheral
lung,* implicating that in these cells, the Rho-inhibitor C3
was not delivered into the cytosol by the supramolecular com-
plexes. These findings were confirmed by the biochemical
evaluation of the ADP-ribosylation status of Rho of these cells
(Figure 8B,D). Our results clearly indicate that C3 enzyme
activity was not present in the cytosol of these epithelial cells.
On the other hand, treatment of the A549 cells with C2IN-
C3lim + C2Ila resulted in the expected C3-induced change

Adv. Healthcare Mater. 2019, 8, 1900665 1900665 (6 0f12)

in cell morphology (Figure 8A and Figure S11A, Supporting
Information) and the strong ADP-ribosylation of Rho in the
cytosol of the living cells by C3 (Figure 8B,D).

3. Conclusion

In conclusion, PMN-targeting supramolecular multiprotein
complexes consisting of the specific Rho-inhibitor C3, Avi as
molecular glue and three PMN-targeting peptides were prepared
by convenient “mix-and-match” assembly using Avi/biotin tech-
nology to inhibit Rho-mediated signal transduction in PMNs.
(GGP);-Avi-C3 or (FK);-Avi-C3 were generated, characterized
and their biological mode of action was evaluated in vitro and
ex vivo. A set of cell-based experiments clearly underlined the
efficient and cell type-selective transport of the Rho-inhibitor C3
into the cytosol of primary human PMNs ex vivo and into the
cytosol of human neutrophil-like NB-4 cells but not into human
lung epithelial cells, which provides strong evidence for cell
type-selectivity of (GGP);-Avi and (FK);-Avi. We envision that
our strategy provides new therapeutic avenue for diseases such
as post-traumatic injury of multiple injured patients, which are
associated with hyperactivity and reactivity of PMNs.

Based on these seminal proof-of-concept investigations,
future studies will focus on the application of the novel supra-
molecular complexes containing C3 Rho-inhibitor to eluci-
date whether inhibition of Rho-mediated signal transduction
interferes with migration and chemotaxis of human PMNs
in trans-well and human “lung-on-a-chip” approaches ex vivo.
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Figure 5. A) Left: Emission spectrum of dual-labeled assembled construct (FK);-Avi-C3 (blue), showing FRET and Avi (purple), (FK);-Avi + C3, mixed
(orange) as control. right: pH induced release, showing no FRET after 4 h incubation time at pH 4.5. B) Stability of (FK);-Avi-C3 protein complex in fetal calf
serum (FCS). Western blot analysis showed no significant increase up to 24 h. B-C3 and (FK);-Avi-C3 in PBS as well as 10% FCS were applied as control.

Moreover, it will be tested by our established animal model
whether the local intratracheal application of the novel supra-
molecular C3-containing complexes decreases the enhanced
invasion of PMNs from the blood into the lungs of mice after
blunt thorax trauma. This approach is inspired by earlier proof-
of-concept studies which indicate that the intratracheal appli-
cation of the recombinant Rho-inhibiting C3IN-C3lim fusion
toxin significantly reduced the amount of monocytic cells in
the lungs of mice after blunt thorax trauma, but had no effect
on PMNs because of its cell type-selectivity.'!] Besides, the sta-
bility of the complexes in vivo, e.g., in human blood will also
be investigated. Ultimately, we envision the application of
supramolecular toxin complexes to downmodulate excessive
PMN recruitment and migration across the disturbed alveolar
barrier of patients after trauma—a hallmark event in the pro-
gression of Acute Lung Injury and Acute Respiratory Distress
Syndrome.[#041]

4. Experimental Section

General information, methods for AFM, dynamic light scattering
(DLS), Zeta-potential, SDS-PAGE and Western blot analysis are
provided in the Supporting Information.

Materials: Unless otherwise stated, all chemicals were obtained from
commercial sources (Merck, Sigma Aldrich, Fluka and Thermo Scientific,
Fisher Scientific) and used without further purification. All organic

Adv. Healthcare Mater. 2019, 8, 1900665 1900665 (7 of 12)

solvents (acetonitrile (CH3;CN), chloroform (CHCly), dichlormethane
(DCM), dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
methanol (MeOH)) were obtained from Fisher Scientific and used
without further purification (HPLC or analytical grades). The peptides
Ac-GGPNLTGRWGPPVESALAK-NH2 (GGP) and cFLFLFK-Biotin (B-FK)
were purchased from PhtdPeptides Co., Ltd. (Zhengzhou City, China)
with 95% purity. Water used for the reactions was obtained from the
Merck Millipore purification system.

Cell culture media (Dulbecco’s modified Eagle's medium (DMEM),
Roswell Park Memorial Institute (RPMI) 1640 Medium) and fetal calf
serum were from Gibco Life Technologies (Karlsruhe, Germany), cell
culture materials from TPP (Trasadingen, Switzerland) and Sarstedt
(Numbrecht, Germany). Monovettes were from Sarstedt (Nimbrecht,
Germany) and Biocoll Separating Solution from Biochrom GmbH
(Berlin, Germany). Penicillin-streptomycin and Page Ruler prestained
protein ladder were purchased from Thermo Fisher Scientific (Ulm,
Germany). Page Ruler unstained protein ladder was purchased from
GE Healthcare Life Sciences (Uppsala, Sweden). Complete protease
inhibitor and streptavidin—peroxidase were from Roche (Mannheim,
Germany) and biotinylated NAD* from R&D Systems GmbH
(Wiesbaden-Nordenstadt, Germany). The antibody against GAPDH and
the peroxidase-coupled antimouse binding protein were from Santa Cruz
Biotechnology (Heidelberg, Germany). Thrombin was purchased from
Sigma-Aldrich Chemie GmbH (Steinheim, Germany), the nitrocellulose
blotting membrane from GE Healthcare Life Sciences (Uppsala,
Sweden), and the enhanced chemiluminescence (ECL) system from
Millipore (Schwalbach, Germany). All-trans-retinoic acid (ATRA) and
N,N"-hexamethylene bis(acetamide) (HMBA) were from Sigma-Aldrich
(Steinheim, Germany). G-CSF was purchased from Sino Biological
Inc. (Wayne, PA, USA). The expression, purification and biochemical

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Effect of (GGP);-Avi-C3 and (FK);-Avi-C3 on human neutrophil-like NB-4 cells. A) Differentiated NB-4 cells were incubated with 320 x 10° m
Avi, 320 nm (GGP);-Avi-C3,320 x 10~ m (FK)3-Avi-C3, 1 ug mL™' C2IN-C3lim + 2 pg mL™" C2lla, 320 x 10~° m C3bot]1 or left untreated for control (mock).
The cells were incubated at 37 °C and cell morphology was observed by phase contrast microscopy and documented over 6 h. The arrows indicate
cells showing characteristic changes in cell morphology induced by the C3 Rho-inhibitor. The scale bar represents 50 um. B) Quantitative analysis
of NB-4 cells showing the C3-induced morphology from pictures after 4 and 6 h. Values are given as mean + SEM (n = 6). Significance was tested
using Student’s t-test (ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001). C) Analysis of the ADP-ribosylation status of these cells. The cells were
treated as described in (A) and subsequently lysed. Equal amount of lysate protein of each sample was subjected to in vitro ADP-ribosylation with C3
enzyme and biotin-NAD". The biotinylated, i.e., ADP-ribosylation of Rho was detected by Western blotting (upper panel). Note: A strong signal in the
blot indicates that no ADP-ribosylation of Rho took place in the living cells, demonstrating that the C3 Rho-inhibitor was not present in their cytosol.
A weak signal indicates that most ADP-ribosylation of the Rho protein took already place in the cytosol of the living cells by C3 Rho-inhibitor during
the incubation period, indicating that active C3 enzyme reached the cytosol of these cells. Lower panel: GAPDH-staining to demonstrate comparable
protein loading and blotting. 1) mock, 2) Avi, 3) (FK);-Avi-C3, 4) C2IN-C3lim + C2lla, 5) C3.

characterization of the recombinant proteins C2lla, C2IN-C3lim, and
cysteine mutant of C3 was performed as described earlier.'620.21]
Synthesis  of  (E)-N-(2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)-
5-(2-(5- {{JaS 4S 6aR) 2-uxohzxahydm 1H-thieno[3,4-d]imidazol-4-yl)
ide 4: N-(2-(2.5-dioxo-2.5-dihydro-1H-
pyrrol 1 yl)ethyl) -5- oxohexamlde (63 mg, 0.25 mmol, 1 equiv) and
5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol4-yl) penta-
nehydrazide (78 mg, 0.3 mmol, 1.2 equiv) were dissolved in 10 mL
anhydrous MeOH under argon atmosphere. The resulting reaction

Adv. Healthcare Mater. 2019, 8, 1900665 1900665 (8 of 12)

mixture was heated to 50 °C and was continuously stirred for 4 h. The
solvent was removed under high vacuum, and the residue was purified
by column chromatography using eluting solvents 10% MeOH in
DCM to afford 63 mg (0.12 mmol, 53%) of the final product; "H-NMR
(300 MHz, MeOD &) 6.83 (s, 2H) 4.51 (m, TH) 4.33 (m, TH), 3.63 (m,
2H), 3.36 (m, 2H), 3.22 (m, TH) 2.94 (d, TH, J = 12.7 Hz), 2.71 (d, TH,
J=12.7 Hz), 2.11-2.44 (m, 6H), 1.98 (1H), 3.36 (m, 2H), 3.63 (m, 2H),
4.33 (m, TH), 4.51 (m, 1H), 6.83 (s, 2H). *C-NMR (100 MHz, MeOD,
8) 176.20, 172.56, 165.93, 162.15, 135.45, 127.34, 63.41, 61.63, 56.96,
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Figure 7. Effect of (GGP);-Avi-C3 and (FK);-Avi-C3 on primary human PMNs ex vivo. A) PMNs were isolated from blood of healthy donors and then
treated ex vivo with 320 x 107° M Avi, 320 X 10 M (GGP);-Avi-C3, 320 X 10~® m (FK)3-Avi-C3, 1 g mL™' C2IN-C3lim + 2 pug mL™' C2lla, 320 x 10° m C3
or left untreated for control (mock). Cells were incubated at 37 °C and cell morphology was observed over a period of 6 h. Arrows indicate cells showing
the characteristic changes in cell morphology induced by C3 Rho-inhibitor. The scale bar represents 50 um. B) Cells of the same experiment with typical
C3-induced morphology were enlarged for better visualization. C) Quantitative analysis of cells showing the C3-induced morphology from pictures
after 4 and 6 h. Values are given as mean + SEM (n = 9). Significance was tested using Student's t-test (ns, not significant, *p < 0.05, ***p < 0.001).
D) Analysis of the binding of (GGP);-Avi-C3 and (FK);-Avi-C3 to PMNs by flow cytometry. PMNs (200 000 cells in 200 pL complete medium) were
incubated for 10 min at 4 °C with either Avi, (GGP);-Avi-C3, or (FK);-Avi-C3 (all labeled with bodipy-fl (BDP)) or left untreated for control (mock).
Subsequently, the cells were washed and analyzed by flow cytometry for the cell-bound BDP-proteins. The median fluorescence (FL) intensity of the
respective histogram peaks was calculated, normalized to untreated control (mock) and is shown as arbitrary units (AU). Values are given as mean *
SEM (n = 5). Significance was tested using Student’s t-test (ns, not significant, ***p < 0.001).
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Figure 8. Effect of (GGP);-Avi-C3 and (FK);-Avi-C3 on human A549 lung cancer epithelial cells and on the human alveolar epithelial cell line hAELVi.
A) A549 cells were treated with 320 X107 u Avi, 320 X10°° m (GGP)3-Avi-C3, 320 10 M (FK);-Avi-C3, 1 g mL™' C2IN-C3lim + 2 ug mL™" C2lla,
320 x107° m C3 or left untreated for control (mock). Cells were incubated at 37 °C and cell morphology was analysis after a period of 4 and 6 h. Values
are given as mean * SD (n = 3). Significance was tested using Student’s t-test (ns, not significant, ***p < 0.001). B) Analysis of the ADP-ribosylation
status of these cells. The cells were treated as described in (A) and then lysed. Equal amount of lysate protein of each sample was subjected to in vitro
ADP-ribosylation with C3 enzyme and biotin-NAD". The biotinylated, i.e., ADP-ribosylation of Rho was detected by Western blotting (upper panel). A
strong signal in the blot indicates that no ADP ribosylation of Rho took place in the living cells, demonstrating that no C3 Rho-inhibitor was present
in their cytosol. A weak signal indicates that most ADP-ribosylation of the Rho took already place in the cytosol, of the living cells during the incuba-
tion period. Lower panel: GAPDH-staining to demonstrate comparable protein loading and blotting. 1) mock, 2) Avi, 3) (FK)3-Avi-C3, 4) C2IN-C3lim +
C2lla, 5) C3, 6) (GGP)3-Avi-C3. C) hAELVi cells were treated with 320 x 10°° m Avi, 320 x10°° M (GGP)3-Avi-C3, 320 x 107 m (FK);-Avi-C3, 3 pug mL™!
C2IN-C3lim + 6 ug mL™" C2lla, 320 x 10~ m C3 or left untreated for control (mock). Cells were incubated at 37 °C and cell morphology was analyzed after
a period of 4 and 6 h. Values are given as mean + SEM (n = 9). Significance was tested using Student’s t-test (ns, not significant, *p < 0.05, **p < 0.01,
wk%p < 0.001). D) Analysis of the ADP-ribosylation status of these cells. The cells were treated as described in (C) and then lysed. Equal amount of
lysate protein of each sample was subjected to in vitro ADP-ribosylation with C3 enzyme and biotin-NAD*. The biotinylated, i.e., ADP-ribosylation of

Rho was detected as described in (B) 1) mock, 2) Avi, 3) (FK);-Avi-C3, 4) C2IN-C3lim + C2lIla, 5) C3.

41.03, 38.89, 38.41, 38.26, 35.68, 34.59, 29.80, 29.53, 26.62, 23.53, 16.54.
Liquid chromatography-mass spectrometry (LC-MS): Tg: 3.51 min, m/z:
493 [M+H]*, 515 [M+Na]*, 253 [2+Na]* (calcd. mass: 492.22, formula:
C2H3NgOsS).

Biotinylation of Ac-GGPNLTGRWGPPVESALAK-NH2 (B-GGP): A
2 mg mL™ solution of GGP-peptide (5 mg, 2.5 umol) in DMF and a
1 mg mL™ solution of biotin-(PEO);-maleimide in phosphate buffer
(50 x 107 m, pH 7.4) were mixed and incubated overnight at RT under
shaking. The respective solution was lyophilized and washed with DCM
to remove unreacted biotin reagent. The crude product was further
purified by HPLC using a XDB-C18 column with the mobile phase
starting from 100% solvent A (0.1% TFA in water) and 0% solvent B
(0.1% TFA in acetonitrile) (0-5 min) with a flow rate of 4 mL min™,
raising to 5% solvent B in 5 min, 15% solvent B in 10 min, and then
reaching 100% solvent B after 29 min. It remained in this state for
1 min. Solvent B concentration was then finally lowered to 5% over five
minutes. Absorbance was monitored at 280 and 254 nm. The retention
time for GGP-B was 17.5 min, and 2.75 mg (1.02 umol, 40%) of the
product was obtained after lyophilization; LC-MS: Tg: 4.51, m/z: 898
[M+3H]**. MALDI-ToF-MS (CHCA): m/z: 2691 [M+HJ*, 2713 [M+Na]*
(caled. mass: 2689 formula: Cy50H19,N3,034S5).

Biotinylation of C3 (B-C3): The recombinant cysteine mutant of C3
was expressed and purified in Escherichia coli BL21 as described in the
literature.**l

60 puL of 4-(2-hydroxyethyl)-1-piperazine—ethanesulfonic  acid
(HEPES) buffer (100 x 107 m, pH 7.4) and tris (2-carboxyethyl) phosphine
(TCEP) HCl were sequentially added to the C3 solution (200 png,

Adv. Healthcare Mater. 2019, 8, 1900665 1900665 (10 of 12)

8 nmol, 1 equiv) and were incubated for 30 min at RT under shaking
. Subsequently, 30 uL of compound 3 (5 mg mL™" in DMF, 30 equiv)
were added to the reaction mixture and the resulting mixture was
shaken for 3 h at 4 °C. Thereafter, rigorous ultrafiltration with 3 x 500 pL
buffer (molecular weight cut off (MWCO) = 10 kDa, 25 x 107 m
HEPES buffer, pH 7.4) was used to remove excess of compound 3 to
yield 208 plL B-C3 (0.7 mg mL™", 73% yield). The concentration of B-C3
was determined using a bicinchoninic acid (BCA) assay (A562 nm) with
BSA as reference. Successful biotinylation was confirmed by MALDI-
ToF-MS (Figure 3C) and degree of labeling was quantified by Quant*Tag
Biotin Kit at A535 nm.

Assembly of Transport Proteins (GGP)s-Avi and (FK)3-Avi: (GGP)3-Avi
was assembled by dissolving 2 mg (31.7 nmol, 1 equiv) of Avi-BDP in
1 mL phosphate buffer (50 x 10 M, pH 7.4) and subsequent adding
383 uL GGP-B (383 pg in MilliQ water, 143 nmol, 4.5 equiv). The mixture
was incubated for 1 h at RT under shaking and purified by rigorous
ultracentrifugation (MWCO = 20 kDa, using 3 x 500 pL 50 x 107
phosphate buffer pH 7.4). (FK);-Avi was assembled by dissolving 1 mg
(15.9 nmol, 1 equiv) Avi-BDP in 1 mL phosphate buffer (50 x 1073 m
pH 7.4) and 5.57 pL FK-B (56 pg in DMSO, 47.7 nmol, 3 equiv) were
subsequently added. The mixture was incubated for 1 h at RT under
shaking and purified by ultracentrifugation (MWCO = 20 kDa, using
3 % 800 pL 50 x 1073 m phosphate buffer pH 7.4).

Assembly of (GGP)s-Avi-C3 and (FK)3-Avi-C3: (FK)3-Avi-C3  was
assembled by using 66 uL Avi-BDP (2 mg mL' in HEPES buffer
25 x 107 m, pH 7.4) dissolved in 100 pL of HEPES buffer (50 x 107 m
pH 7.4). Then, 62 uL (0.8 mg mL™ in 25 x 10~ m HEPES buffer pH 7.4,
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50 wg, 2.0 nmol, 1 equiv) of B-C3 and 0.7 uL of B-FK (1 mg mL™" in
DMSO, 6.0 nmol, 3 equiv) were added.

(GGP) 3-Avi-C3 was assembled by using 66 uL (2 mg mL™ in
HEPES buffer 25 x 107 m, pH 7.4) of Avi-BDP dissolved in 100 pL of
HEPES buffer (50 x 107> m, pH 7.4) and adding 62 pL (0.8 mg mL™" in
25 % 1073 m HEPES buffer pH 7.4, 50 ug, 2.0 nmol, 1 equiv) of B-C3 and
24 uL of B-GGP (1 mg mL™" in MilliQ water, 9.0 nmol, 4.5 equiv).

Analysis of the ADP-Ribosylation Status of Rho in Cells: To analyze the
ADP-ribosylation of Rho in the cytosol of cells, in vitro ADP-ribosylation
with biotin-labeled NAD" as cosubstrate and C3 enzyme was performed
as described earlier"""'7*7] In brief, cells were incubated at 37 °C with the
respective transporters and toxins or left untreated for control as described
in the previous section. Then, the cells were lysed and equal amount of
lysate protein was incubated with 10 x 107 m biotin-labeled NAD* and
300 ng C3 for 30 min at 37 °C. The enzyme reaction was terminated by
adding SDS sample buffer and boiling the samples at 95 °C for 10 min.
The biotinylated, i.e., ADP-ribosylation of Rho was detected by Western
blotting with streptavidin-peroxidase using the ECL system. To confirm
comparable amount of blotted protein, GAPDH was detected in addition.

Flow Cytometry: PMNs were isolated as described before. For
flow cytometry analysis 2 x 10° cells in 100 pL RPMI + 1% FCS were
incubated with Avi (320 x 107° m), (GGP)s-Avi-C3 (320 x 107° wm), or
(FK)3-Avi-C3 (320 x 107% m) for 10 min on ice to prevent an endocytic
uptake. Cells were washed with ice-cold PBS, resuspended in 200 pL
complete medium and analyzed by flow cytometry using BD FACSCelesta
flow cytometer and the BD FACSDiva software. BDP was excited
with a blue laser (488 nm), emitted fluorescence was detected with a
530 nm (530/30) bandpass filter. Analysis and creation of fluorescence
histograms from gated cell populations was performed using Flowing
Software v2.5.1 (Perttu Terho, Turku Centre for Biotechnology, Finland).

Statistical Analysis: Preprocessing of data was performed as described
in each experimental section. The results were presented as mean + SD
or mean + SEM as described in each figure description. Sample sizes
are given in figure legends or as described in this section. Analyses
comparing means of different treatment groups were performed using
Student’s test (GraphPad Prism 5; GraphPad Software, Inc)) and p
values less than 0.05 were considered significant.
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