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Abstract

Materials found in nature are inherently adaptive, obtaining their mechanical and structural properties from
dynamic, reversible molecular interactions. These systems achieve remarkable functional complexity
through bottom-up assembly strategies. In contrast, synthetic materials are typically produced via top-down
methods and lack the hierarchical, responsive characteristics of biological systems. As a result, they often
fail to deliver the dynamic and adaptive functions needed for advanced material applications.

This thesis introduces a modular bottom-up strategy for engineering starPEG-DNA hydrogels, whose
mechanical properties are precisely tuned through programmable DNA hybridization. By systematically
varying crosslinking density, sequence design, and network topology, | investigate how control over
connectivities and defects at the molecular level influences macroscopic mechanics. Following a general
introduction, three research projects are presented.

In the first project, | prepared starPEG-DNA hydrogels crosslinked with divalent DNA duplex linkers and
examine how the hydrogel mechanical properties are influenced by factors such as linker length, salt
concentration, and building block composition. The hydrogels displayed a wide range of mechanical
properties and self-healing behavior. The study presents a tunable mechanical phase space and shows the
impact of both sequence and network topology on macroscopic behavior.

The second project presents some insights into programmable mechanical nonlinearity properties of the
starPEG-DNA hydrogels by embedding sacrificial DNA hairpin motifs into them. The DNA hairpin unzips and
function as force-responsive actuators within the hydrogel network. Single-molecule force spectroscopy
combined with bulk rheology confirmed the translation of nanoscale mechanical behavior into macroscopic
hydrogels with enhanced yield strain and tunable energy dissipation.

In the third project, a light-responsive moiety, DEACM, a coumarin derivative was incorporated into the DNA
linker. This enabled spatiotemporal control over hydrogel assembly, disassembly, and mechanical
strengthening through light irradiation. The system responds rapidly to light triggers and the changes in
mechanical properties were confirmed by rheology and high-performance liquid chromatography (HPLC)

analysis.
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Kurzzusammenfassung

Biologische Materialen sind von Natur aus adaptiv. Sie gewinnen ihre mechanischen und strukturellen
Eigenschaften aus dynamischen, reversiblen molekularen Wechselwirkungen. Solche Systeme erreichen
eine bemerkenswerte funktionale Komplexitdat durch Bottom-up-Strategien. Im Gegensatz dazu werden
synthetische Materialien in der Regel durch Top-down-Methoden hergestellt, die nicht Uber die
hierarchische Reaktionsfahigkeit biologischer Systeme verfiigen. Daher gelingt es synthetischen Materialien
haufig nicht, die dynamischen und adaptiven Funktionen bereitzustellen, die fiir fortgeschrittene
Materialanwendungen erforderlich sind.

Diese Dissertation stellt eine modulare Bottom-up-Strategie zur Entwicklung von starPEG-DNA-Hydrogelen
vor, deren mechanische Eigenschaften durch programmierbare DNA-Hybridisierung prazise gesteuert
werden. Variationen in der Vernetzungsdichte, im Sequenzdesign und in der Netzwerktopologie werden
systematisch eingesetzt, um zu untersuchen, wie molekulare Kontrolle Gber Konnektivitat und Defekte die
makroskopische Mechanik beeinflusst. Nach einer allgemeinen Einflihrung werden drei Forschungsprojekte
vorgestellt.

Im ersten Projekt werden starPEG-DNA Hydrogele mit divalenten DNA Duplex Linkern vernetzt, und es wird
untersucht, wie Faktoren wie Linkerlange, Salzkonzentration und Bausteinzusammensetzung die
mechanischen Eigenschaften beeinflussen. Die Hydrogele zeigen eine grofle Bandbreite an mechanischen
Eigenschaften sowie selbstheilendes Verhalten. Die Studie demonstriert einen steuerbaren mechanischen
Phasenraum und verdeutlicht den Einfluss sowohl der Sequenz als auch der Netzwerktopologie auf das
makroskopische Verhalten.

Das zweite Projekt fiihrt eine programmierbare mechanische Nichtlinearitat ein, indem opferbare DNA-
Haarnadelmotive in die Hydrogele eingebettet werden. Diese Haarnadelstrukturen o6ffnen sich wie ein
Zipper unter mechanischer Belastung und fungieren als kraftsensitive Aktuatoren innerhalb des Netzwerks.
Einzelmolekiil-Kraftspektroskopie in Kombination mit Bulkrheologie bestatigt die Ubertragung nanoskaliger
mechanischer Eigenschaften auf makroskopische Hydrogele mit erhohter Bruchdehnung und steuerbarer
Energiedissipation.

Im dritten Projekt wird ein lichtempfindliches Molekil, DEACM, in den DNA-Linker integriert. Dies

ermoglicht eine raumzeitliche Kontrolle lber die Assemblierung, Disassemblierung und mechanische
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Verstarkung der Hydrogele durch Lichtbestrahlung. Das System reagiert schnell auf Lichtreize, und die

Veranderungen der mechanischen Eigenschaften werden durch Rheologie und HPLC bestatigt.
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1 Introduction

1.1 Engineering materials with life-like properties

Living organisms offer a rich source of inspiration for the design of intelligent materials that can sense,
respond, and adapt to external stimuli with high spatiotemporal precision.* Octopuses, for example, possess
the remarkable ability to dynamically alter the texture and color of their skin for camouflage and
communication. Bacteria such as Escherichia coli respond to environmental changes through chemotaxis,
moving in response to chemical gradients,? while plants like the Venus flytrap exhibit rapid mechanical
responses by activating their snap-trap closure when sensory hairs are stimulated. These biological systems
have inspired the development of synthetic materials with such advanced functionalities and behavior.? By
studying how organisms respond to stimuli such as mechanical stress, temperature, pH, light, or enzyme
activity, researchers have pioneered the field of smart materials and engineered systems designed to exhibit
life-like responsiveness.* The ability of these materials to react to external stimuli is fundamentally governed
by the intrinsic properties of their molecular and supramolecular structures, enabling controlled and
sometimes programmable responses such as a change in shape or mechanical properties.®> The development
of responsive materials represents a significant advancement in materials science and in the design of
switchable soft materials, characterized by the integration of stimulus-responsive functionalities that enable

autonomous sensing, actuation, and adaptation within engineered systems.®”’

Responsive systems are typically in a thermodynamic equilibrium state denoted as state A. Upon application
of an external trigger, the system's energy landscape is altered, driving it toward a new thermodynamic
equilibrium state B. State B is relatively stable until a counter-trigger is applied and the energy landscape
reverts, enabling the system to return to its original equilibrium state A. The alternation between state A
and B is highly repeatable and reversible. In contrast to responsive materials, so-called adaptive materials
not only respond upon exposure to stimulus but also modulate their response over time, often incorporating
feedback mechanisms or exhibiting memory-like behavior. Adaptive systems not only alternate between
state A and state B in response to a trigger and counter-trigger, but can also transition to a new
thermodynamic state C upon repeated application of the same stimuli or evolve to resist further response

to external stimuli by remaining in the initial equilibrium state A (Figure 1.1.1).8
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Figure 1.1. (a) Materials inspired by nature. Graphics adapted from Ref. (3) (b) Responsive (c) and adaptive materials. Adapted and modified
from Ref. (8)
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Among the various molecular frameworks explored for implementing such life-like functionalities in
materials, biomolecules such as Deoxyribonucleic acid, DNA, and peptides/proteins have emerged as highly

versatile and programmable building blocks.>10

1.1.1 DNA as a Structural Motif in Smart Materials

In the case of DNA, its structural predictability, programmability and molecular recognition capabilities
makes DNA a promising candidate for engineering smart materials. DNA is particularly well-suited for the
rational design of stimuli-responsive and information-encoded materials. DNA is a double helical molecule
that serves as the carrier and store of genetic information in biological organisms, with its functionality
encoded by four nucleobases, nbs, : adenine (A), thymine (T), guanine (G), and cytosine (C). These bases pair
selectively through Watson-Crick hydrogen bonding, specifically A always pairs with T and G pairs with C,
forming the basis for highly specific and programmable molecular interactions (Figure 1.2). While relatively

weak hydrogen bonds stabilize individual base pairs, the cumulative effect of multiple complementary base



interactions results in stable DNA duplexes capable of hybridizing at temperatures significantly above

ambient conditions.11-12
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Figure 1.2. Schematic representation of DNA.

DNA has many unique properties that make it exceptionally promising for designing life-like materials. These
include its indispensable genetic function, broad biocompatibility, precise molecular recognition capability
and programmability.’> The programmability of DNA refers to the ability to design and engineer DNA
molecules with precise sequences and structures to perform specific functions. However, despite its unique
features for material design, the widespread use of DNA in constructing all DNA-based materials has been
primarily limited by challenges in scalability and cost. Furthermore, the susceptibility of single-stranded DNA
to enzymatic degradation (e.g., by DNases) and chemical hydrolysis has further discouraged the use of DNA
in material science.'*'® The development of DNA-polymer conjugates circumvents these limitations and has
enabled the fabrication of responsive hybrid materials that leverage the programmability of DNA with the

chemical versatility and scalability of synthetic polymers.

1.1.2 Model Network Hydrogels

Hydrogels bridge synthetic materials and life-like systems due to their ability to mimic soft, hydrated, and
mechanically dynamic environments like those in biological tissues.’-2° The term hydrogel is used to define
cross-linked water-swelling polymer networks. The properties of a hydrogel are determined by the type of
polymer and the type and degree of crosslinks. Structurally, hydrogels are classified into three network types
namely - classic, double, and ideal network hydrogels.?! Classic networks, typically formed via free radical
polymerization, are structurally heterogeneous, resulting in variability in tensile strength and higher
susceptibility to fracture.???> Double networks combine a highly crosslinked rigid network with a loosely
crosslinked elastic one and offers advantages such as exceptional toughness and tear resistance, although

it exhibits pronounced hysteresis under cyclic loading.?*?° Ideal networks or near-ideal networks, in contrast,



feature perfectly uniform crosslinking and chain length, enabling highly resilient and elastic behavior with

minimal hysteresis.26-%7

Ideal networks feature defined polymer chain lengths, a controlled network architecture and are a powerful
toolbox in the rational design of stimuli responsive materials. Its precise topology guarantees minimal
defects while uniform distance between crosslinks allows easier study of the connectivities on a molecular
level. Furthermore a direct correlation can be made between molecular-scale architecture and macroscopic
mechanical properties and viscoelastic behaviour.?8-2° Such networks can also reversibly store energy and
result in a material with structurally and mechanical tunability and reproducible mechanical properties.?% 30
Among the various strategies previously employed for the synthesis of ideal polymer networks,333 a
significant breakthrough was achieved by Sakai et. al., who successfully developed a uniform and well-
defined hydrogel based on tetra-functional polyethylene glycol (PEG) precursors. In their approach, tetra-
amine functionalized polyethylene glycol, PEG (A4) and tetra-N-hydroxysuccinimide, NHS functionalized PEG
(Bs) were homogeneously mixed at overlap concentration to yield a precisely crosslinked A, + B4 network
that is mostly free of loop defects and most inhomogeneities.3* The structure of these so called Tetra-PEG
gels, also commonly referred as star-PEG gels, can be controlled by tuning the molecular weights and
concentrations of the star-PEG prepolymers. Star-PEG gels are referred to as near-“ideal” polymer networks
with very small fractions of defects. This class of near-ideal polymer network gels have revolutionized the
field for their potential applications and feature a (nearly) perfect network structure, uniform crosslinking

density and a remarkably high mechanical strength.3>37

1.1.3 Hydrogel Network Connectivity and Architecture

Designing hydrogels with precisely defined mechanical properties remains a challenge in materials science
research.3® The relationship between molecular-scale crosslinker design and material performance is highly
complex, spanning multiple hierarchical levels. Addressing this challenge requires a focus on hydrogel
network architecture, which is primarily governed by crosslinkers. Crosslinkers are molecular entities that
establish connectivities between polymer chains, thereby generating a cohesive three-dimensional network
structure.3 Crosslinkers define network connectivity and create a versatile design space where parameters
such as composition, molecular weight and dynamic properties can be varied to modulate mechanical
properties.?®43 Approaches such as sequence-defined linkers offer new opportunities for the rational design
of hydrogels with programmable, application-specific mechanical properties.***¢ PEG can for example be

end-functionalized with a biologically active sequence, resulting in a partly synthetic and partly biological
4



system.*” These systems show how architectural flexibility and chemical modularity can be combined to
achieve hydrogels with tunable mechanics, stability, and responsiveness. In such systems, the polymer
contributes to a predictable structure and robust mechanics, while the biological element introduces
biochemical specificity or hierarchical function. PEG-DNA hybrid network merges the structural versatility
and modularity of PEG with the programmability and molecular recognition properties of DNA, creating
dynamic and highly tunable hydrogel networks. This class of materials opens new opportunities to precisely

engineer network connectivity and mechanical response.

1.1.4 PEG-DNA Hybrid Networks as a Programmable Material Platform for Hydrogel design

Although star-PEG gels have set a new standard for structural uniformity and mechanical robustness among
(near) ideal polymer networks, they lack the ability to store biochemical information or respond to molecular
cues. DNA-based polymer hybrids address these shortcomings. They integrate the durability, scalability and
cost-effectiveness of synthetic polymers with the molecular recognition, information storage, and
programmable properties of DNA to create materials with predictable properties.’* Nagahara and Matsuda
laid the foundation in the field of polymer-DNA hybrids and designed thermoresponsive hydrogels
constructed via DNA hybridization between oligonucleotide, ODNs, modified with water-soluble copolymers.
The authors synthesized copolymers of N,N-dimethylacrylamide and N-acryloyloxysuccinimide,
functionalized with amino-terminated ODNs (oligo-T and oligo-A). Hybridization of complementary ODNs on
different copolymer chains induced physical crosslinking, resulting in hydrogel formation. The gels exhibit
thermal reversibility, swelling at lower temperatures and dissociating at higher temperatures, thereby
enabling thermally controlled gel-sol transitions. The system demonstrates the use of nucleic acid
hybridization as a molecular switch for creating stimuli-responsive, reversible hydrogel networks.*® Since
then, researchers like Schulman, Tan, Willner and many others have significantly advanced this field, further
expanding the possibilities for material applications that require precise, predictable interactions and
facilitate complex functions such as targeted cell interactions or controlled release.*>>* Polymer-DNA
hybrids are promising as a tool to bridge the gap between DNA nanotechnology and macro-scale mechanical

materials.

Unlike polyacrylamide, pAAm, and poly(N-isopropylacrylamide), pNIPAM, which have traditionally been
used in the fabrication of polymer—DNA networks,>>>’ PEG offers several advantages and is a particularly
attractive building block for conjugation with DNA due to its biological inertness, flexible polymer backbone,

and high hydrophilicity.>® The Kuzuya group prepared starPEG-DNA hybrids with few oligoG or oligoC at their
5



termini to form stimuli-responsive hydrogels through non-canonical DNA interactions. The oligoC modified
constructs formed pH-reversible hydrogels via i-motif formation, while the oligoG variants exhibited salt-
induced gelation through G-quadruplex structures. These systems relied on short ODNs sequences, which,
although insufficient for Watson—Crick duplex hybridization under physiological conditions, could still
assemble into higher-order DNA architectures in response to environmental triggers. Although these
interactions enabled reversible gelation, the short length of the DNA strands inherently limited the ability
to leverage DNA’s full programmability and molecular recognition potential.>®®* Towards these hybrid
systems, Creusen in our lab introduced scalable starPEG—DNA building blocks that reversibly self-assemble
into supramolecular model network hydrogel. The resulting hydrogels exhibit stable mechanical properties
at room temperature, with melting transitions around 44 °C, thereby demonstrating the feasibility of using

DNA duplexes as dynamic, reversible crosslinks for macroscale material applications.??

1.2 Methods for accessing Polymer-DNA Hybrids

Having outlined the advantages of Polymer-DNA hybrids, | now present the synthetic strategies used to
construct them. DNA can be conjugated to synthetic polymers with varying degrees of efficiency. These
methods include covalently bound systems such as solid-phase synthesis, liquid-phase methods and post-
polymerization conjugation methods or non-covalently bound systems such as templating of polymers by
DNA. Each method enables attachment of ODNs to polymer backbones while maintaining control over
sequence orientation and polymer architecture. Overall, the choice of conjugation strategy is guided by
factors such as the targeted structure and application, the nature of the polymer and its functional group.
In the following sections, | examine these synthetic methods in detail, starting with the chemistry of DNA
and DNA—polymer hybrid synthesis. | also discuss their respective advantages and limitations, which have
enabled the transition of DNA from a purely biological molecule to a structural and functional component

in smart materials.

1.2.1 Solid-Phase Oligonucleotide Synthesis, SPOS

Over the years, numerous strategies have been developed for the chemical synthesis of DNA ODNs.%3 Early
techniques include the phosphotriester strategy introduced by Michelson and Todd in 1955%* and Khorana'’s
phosphodiester approach.®> The phosphodiester approach involves coupling a 5'-activated phosphoester
nucleotide with the 3'-hydroxyl group of another nucleotide, mimicking natural nucleotide biosynthesis. This

breakthrough significantly advanced oligonucleotide synthesis and contributed to the foundational



understanding of the genetic code, earning Khorana the Nobel Prize in Physiology or Medicine in 1968.
Letsinger®® and Reese®” independently built on the groundwork by Khorana and advanced the
phosphotriester method for ODNs synthesis. Their key innovation was the use of 2-cyanoethyl and other
labile protecting groups on the phosphate moiety, which significantly stabilized reactive intermediates and
minimized side reactions such as hydrolysis or cleavage. Despite significant advancements in
phosphotriester chemistry, the method has certain limitations. Stepwise coupling efficiencies are below 97%,
hindering reliable synthesis of oligonucleotides longer than 20 bases. Additionally, the prolonged reaction
times, > 1.5 hours per step, limits its practicality for routine applications. In 1965, Letsinger introduced the
use of a styrene-divinylbenzene resin (“popcorn polymer”) as a solid support for oligonucleotide synthesis
via the phosphotriester approach, laying the groundwork for solid-phase oligonucleotide synthesis, SPOS
methods.®® Since then, SPOS has evolved significantly, with the phosphoramidite method, pioneered by
Marvin Caruthers in the early 1980s, emerging as the current gold standard. This technique utilizes a reactive
phosphorus—nitrogen bond and a protected 5'-hydroxyl group, enabling high-efficiency, high-fidelity
coupling on solid supports.®® Over time, numerous modifications and optimizations have further enhanced
the scalability and reliability of this method, making it the most widely used approach for synthetic DNA

production today.”®

The phosphoramidite method proceeds in the 3'->5' direction on a solid support such as controlled-pore
glass, CPG, polystyrene or functionalized PEG. Each nucleotide addition cycle consists of four main steps
namely detritylation, coupling, capping, and oxidation and typically takes only a few minutes to complete
on an automated synthesizer (Figure 1.3). Detritylation is the first step and involves the acid-catalyzed
removal of the 5' - 4,4-dimethoxytrityl, DMT, protecting group, using trichloroacetic acid, TCA, or
dichloroacetic acid, DCA, in an organic chlorinated solvent like dichloromethane, DCM. This exposes the 5'-
OH for subsequent coupling. The release of the orange-colored DMT carbocation is monitored
spectroscopically to assess efficiency. Although the reaction is reversible, continuous flushing shifts the
equilibrium toward complete deprotection. Coupling is the next step wherein the exposed 5'-OH reacts with
the incoming nucleoside phosphoramidite. The phosphoramidite, which contains a 2-cyanoethyloxy group
and a di-isopropylamino phosphate at the 3' position, is activated by tetrazole-based catalysts like 5-
(Ethylthio)-1H-tetrazole, ETT. The catalyst protonates the diisopropylamino leaving group, enabling
substitution with the tetrazole to form a reactive phosphite triester (P(lll)) intermediate. This is followed by

the oxidation of the unstable phosphite triester to a more robust phosphate triester (P(V)). The oxidation is



performed using iodine in water and pyridine. Capping is the final step where any unreacted 5'-OH groups
from the previous coupling step is acetylated, preventing the formation of truncated oligonucleotide chains
and thus ensuring sequence fidelity. After synthesis, the oligonucleotide is cleaved from the solid support
and deprotected under basic conditions, commonly with ammonia, methylamine, or ethylenediamine, EDA,

to remove protecting groups from the nucleobases and phosphate backbone.
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Figure 1.3. SPOS using the phosphoramidite technique. The four steps of the phosphoramidite oligonucleotide synthesis cycle, including the
reagents used in all steps.

ODNs are predominantly synthesized today via automated SPOS using phosphoramidite chemistry, which
enables high-quality production at gram scales. However, this approach still faces significant scalability
challenges due to the high cost of solid supports and the excessive use of hazardous reagents. Furthermore,
each cycle generates substantial chemical waste through repetitive protection and deprotection steps. To
address these limitations, other strategies like the liquid-phase synthesis approach, which employs soluble
polymer supports instead of insoluble resins, have been explored.”*”2 This method combines the scalability
of liquid-phase synthesis with the modular control of solid-phase methods, offering a more sustainable and

efficient pathway for large-scale oligonucleotide production.



1.2.2 Polymer-DNA Conjugate strategies

There are several strategies to achieve polymer-DNA conjugate synthesis. Although SPOS is a well-
established and highly efficient method for producing oligonucleotides, the construction of highly defined
polymer-DNA conjugates remains challenging due to factors such as scalability, high cost of modifiers,
difficulties in post-synthetic conjugation and limited functional group compatibility. The first reports of DNA-
polymer conjugates emerged in the late 1980s, when antisense ODNs were conjugated to a poly(L-lysine),
PLL backbone and employed as antiviral agents.”® These early systems marked the beginning of a rapidly
expanding field. Since then, DNA-polymer conjugates have been explored not only for gene regulation and
ODN delivery, but also for a wide range of applications, including nucleic acid sensing and bio-targeting.”4’?
There are currently two strategies often employed to generate DNA-polymer hybrid materials. The first
involves post-synthetic conjugation, in which pre-synthesized, functionalized DNA strands are covalently
linked to polymers using bio-orthogonal coupling chemistries, while the second strategy is in-situ
polymerization, which occurs when DNA strands are first modified with polymerization initiators, enabling
the growth of polymer chains directly from the DNA backbone. Some of the most common conjugation
approaches depicted in Figure 1.4 include: (i) Amine-NHS ester coupling, which is one of the most
straightforward and widely used approaches for DNA-polymer conjugation, due to the availability of amine-
functionalized oligonucleotides and commercial activated esters.®2? NHS esters are however hydrolytically
labile, particularly at high pH, and reaction efficiency is sensitive to pH due to amine protonation in acidic
environments. The Sleiman group presented a block copolymer synthesized via ring-opening metathesis
polymerization, ROMP, containing PEG segments and NHS-activated carboxylic acids, which was reacted
with amine-modified DNA strands to form stable amide-linked conjugates. These hybrids retained their
hybridization functionality and self-assembled into defined polymer domains along DNA nanotubes. The
resulting striped nanostructures can be selectively disassembled via strand displacement, demonstrating
reversible, programmable polymer patterning on DNA templates.”® In another example, Stayton et al.
successfully conjugated pNIPAM monofunctionalized with an NHS ester to an amine-terminated ODN. Given
the thermoresponsive nature of pNIPAM and its tendency to precipitate near its lower critical solution
temperature (LCST), the reaction was conducted at 4 °C to maintain polymer solubility and ensure efficient
coupling under aqueous conditions.®! (ii) Another coupling techniques is the azide-alkyne Huisgen [3 + 2]
cycloaddition (“click chemistry”). While the classical copper(l)-catalyzed version offers high specificity and

tolerance to aqueous conditions, as demonstrated by Matyjaszewski and Das, who successfully conjugated



azide-terminated star polymers to alkyne-ODNs with high efficiency, & the field has increasingly shifted
toward Strain-Promoted Azide-Alkyne Cycloaddition. By utilizing highly strained cyclooctyne derivatives
(such as dibenzocyclooctyne, DBCO), the reaction proceeds spontaneously without the need for a toxic
metal catalyst. This eliminates the risk of oxidative damage to the DNA backbone.®3 Azide-alkyne
cycloaddition has been instrumental in the synthesis of DNA block copolymers incorporating various
polymer segments, such as pNIPAM. The DNA component retained its sequence-specific hybridization
capability, allowing the resulting block copolymers to participate in the assembly of nanostructures,
including the formation of DNA tetrahedral decorated with pNIPAM side chains.? (iii) Thiol-Michael addition
reactions, such as thiol-maleimide or thiol-vinyl sulfone coupling, have been employed for the conjugation
of ODNs to polymers.> In one example, Kataoka and co-workers synthesized a DNA-polymer conjugate via
thiol-Michael addition, coupling thiol-modified ODNs to acrylate-terminated PEG in aqueous Tris buffer.®®
Although thiol groups are highly reactive and stable in aqueous solution, they are prone to oxidation to

disulfides, especially at low concentrations, complicating reaction control.
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Figure 1.4. Accessing defined DNA-Polymer conjugates via common conjugation chemistries (a) Amine/NHS Ester substitution (b)
Alkyne/Azide cycloaddition (c) Thiol/Maleimide addition (d) Thiol/Vinyl sulfone addition (e) on-DNA ATRP and (f) RAFT polymerization.

An alternative approach that allows more architectural control uses grafting-from techniques, where DNA
is pre-functionalized with polymerization initiators, enabling controlled/living radical polymerizations such
as atom transfer radical polymerization, ATRP and reversible addition-fragmentation chain-transfer
polymerization, RAFT.2”8° These methods provide precise control over polymer length, composition, and

architecture, and allow for the direct synthesis of block copolymers and stimuli-responsive polymers
10



tethered to DNA. Importantly, initiating polymer growth from DNA simplifies downstream processing by
circumventing the need to separate polymer and DNA precursors, a common bottleneck in post-conjugation

approaches.

The Bonora group introduced a new approach in 1993 synthesizing DNA directly on polymer backbones. This
method, known as High-Efficiency Liquid Phase, H.E.L.P., synthesis®®°! was initially developed for the
synthesis of short ODNs on PEG supports via a cleavable succinic ester linkage. Over time, it has become one
of the most efficient strategies for preparing DNA-polymer conjugates. Bonora’s team showed it is possible
to obtain oligonucleotides at the hundred-milligram scale, offering a significant advantage over traditional
solid-phase synthesis for large-scale applications. Liquid-phase oligonucleotide synthesis, LPOS, provides key
benefits, such as reduced waste and scalable reaction conditions owing to the homogeneous reaction
environment. Each synthetic cycle—comprising coupling, capping, oxidation, and detritylation—is followed
by precipitation of the polymer-bound intermediate, enabling efficient purification and continuation of the
synthesis. The H.E.L.P. method merges the efficiency of solid-phase protocols with the scalability and cost-
effectiveness of liquid-phase chemistry, making it highly attractive for the large-scale production of DNA-
polymer hybrids. Synthesizing PEG-DNA conjugates using LPOS is primarily hindered by its extremely tedious,
labor-intensive, multistep process which requires multiple precipitation workups per nucleotide addition
cycle.®? Additionally, the acid-catalyzed detritylation step is slow, partially reversible, and often incomplete
in a homogeneous liquid environment. Unlike SPOS where the cleaved DMT group is continuously removed,
LPOS involves prolonged acid exposure. This extended exposure increases the risk of backbone cleavage,
particularly through depurination of adenine-rich (A) sequences,®® thereby complicating the efficient

synthesis of such oligonucleotides via LPOS.

To address these limitations of LPOS, in 2019 our group pioneered a one-pot liquid-phase synthesis
technique, OP-LPOS, which enables scalable synthesis of long ssDNA sequences tethered to 4-arm PEG at
multigram scale.®? Our approach allows nucleotide addition through coupling, oxidation, and deprotection
in a single reaction pot, followed by a precipitation step using 2-propanol, which minimizes losses and

depurination during adenine addition. Key advantages of the OP-LPOS method include:

1. Integrated One-Pot Synthesis: The OP-LPOS method streamlines the synthetic process by merging the
coupling, oxidation, and detritylation steps in a single reaction vessel. This eliminates the need for

intermediate isolation, substantially simplifying the workflow and minimizing material loss.
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2. Tailored Reagent System: Our approach employs optimized reagents and precisely controlled reaction
conditions, including a specialized oxidizing agent and a DMT cation scavenger. This system effectively
mitigates undesirable side reactions, such as depurination, thereby enhancing reaction specificity and
yield.

3. Precipitation-Based Purification: OP-LPOS incorporates a precipitation-based purification strategy,
thereby eliminating the need for extensive purification steps.

4. Enhanced Scalability: The OP-LPOS methodology has demonstrated robust scalability, enabling the
efficient production of polymer-DNA conjugates at multigram-scale. This makes it suitable for
applications requiring larger quantities of material.

5. Minimised Oligonucleotide Degradation: Another critical advantage of OP-LPOS is its capacity to
significantly reduce oligonucleotide degradation. This enables the high-fidelity synthesis of even purine-
rich oligonucleotides, which are often challenging to produce with conventional methods.

Overall, this synthesis strategy represents a significant advancement in the scalable and robust fabrication

of DNA-based functional materials for applications in biomedicine, soft robotics, and nanotechnology. In the

context of this thesis, we specifically leveraged this OP-LPOS strategy to synthesize starPEG-Az and starPEG-

Ta0 building blocks. This approach was instrumental in preparing the PEG-DNA conjugate hydrogel systems

presented in the following chapters.

1.3 Rheology as a Tool for probing DNA-Polymer Hydrogels

The phrase Panta Rhei, meaning “everything flows”, symbolizes the importance of rheological
measurements in modern materials research. Rheology is defined as the study of the viscoelasticity of
materials and it aims to describe the temporal relationships between applied forces and the resulting
deformation of materials using so-called constitutive equations. It is often one of the few techniques capable
of offering detailed information about internal structure and connectivity, especially in soft, viscoelastic
systems such as hydrogels. In the context of DNA-polymer hydrogels, rheology is a window into the
hierarchical dynamics, bond lifetimes and connectivity of the network. While traditional mechanical models
provide a conceptual foundation, the unique programmability of DNA hybridization introduces complex
viscoelastic phenomena, such as frequency-dependent stress relaxation and non-linear strain stiffening,

which are inaccessible to simple polymer networks.

Rheology, at its core, explores the elastic and viscous responses of materials under deformation, providing

insight into the molecular dynamics of polymer chains and their segments. This makes rheological analysis
12



vital not only for understanding the flow and deformation behavior of polymeric materials but also for
optimizing processing conditions and enhancing final mechanical properties. Traditional mechanical models,
such as combinations of ideal elastic Hookean springs and the Newtonian dampers, are commonly used to
conceptually describe the viscoelastic properties of systems like polymer hydrogels. A spring represents
purely elastic behavior, responding instantly to stress with deformation and returning immediately to its

original shape upon stress release, equation (1):
oc=F -¢ (D

where o is the stress, E is the stiffness and € is the strain. In contrast, a damper models purely viscous
behavior, where strain accumulates over time under stress and only ceases when the stress is removed,

equation (2):

de
o) =1 - (2)
where o is the stress, n is the viscosity, t is the time and € is the strain. By combining these elements into
mechanical models, the complex responses of viscoelastic materials can be better understood and
quantified through simplified mathematical frameworks. This combination has led to two different models,
illustrated in Figure 1.5. Figure 1.5a schematically depicts the Maxwell model, which consists of a spring
with the spring constant G connected in series with a damper representing a viscous fluid with viscosity n

while the damper and the spring are connected in parallel in the Kelvin-Voigt model shown in Figure 1.5b.%%

96

|

Figure 1.5. Rheological Models (a) Maxwell Model (b) Kelvin-Voigt Model.

In viscoelastic materials, the interplay between elastic energy stored and viscous energy dissipated is
described by the phase angle, 8, which quantifies the lag between applied stress and resulting strain in
oscillatory rheology. In a purely elastic solid, like a Hookean spring, stress and strain are perfectly in phase,

giving a phase angle of 6 =0°. In contrast, purely viscous liquids, like Newtonian dampers exhibit a complete
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phase lag, where stress peaks at the point of maximum strain rate, corresponding to & = 90°. Most real-
world materials lie between these two extremes, displaying viscoelastic behavior with 0° < § < 90°.” Two
key parameters in oscillatory rheology, storage moduli G' and loss moduli G" quantify these elastic and
viscous components, respectively. G' measures the in-phase response (elastic), indicating how much
mechanical energy is stored and recovered per deformation cycle while G" measures the out-of-phase

response (viscous), representing the energy lost.>®

The transition point where G' = G" is commonly used to define the gel point which is the onset of percolated
network formation in polymer systems, such as DNA-polymer hydrogels. This makes oscillatory rheology an
indispensable and non-destructive technique for probing complex, responsive materials like DNA hydrogels.
Unlike covalently crosslinked gels, DNA hydrogels are dynamic covalent or associative networks. The
frequency at which G" peaks or G' begins to drop is directly related to the dissociation rate of the DNA
duplexes. By varying the DNA sequence length, one can tune the relaxation time of the bulk material across
several orders of magnitude. Finally, rheology enables access to nonlinear phenomena such as strain
stiffening, stress relaxation, and self-healing and remains a foundational and indispensable method for

probing the viscoelastic and structural properties of smart, biomimetic materials.

1.4 Motivation and Outline of the Thesis

Inspired by natural systems where mechanical properties are governed by dynamic and reversible molecular
interactions, researchers have long attempted to emulate this level of programmability in synthetic
materials. This thesis presents a modular design strategy for engineering hydrogels from starPEG-DNA
building blocks. | investigate how parameters such as connecting motifs and defects in the starPEG-DNA
hydrogels translate into their macroscopic mechanical properties. DNA offers a powerful molecular building
block for mechanical programmability. By exploiting the sequence-specific binding and predictable
thermodynamics of DNA duplex formation, | present a strategy to finely tune hydrogel mechanics. Hydrogels
assembled from these building blocks exhibit control over network architecture and connectivity. Over the
course of this work, the architectural complexity of the hydrogel networks is increased, from starPEG-DNA
assemblies connected by a simple DNA-duplex linker, to more complex systems incorporating switch on or
off linker interactions. The incorporation of DNA not only introduces molecular recognition and
programmability, but also provides a scalable, chemically defined route toward responsive and adaptive

hydrogel materials.
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Through rational variation of DNA sequence, | investigate how crosslinking topologies influence not only the
macroscopic mechanical properties, but also parameters such as strain response and failure behavior of the
hydrogels. In Chapter 2, | begin by thoroughly investigating hydrogels constructed from starPEG-DNA
conjugates crosslinked by programmable, divalent DNA linkers. By varying linker length, salinity, and
building block concentration, we access a broad mechanical phase space with G' tunable from ~20 Pa to
3.1 kPa. This modular and scalable approach allows for the formation of robust hydrogels with predictable
and programmable properties, including tunable sol-gel transition temperatures and relaxation dynamics.
Mechanical properties and relaxation dynamics are shown to depend not only on DNA duplex stability but
also on network topology, with surprising nonlinearities observed in sequence-property relationships. These

findings provide key design insights for programmable, mechano-responsive starPEG-DNA hydrogels.

In Chapter 3, we increase the complexity of these starPEG-DNA hydrogel as a step toward adaptive
macromolecular materials by introducing programmable nonlinearity through embedded DNA hairpin
motifs. These sacrificial structures, designed to unfold under mechanical stress, serve as molecular actuators
that modulate the hydrogel's strain response. Using single-molecule force spectroscopy, SMFS, we first
quantify the force-extension behavior of individual DNA hairpins, and then embed them into starPEG-DNA
hydrogels to study their impact at both microscopic and macroscopic scales. Our findings demonstrate that
the nonlinear mechanical characteristics of these hairpin loops such as stretchability, relaxation time, and
energy dissipation are successfully transduced to the bulk material, resulting in hydrogels with increased
yield strain and tunable mechanical adaptation. This work highlights the potential of using precision
molecular design to engineer smart, strain-responsive hydrogels and lays the foundation for the

development of mechano-adaptive soft materials.

Finally in Chapter 4, | introduce light-responsive control into the starPEG-DNA hydrogels by incorporating 7-
(Diethylamino)-4-(Hydroxymethyl)-Coumarin, DEACM, -caged DNA linkers. This strategy enables hydrogel
assembly, disassembly, and mechanical stiffening through light irradiation. Upon DEACM uncaging, DNA
hybridization is triggered, allowing for the precise tuning of network connectivity within minutes.
Rheological measurements reveal shifts in modulus while HPLC confirms efficient photouncaging kinetics.
This light-driven approach offers a simple, biocompatible, and scalable method for engineering responsive

DNA-polymer hydrogels, expanding their potential for smart material applications.
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2.1 Abstract

The use of DNA as building block in synthetic polymer hydrogels promises high levels of programmability
regarding sol/gel temperatures, tunable bond lifetimes, biocompatibility and interaction with biological
components (e.g. enzymes, cells, growth factors). However, scalability and quantitative structure-property
relationships for large scale materials are still challenging to achieve. Building on our recently introduced
and scalable one pot liquid phase oligonucleotide synthesis of DNA onto star-shaped poly(ethylene glycol)
(starPEG), we here report hydrogels based on starPEG-DNA conjugates together with divalent DNA linkers
of tunable duplex hybridization length. By systematically varying parameters such as the duplex melting
temperature, salinity and building block concentrations, we establish the mechanical phase space of such
hydrogels. We elucidate tunable mechanical properties ranging from a few Pa to the kPa regime, discuss
time-scales of self-healing and bond exchange, as well as tunable sol/gel transition temperatures. These
comprehensive investigations shed some light on the future design principles for DNA hydrogel materials
based on scalable building blocks and allowing for the formation of quasi-ideal networks due to their star-
shaped and flexible building block topologies. Such materials can be useful in the field of biomedicine and

cell culture.

2.2 Introduction

Hydrogels are water-swollen networks of cross-linked polymers. These soft materials are important model
systems for fundamental soft matter research and are employed in diverse applications such as drug delivery,
cell culture, tissue engineering and soft robotics.}* Traditionally hydrogels have been constructed by
chemically crosslinked polymers, which only offer a limited response regarding for instance full sol/gel
transitions. In contrast, hydrogels formed by physically crosslinked polymers or by self-assembly of small
molecules (supramolecular gels) can exhibit a more dynamic nature.>® In recent years, peptide and DNA-
based hydrogels have gained more attention as they offer high levels of programmability.1%!3 DNA motifs
are especially attractive for constructing hydrogels with programmable properties because of the flexibility
of DNA hybridization, the high predictability of bond formation, manipulation by enzymes and chemical
signals, the possibility to build up complex architectures, and because of the possibility to interface them
with reaction cascades and chemical reaction networks.}42* Reversible shape memory materials, force-
programmable mechanosensing hydrogels, programmable soft robotics and transient hydrogels may serve

as some examples.?>-32 Despite their unique features for materials design, limitations in the functionalization
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of all-DNA hydrogel materials and the often inherent scalability limitations prevent extensive and broader

application of DNA hydrogel materials.

Hydrogels can be classified according to their topology into random and model networks. Model networks
are based on defined building blocks (e.g. 4-arm star polymers33) and can be highly regular, rather free of
network defects and entanglements, and feature defined connectivity and mesh size, as for instance
important for cell culture.” 333> The precise topology leads to a simultaneous rather than consecutive chain
stretching, allowing for a high resilience.3%-38 Model networks cross-linked by DNA motifs may offer an
interesting perspective for fundamental understanding and for applications due to their programmable
bond strength and directionality. One common approach towards traditional DNA hydrogels is to use
methacrylamide-functionalized ssDNA and subsequent radical co-polymerization (e.g. with acrylamide)
followed by hybridization of incorporated DNA motifs.'> 27- 3% This approach cannot lead to defined model
networks, but it is material-efficient as the DNA is only present as functional linker. More defined network
topologies can be achieved by using all-DNA nanostars, which assemble during cooling from mixture of
single-stranded DNAs (ssDNAs).?8 40-42 Although defined star-shaped building blocks crucial for model
networks are obtained as intermediates, their stiff, shape-persistent nature can lead to topological
frustration and the approach is not material-efficient due to scalability restrictions in an all-DNA network.
Recently, Kuzuya et al. developed salt- and pH-responsive hydrogels based on starPEG functionalized with
short ssDNA oligonucleotides of four dG-bases (PEG = polyethylene glycol). Hydrogel formation was
obtained for instance by G-quadruplex formation. Although this non-canonical DNA binding by G-
guadruplex formation can occur already for very short sequences, it does not offer the same

programmability and features as canonical DNA binding based on programmable hybridization.*?

In our recent work, we reported a simplified synthetic strategy (One-Pot — Liquid-Phase Oligonucleotide
Synthesis (OP-LPOS)) towards different starPEG-DNA building blocks with long oligonucleotide homo-
repeats on multi-gram scale.** This opens perspectives to use both the programmable nature of the DNA
linkages and the flexibility of the starPEG core to construct new types of programmable hydrogels based on
scalable building blocks. Herein, we report the mechanical properties of model starPEG-DNA network
hydrogels based on starPEG-DNA building blocks carrying oligo-T sequences of varying length and hybridized
with oligo-A linkers as connecting motifs. We investigate in detail how the linker binding strength, duplex

length, salinity, temperature and concentration control the mechanical properties. We believe that these
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detailed investigations on the mechanical space will lay important groundwork to push such polymer/DNA

conjugate materials further into application, as e.g. programmable extracellular matrix for cell culture.

2.3 Results and Discussion

Scheme 2.1 describes the concept behind the starPEG-DNA hydrogels. The building blocks for the
construction of the hydrogels are: (1) starPEG-DNA conjugates based on a 4-arm starPEG core with a total
molecular weight of 41000 g-mol™? (arm length = 233 Ethylene Oxide, EO units) containing a (T = thymine,
T2 or Tio) single-stranded DNA (ssDNA) sequence as terminal block. Details of the synthesis and
characterization can be found in our previous publication.** (2) Bivalent DNA linkers with single-stranded
oligo-A overhangs of different length (A = adenine, As, A1, A1s, Ax) to hybridize with the starPEG-Tx
components and to provide a varying strength of interaction. Besides the defined oligo-A overhang, the
bivalent linker contains a self-complementary (palindromic) segment for the formation of the double-
stranded DNA (dsDNA) segment (L/L*) to furnish the bivalent linker Ax-L/L*-A«. The bivalent linkers are
synthesized via automated solid-phase oligonucleotide synthesis. We employ rheology to characterize the
mechanical properties of the hydrogels formed by hybridization of both components. Strictly speaking quasi-
ideal model networks are formed, as compared to fully ideal model networks formed by mixing two starPEGs
with Ax and Tx terminal blocks.” 33 The linear viscoelastic regime of the hydrogel is investigated with an
oscillatory temperature sweep and a frequency sweep. The dynamics of the DNA bonds and lifetimes of the
crosslinks are derived during oscillatory frequency sweeps, and the nonlinear viscoelastic behavior of the

hydrogel is examined via amplitude sweeps.

Hybridization-

Driven DNA Hydrogel
starPEG-OH starPEG-T,,

OH heat cool
HO One-Pot Liquid-Phase ;
DNA SyntheSIS SNSRIV
H temperature
H annealing iﬂ) ?

Scheme 2.1. Schematic Overview of the starPEG-DNA hydrogel formation. The first building block starPEG-Tyg is synthesized in a one-pot liquid
phase DNA Synthesis (OP-LPOS) as we previously reported.** This is followed by synthesis of the second linker building block via automated solid
phase oligonucleotide synthesis. The starPEG-DNA hydrogel formation is triggered by duplex hybridization of the T,g and Ay overhangs in the
two building blocks.
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2.3.1 Design and synthesis of the self-complementary linker

The self-complimentary linker was designed to feature a higher melting point, Tr, in the inner palindromic
area as compared to the Axo/T20 duplex to ensure formation of the linker at higher temperatures in annealing
ramps. This is enabled by using a GC-rich ssDNA part with a palindromic L/L* sequence “GCAGCTGCAGCTGC”
(Table 2.1 and SI Table 2.2). Nupack simulations*® of the melting curves based on 150 mM NaCl + variable
MgCl; salt concentrations yield a Tm of 58 °C for the A20/T20 pairing without MgCl, and a T, of 67 °C with 50
mM MgCl,. The L/L* linker already has a Tm of 77 °C in absence of MgCl, and a binding property of over 90%
at 50 °C (Figure 2.2b).

Table 2.1. Melting temperatures of the A/T duplexes used in this work

Nucleobase Tm (°C)?
pair 0 mM MgCl, 50 mM MgCl;
As/Ts 5.7 22.8
A10/T10 41.6 53.2
Ass/Tis 52.7 62.1
A20/T20 58.3 66.7
L/L* 77.4 80.6

2 The melting points are determined with the Oligo Analyzer tool from Integrated DNA
technologies (IDT).*¢ 1 mM DNA, 150 mM NacCl, variable MgCl, concentration.

The all-DNA linker was synthesized via automated solid phase oligonucleotide synthesis. Figure 2.2
summarizes the characterization of the linker strands after HPLC purification. As expected for longer DNA
strands, a shift to later elution times with increasing length of the ssDNA oligo-A extension is observed
(Figure 2.2d). Similarly, Agarose Gel Electrophoresis (AGE) displays a single band for each linker complex,
featuring a decrease in the band migration distance as the oligo-A segment increases in length (Figure 2.2c).
The single bands indicate that all the strands self-assemble to form the linker with a dsDNA middle segment
and ssDNA A-overhangs. The molecular weights of the synthesized linkers were determined via Matrix-
Assisted Laser-Desorption-lonization Time-of-Flight mass spectrometry (MALDI-TOF) and closely match the
theoretical molecular weights of the strands (SI Figure 2.8, Table 2.2). HPLC, AGE, and MALDI-TOF results
thus confirm that the synthesized DNA linkers are present in high purity and suitable for the build-up of

defined hydrogels.
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Figure 2.2. Design and analysis of the self-complementary DNA linker. (a) Schematic representation of the self-complementary DNA linker with
5 to 20 oligo-A extensions. (b) Melting curves of oligo-T20/Az0 and palindromic DNA linker strand L/L* at 150 mM NacCl + variable MgCl, salt
concentrations simulated with the NUPACK software package.* (c) Agarose gel electrophoresis (AGE) of the purified DNA linkers with 50 bp and

1 kbp DNA ladders on both sides. The loaded 2 wt% agarose gel was stained with Roti-Gelstain and separated at 80 V for 75 minutes. (d)
Analytical HPLC chromatograms of the purified DNA linker strands after deprotection and preparative HPLC purification.

2.3.2 Hydrogel formation and influence of salinity on mechanical properties

All hydrogels were prepared by mixing the starPEG-Tyx and the respective linkers at stoichiometric ratios
regarding the binding DNA segments in the presence of various salt concentrations, followed by an
annealing ramp from 60 °C to 20 °C for hydrogels at 0 mM Mg?* and a ramp from 70 °C to 20 °C for hydrogels
containing Mg?*. In order to facilitate an ideal network topology and to understand the presence of
entanglements during hydrogel assembly, we first determined the overlap concentration c* of the starPEG-
OH and starPEG-T,o by concentration-dependent viscosity measurements*’8 to ca. 3 wt% and ca. 2.7 wt%,
respectively (SI Figure 2.9). The overlap concentration of the starPEG-Tzo building block is slightly lower due

to the extension with the T2o segments.

Salinity is next to the binder overlap length (Tx/Ax) an important parameter for the mechanical properties of
DNA hydrogels. Monovalent and divalent cations electrostatically shield the negatively charged phosphates
during DNA duplex formation, making the duplex binding stronger. Mg?*ions are able to cluster around DNA
phosphate backbones and provide significantly more stabilization beyond simple electrostatic screening
considerations.*® Although Mg?* stabilize nucleic acid duplexes more effectively even in the absence of

monovalent ions, Mg?* combined with Na* has a higher ionic strength and is more effective for duplex

27



stabilization than Mg?* alone.**% All hydrogels studied in this work were formed in phosphate buffer

containing 150 mM Na*, while the concentration of Mg?* was varied from 0 — 50 mM.

For a basic characterization of the influence of the salinity, we first focus on understanding starPEG-T2o with
the Azo-L/L*-Axolinker as a function of the MgCl, concentration. Figure 2.3a depicts a schematic overview of
hydrogel formation. The effect of MgCl, is evident in rheological temperature sweeps of the hydrogels
(Figure 2.3b). The hydrogel without MgCl, shows a sol-gel transition temperature, as defined by the G'/G"
crossover temperature, Teo, of 26 °C and is barely a self-supporting gel at room temperature, RT. However,
Teo increases by almost 20 degrees to 45 °C for the highest concentration of 50 mM MgCl,. Importantly, Te
already increases to Te = 39 °C with only 1 mM MgCl, in the hydrogel, due to the Mg?*-specific effect on
dsDNA stabilization.* This places the T, already above typical cell culture experiment temperatures (Figure
2.3c). While the experimental T, of the hydrogels cannot be directly compared to the theoretical Tm of the
A20/T20 pair, the observed trend of an increasing T with increasing MgCl, content follows the theoretical

expectation (see SI Figure 2.10 for calculated values).
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Figure 2.3. Influence of salinity on the rheological properties of the starPEG-Tz0/A-L/L*-A; hydrogel at c* = 0.75 mM. Mg?* concentration is
varied from 0 mM - 50 mM while Na* concentration is held constant at 150 mM. (a) Schematic overview of hydrogel formation with starPEG-
Ta0 and Ago-L/L*-Ay. (b) Temperature sweep of the hydrogel with 0 and 50 mM MgCl, (f = 1 Hz, y = 6%, from 50 °C to 5 °C, temperature rate =
0.4 °C/min). The sol-to-gel crossover temperature, T, is denoted with arrows in the graphs. (c) Temperature sweep of the hydrogels at different
MgCl, concentrations. (d) Frequency sweep of the hydrogels with 0 and 50 mM MgCl, (f = 0.001 - 100 Hz, y = 0.1%, 10 °C). While the bond
relaxation time t, for the hydrogel containing 0 mM MgCl; is depicted by the arrow in the graph (gray curve), the hydrogel containing 50 mM
MgCl, does not relax within the measured frequency range (blue curve). (e) Bar chart showing the evolution of the storage moduli at 10 °C,
G'10 °c, and T, for the hydrogels at different MgCl, concentrations. The error bar is the standard deviation from averaging duplicate
measurements.
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Next to the changes in the Tc, it is also relevant to compare the changes in the mechanical properties
regarding the storage modulus, G' (for instance at 10 °C, hence significantly below the T, of the Mg?*-free
system). Similar to the influence of MgCl, on the T, the mechanical properties can be divided into a Mg?*-
free and a Mg?*-rich regime, whereby the changes in the Mg?*-rich regime are less pronounced (Figure 2.3c).
The G'10°c at 0 mM Mg?* is 46 Pa, corresponding to a very soft gel. It amplifies to 200 Pa upon addition of 1
mM Mg?* and then increases steadily to 350 Pa at 50 mM Mg?* (Figure 2.3e). This salt-induced strengthening
of the network can in principle originate from either an increase of the amount of load-bearing crosslinks
(G' ~ network linkage per unit volume)>! or an increase of the effective time scale of association of the
crosslinks with respect to the rheological experiment. Since the amount of bound A20/T20 duplexes is
expected to be similar already at 20 °C (see Figure 2.2b for NUPACK simulations), we surmised that rather
the dynamics of the crosslinks play an important role. To investigate the dynamics of the load-bearing Azo/T20
DNA duplex crosslinkers, we conducted oscillatory frequency sweeps at 10 °C (Figure 2.3d). Based upon
these measurements, we calculated the relaxation time from the inverse of the crossover frequency f,
which indicates the transition from “viscous fluid” to “elastic solid” region, and depicts the bond lifetimes
within the hydrogels. The starPEG-T20/A20-L/L*-A20 hydrogel without MgCl, shows indeed a relaxation time,
located at 1.74 h, while the same hydrogel with 50 mM MgCl, does not relax within the measured frequency
range (relaxation time > 2 h) and represents a quasi-static, near covalent system. As expected, further
frequency-dependent sweeps of this hydrogel at different temperatures show shorter relaxation times with
increasing temperature (Sl Figure 2.11c). A crossover starts to appear even for Mg?* samples at higher
temperatures (SI Figure 2.12). This can be explained by faster exchange dynamics at elevated temperatures.
This is consistent also for other Ay linkers as discussed in the Supporting Information (SI Figure 2.11a-c).
Therefore we conclude that rather the insufficient bond lifetimes of the Mg?*-free systems lead to the lower

G' values and that this is not an effect of incomplete hybridization.

In a general material perspective, the Mg?*-containing hydrogels are very stable without visible flow at
ambient temperature compared to other DNA cross-linked hydrogels previously reported.?® 3253 This is
evident in the T, of the hydrogels (above room temperature for all examined Mg?* concentrations) and the

frequency-dependent viscoelastic behavior of the hydrogels with long relaxation times at room temperature.
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2.3.3 Programming the hydrogel response using the strength of the A,/Tx linker

An orthogonal way of tuning the mechanical properties regarding gel strength and dynamics, and omitting
salinity adjustments that may not be very desirable in specific application settings, is to exploit the strength
of the DNA linker by varying the A«/T20 overlap length. Since one specific aspect of this work is to understand
the tunability of the dynamics of the load-bearing network chains, we here focus majorly on Mg?*-free
environments (yet 150 mM NaCl background salinity) to assure that crossovers in the rheological frequency
sweeps are in fact accessible and can be judged regarding their programmability as a function of the linker
overlap. In addition, we here also discuss changes in concentrations of the building blocks — while keeping
perfect stoichiometry between the starPEG-Ty and the bivalent linker — surrounding the previously

discussed overlap concentration of 0.75 mM.

Figure 2.4a-b depicts a schematic overview of the starPEG-T,0/A20-L/L*-Az0 and starPEG-Tzo/A10-L/L*-A10
hydrogel assembly. Looking first at the influence of the concentration, it is evident that both hydrogels
containing either an Ay or an Aio overlap behave in a similar way. The temperature sweeps show an
expected increase in G'ioc as a function of concentration due to a higher density of crosslinks per volume
element (Figure 2.4c-e). The trend is close to linear. More interestingly, the sol-gel transition points, Tco, also
display a clear trend towards higher T, with increasing concentrations. For instance, the T, of the Ax-L/L*-
Ay hydrogel increases from 24 °C at 0.38 mM starPEG-To to 33 °C with 1.52 mM starPEG-Tyo. This increase
in the T can be best explained by the additional ionic strength added to the system by increasing the DNA
concentration. Since every phosphate ester backbone group carries its own counterion, such as Na*, the

ionic strength added by increasing the concentration of the DNA is significant.

Secondly, when comparing the bond relaxation time scales (Figure 2.4f-h), an increase in the concentration
leads to a shift to longer bond relaxation times in both hydrogel systems. t of the A1o-L/L*-A10 hydrogel for
example increases from 6 seconds at 0.38 mM starPEG-T2o to ~7 minutes with 1.52 mM starPEG-T2. We
suggest that this is due to an increasing amount of entanglements or crosslinks at concentrations
substantially above the overlap concentration, but also, as seen above (Figure 2.3, Figure 2.4c-e), the
additional influence of salt on the stabilization of the duplex due to higher DNA concentrations plays a role.
Further temperature and frequency sweeps of hydrogels assembled from the As-L/L*-As and the Ajs-L/L*-
Ass linker can be found in the Supporting Information (SI Figure 2.13, Figure 2.14), where a similar trend in

shifts to longer t and higher T, is observed.
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As an additional comparison, upon the addition of 50 mM Mg?*, an increase in G'io «c as a function of
concentration is observed (Sl Figure 2.15a-b). Furthermore, all bond relaxation time scales are pushed
beyond 3 h and a G'/G" crossover does no longer occur in the measurable frequency window (SI Figure
2.15d-e). Similar to what is seen in Figure 2.3, the addition of Mg?* also increases the G'1o-c and the T, at
the various concentrations (SI Figure 2.15c). Overall it becomes clear that increasing the concentration of
the DNA content in the hydrogels leads to a subtle interplay between presence of additional salt, increase

in crosslinking density, lower bond relaxation dynamics, plus the formation of entanglements.
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Figure 2.4. Influence of DNA linker strength and building block concentrations on the mechanical properties of the hydrogels. The starPEG-
Ta0/A20-L/L*-A0 and starPEG-To/A10-L/L*-A1 hydrogels were formed at different starPEG-T,o concentrations, above, below and at the ¢* (0 mM
MgCl,, 150 mM Nacl). (a-b) Schematic overview of hydrogel formation with starPEG-To and an (a) Azo-L/L*-Az and an (b) Aio-L/L*-Aq linker.
(c-d) Temperature sweeps (f = 1 Hz, y = 6%, from 50 °C to 5 °C, temperature rate = 0.4 °C/min) at 1.5 mM, 0.75 mM and 0.38 mM starPEG-T,o
concentration. (e) Correlation of G'10°cand T, at different starPEG-T, concentrations. (f-g) Frequency sweeps (f=0.001 - 100 Hz, y = 0.1%, 20 °C)
at 1.5 mM, 0.75 mM and 0.38 mM starPEG-T,o concentration. (h) t at different starPEG-T,o concentrations.

The most striking and unexpected observation is the consistently lower G' values for the Ayo-L/L*-Azo

hydrogels as compared to the A1o-L/L*-A10 hydrogels (Figure 2.4e, top part). For instance, the G'1oc for the
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A1o-L/L*-A10 hydrogel at c* is at 1.5 kPa, whereas it is 0.050 kPa for the Azo-L/L*-A;0 hydrogel. A similar order
of magnitude difference, yet on a higher modulus level, is also found in presence of 50 mM Mg?* (Sl Figure
2.15a-b). This discrepancy is intuitively unexpected as A2o/T20 has a higher binding strength compared to an
A10/T20 segment. Nonetheless at 10 °C both DNA duplexes should be very tightly bound (Figure 2.2b) and
the influence of the binding strength or binding propensity, hence degree of crosslinking, should not be a

decisive factor.

As an explanation, one needs to look in detail at the molecular structure of these networks. Hybridization
of starPEG-T,o with the Azo-L/L*-Axg linker leads to a complete dsDNA crosslinking motif that is in total 20
nucleobases (nbs) longer in its stiff dsSDNA conformation, while hybridization with the Aio-L/L*-A1o linker
would lead to a crosslink that contains some flexible ssDNA (at the Ty part) and the hybridized rigid dsDNA
(Figure 2.4a-b). Additionally, the hybridization on the T part is more flexible for an A1o-L/L*-A1o linker in
terms of the spatial position, which may lead to some self-correction of local stress. The built up of local
stress can be understood considering the persistence length of dsDNA of ca. 50 nm, while that of ssDNA is
lower than 2 nm.5* With an approximate distance of ~3.4 A between two neighboring nbs, the number of
nb pairs in the persistence length of dsDNA is 147. This relates to the total linker sequence of 14 nbs in the
core palindromic L/L* linker domain plus either 20 nbs in the Aig linker or 40 nbs in the Ay linker.
Consequently, the linkers are essentially rigid rods, that only contain two flexible points at the transition
from the A«/T20 sequence to the L/L* sequence (dsDNA is discontinuous at this point). The presence of linear
rigid linkers in the Ax-L/L*-A0 hydrogel system is observed in the appearance of slight birefringence under
crossed polarizers and shearing. Polarized optical micrographs are presented in the supporting information

(SI Figure 2.16).

Since the hydrogels are made at the overlap concentration of the starPEG-OH, the addition of the stiff rigid
rod-like linkers may in fact lead to some degree of supercoiling of the PEG chains and hence to a network
with lower elastic behavior. The very presence of flexible unbound oligo-T in the Aio-L/L*-A1o hydrogel
system is another explanation for increased G' values in the Aio-L/L*-A10 hydrogels. As previously mentioned,
the persistence length of dsDNA is up to 50 times larger than that of ssDNA. A linker containing ssDNA would
lead to more DNA bonds being formed due to less topological frustration during network formation while a
system with long, rigid and inflexible crosslinks such as dsDNA, would result in lower crosslinking density.
The former is the case in the Aio-L/L*-A10 hydrogel system, as flexibility is introduced in form of shorter Aio-

L/L*-A1o linker. Additionally, the A1o-L/L*-A1o linkers do have the possibility to hybridize in a 2 x A1g on one

32



T20 end block on the starPEG-To. This would lead to a network with crosslinks of higher connectivity and
hence also to an increase in G'. To better probe for these effect, we investigated a starPEG-T1o system
together with the Aio-linker (Figure 2.5). This system prevents any kind of topological defects with two A1
linkers binding on one T2 block. Indeed we find a significantly lower G'io°c value in this systems of 0.5 kPa
for the starPEG-T1o/A10-L/L*-A10, which is ca. 33% of the 1.5 kPa of the previous starPEG-T20/A10-L/L*-A10 at
c*. This is indicative of the fact that the double linkage of 2 Ao segments on one T2 end block may in fact
contribute to some extent to the observed higher G' values in the starPEG-Tyo system. Nonetheless the
frequency sweeps, which show near-perfect Maxwellian behavior, are rather self-similar with only slight
offsets. Below the crossover frequency, the viscous modulus G'" dominates and shows linear scaling with
frequency ~f, while G' scales as ~f%. The Maxwellian behavior is indicative of a good network structure with
limited defects.*® >> Hence, we conclude that it is a combination of the discussed effects. Overall this data
shows that subtle changes in the molecular composition and network topology with a mixture of flexible
and rigid DNA segments is an important aspect to deduce design principle for tuning the viscoelastic

properties of such DNA based materials.
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Figure 2.5. Investigation of the mechanical properties of hydrogels formed from starPEG-Tyo/A10-L/L*-A10 and starPEG-T1o/A10-L/L*-Aj at c*
= 0.75 mM, 0 mM MgCl,. (a) Temperature sweep (f = 1 Hz, y = 6%, at c*= 0.75 mM, 0 mM MgCl,, from 40 °C to 5 °C, temperature rate =
0.4 °C/min). (b) Frequency sweep (f=0.001 - 100 Hz, y = 0.1%, 20 °C).
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2.3.4 Self-healing Property and 3D printing of the starPEG-DNA Hydrogel

The reversible nature of the DNA duplex gives DNA-cross-linked hydrogels excellent reversible thixotropic
and self-healing properties.>®>’ The self-healing character of our DNA hydrogel is examined using the Azo-
L/L*-Ay0 hydrogel in its strong conditions (at 50 mM MgCl,). We characterized the hydrogel strain sweeps in
oscillatory rheology (y = 0.1-1000%) to determine the linear viscoelastic region (LVE). The yield point of the
hydrogel is determined in a strain sweep and is the value of the shear strain at the limit of the LVE, y. = 300%
(Figure 2.6a). In order to show the recovery/self-healing after mechanical disruption of the network,
hydrogel samples were subjected to oscillatory deformation alternating between low (6%) and high (500%)
deformation in 60 minute intervals multiple times (Figure 2.6b). Results for the hydrogel show that they
have the ability to fully recover in very short timescales (< 4 minutes), even after multiple deformation cycles,
performing better than existing DNA hydrogel systems with DNA as a responsive crosslinker.4> 5859 This
property is attributed to the reversibility of the DNA duplex hybridization, leading to full recovery even at
RT. Macroscopically, cut pieces of the Ayo-hydrogel placed in contact with each other fully join at the
interface to one uniform piece after few minutes (Figure 2.6c).

Furthermore, to detect possible changes in mechanical properties and probe hydrogel durability, rheological
measurements were repeated for the same Azo-L/L*-A20 hydrogel sample after 85 days (~3 months), showing
only very minor differences in mechanical behavior and bond relaxation time scales (Figure 2.6d-e). This
underscores a high shelf-life and a robust structure formation with very limited temporal rearrangements.
Additional compression test performed on the Azo-L/L*-A;0 hydrogel indicates some onset of fracture of the

hydrogel at about 60% strain (SI Figure 2.17).
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Figure 2.6. Self-healing properties and gel stability. (a) Amplitude sweep of starPEG-To/Az0-L/L*-Ay (v = 0.1 — 1000%, f = 1 Hz, 25 °C, 50 mM
MgCl,, 150 mM NaCl). (b) Rheological properties of the Ay-L/L*-A0 hydrogel with alternating strain cycles of 6 and 500% at a fixed frequency,
f=1Hz at 25 °C plotted against time. The hydrogel shows full recovery after several rounds of deformation. (c) Visual representation of self-
healing of one dyed and one undyed A,o-hydrogel. After about 10 minutes, the two hydrogel pieces are fused into a defect free single piece.
(d-e) Analysis of hydrogel durability over time of starPEG-T,o/A10-L/L*-A1o. (d) Temperature and (e) frequency sweeps at day 1 and at day 85.

Due to the shear-thinning nature of the hydrogels and thermally induced gel-sol transitions, the hydrogels
are amendable for 3D printing using bioprinters (Figure 2.7). Printing a starPEG-T20/A20-L/L*-Az0-hydrogel

from a heated cartridge (55 °C) delivers self-supporting stable gel structures at room temperature.

3D printed Hydrogel
60 °C

Nozzle

Figure 2.7. 3D printing of the starPEG-T,o/A-L/L*-Ay0 hydrogel. (a) 3D printing set up showing cartridge, nozzle and piston required for
bioprinting. (b) 3D printing of hydrogels in a dogbone and a DNA double helix structure. The photographs show the printability and the self-
supporting nature of the gel at room temperature (RT).
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2.4 Conclusions

This chapter reported a first detailed investigation on the characterization of quasi-ideal model network
hydrogels based on starPEG-DNA building blocks with duplex linkers. The material design builds on our
recently developed OP-LPOS synthesis strategy, which opens up pathways to large scale polymer/DNA
hybrid materials. A wide property space can be accessed by varying the linker length and by changing the
salinity and the concentration of the building blocks. The gel G' values are tunable from 20 Pa to 3.1 kPa and
therefore in the range where mechanosensing of cells occurs.?%-¢2 Relaxation time scales are also particularly
tunable by salinity. All hydrogels assembled in the presence of a divalent cation (Mg?*) show no relaxation
time in the measured frequency range (f = 0.001 - 100 Hz) at 10 °C, but change accordingly along a wide
spectrum in other conditions. The hydrogel formation is robust and the mechanical properties of such
starPEG-DNA hydrogels can withstand repeated heating and cooling cycles, and properties such as T.oand T

are maintained several months after hydrogel assembly.

On the fundamental side, detailed investigations reveal non-linearities, as seen in the difference between
G' values for starPEG-Tyo/A10-L/L*-A10 and starPEG-T,0/Az0-L/L*-A20 hydrogels. Surprisingly, the Aio-L/L*-A1o
hydrogel shows higher G' than its Ao-L/L*-A20 counterpart. These differences could be reconciled partly by
comparing to a starPEG-Tio/A10-L/L*-A10 system, that displays intermediate properties. This allows to
conclude that the mechanical properties of such hydrogels result from an interplay of network topology and
molecular composition, and that despite the high programmability of DNA and the highly defined building
blocks employed here, a more detailed understanding on the network structure is still needed. Further
investigations using e.g. scattering techniques or NMR spectroscopy will be valuable, and will be addressed

in future publications.

The ease and scalability of synthesis of the building blocks needed for hydrogel assembly, starPEG-Ty via
OP-LPOS and DNA linker via automated solid phase synthesis should facilitate the application of this
hydrogel as a biomaterial in a wide variety of applications. This work therefore lays the groundwork, but
ample possibilities to include higher levels of response using aptamers, enzymatically responsive segments

or targeting e.g. strain stiffening hydrogels using more complex DNA linkers appear feasible.
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2.5 Experimental
2.5.1 Materials

All reagents and solvents were used as received from the following suppliers: Ac-dC Synbase CPG 1000/110
(Link Technology), DMT-dA(bz) phosphoramidite, DMT-dG(iBU) phosphoramidite, DMT-dG(dmf)
phosphoramidite DMT-dC(ac) phosphoramidite, DMT-dC(bz) phosphoramidite, DMT-dT phosphoramidite
(Sigma-Aldrich, 99%, was dissolved 50mM in anhydrous acetonitrile), CAP A (Sigma Aldrich,
tetrahydrofuran/pyridine/acetic anhydride, 8:1:1), CAP B (Sigma Aldrich, 10% methylimidazole in
tetrahydrofuran), Trichloroacetic acid Deblock (TCA Deblock, Sigma-Aldrich, 3% in DCM), 5-(Ethylthio)-1H
tetrazole (ETT Activator, Sigma Aldrich, 3% in ACN), Oxidizer (Sigma Aldrich, Pyridine / Water / lodine,
9:1:12.7), Dichloromethane (DCM, Fischer Scientific U.K., CH2Cl,, analytical reagent grade), Acetonitrile (ACN,
Sigma-Aldrich, C;H3N), Acetonitrile anhydrous (ACN, 99.8%, abcr GmbH), Sodium chloride (NaCl, 99%, Sigma
Aldrich), Sodium hydroxide (NaOH, VWR), Magnesium chloride (MgCl,, 1M, Fischer Scientific), Sodium
dihydrogen phosphate (NaH2PQO4, Sigma Aldrich), Silicon oil (350cSt, Carl Roth GmbH).

StarPEG-T2o was synthesized as described previously in detail.**

2.5.2 Instrumentation

High-performance liquid chromatography (HPLC) was performed on a Thermo Fischer Scientific Dionex
Ultimate 3000 HPLC system and chromatograms were processed using the Chromeleon data system. The
sample was dissolved in milli-Q water and measured using a gradient from 100% A to 90% B with solvent A

being 0.1 M TEAA buffer (1/1) in 95/5 water/acetonitrile, and solvent B being acetonitrile.

Ultraviolet-visible spectrophotometry (UV-VIS) measurements were conducted on an Analytik Jena

ScanDrop 250 Spectrophotometer using a Tray cell cuvette from Hellma with a path length of 1.0 mm.

Agarose gel electrophoresis (AGE): 2wt% Agarose solutions were prepared in tris-acetate EDTA buffer (TAE,
containing 40 mM Tris, 20 mM acetic acid and 1 mM EDTA,; pH 8.0) and the gel was stained with Roti-GelStain
with a mixing ratio of 25 plL per 150 mL agarose solution. AGE was performed using a 20-sample gel chamber
at a voltage of 80 V for 75 min. Images were captured with an Intas Chemostar ECL & Fluorescence Imager

in UV transilluminator mode.
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Matrix-assisted laser-desorption-ionization time-of-flight mass spectrometry (MALDI-ToF MS)
measurements were performed using 3-HPA (3-Hydroxypicolinic acid) as matrix. The measurements were

conducted on an AUTOFLEX Il from BRUKER.

Rheological Characterization was performed on an Anton Paar Modular Compact Rheometer MCR 302
equipped with a 25 mm plate-plate geometry. G' and G" were measured in oscillation mode with a constant
strain amplitude of 6%. This value was found to be in the linear viscoelastic range based on the results of an
amplitude sweep at 1 Hz. Analysis of the data was done with the Rheocompass software. Frequency sweeps
were carried out on mixtures between 100 Hz and 0.001 Hz at a fixed strain of 0.1%. Temperature ramps
were performed at a fixed frequency and strain of 1 Hz and 6%, respectively. The ramping rate of the
temperature was 0.4 °C/min. Amplitude strain sweeps were performed at room temperature and a fixed
frequency of 1 Hz. The gap between the plates was fixed at 0.2 mm and a thin layer of silicon oil was added

around the measuring system to prevent evaporation.

For starPEG-OH and starPEG-T critical overlap concentration measurements, the average viscosity for

different concentrations was measured over 2 min at a shear rate of 100 s™2.
Compression tests were performed using a MCR702 MultiDrive from Anton Paar.

Polarized optical microscopy was done with a Nikon SMZ25 microscope fitted with an optical cross polarizer

at the base.

3D Bioprinting of the hydrogel was done using 3DDiscovery™ Evolution 3D bio printer from RegenHU,
Switzerland. The Bioprinter was fitted with a heating jacket for thermal printing and the obtained G-codes
of the printed designs were generated with the 3D bioCAD software. The hydrogel solution was loaded into
a 10 mL syringe and heated up to 60 °C during printing. The hydrogel was extruded through a plastic conical

tip with a diameter of 0.4 mm.

2.5.3 Procedures and Synthesis
Synthesis and purification of oligonucleotide sequences

Automated synthesis. The oligonucleotides were synthesized on a H-8 custom LNA, DNA/RNA automatic
synthesizer from K&A Laborgerdte at 10 pumol scale employing the standard solid phase B-cyanoethyl-

phosphoramidite chemistry in trityl-on mode. The DNA phosphoramidites (DMT-dT, DMT-dA(bz), DMT-
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dG(dmf) and DMT-dC(ac)) were diluted to 50 mM with dry acetonitrile and synthesis occurred from the 3'
towards the 5' end of the oligonucleotides on packed solid phase columns.

Deprotection and purification (general procedure for 10 umol scale synthesis). Cleavage of the
oligonucleotides from the solid support and base deprotection was achieved in one step to ensure optimal
yields. The 34 umol/g controlled pore glass (CPG) solid support was treated with 10 mL of a 50:50 wt%
mixture of ethylenediamine:toluene for 2 hours at room temperature. The deprotection solution is removed
and the column is rinsed twice with 10 mL toluene to detach synthesized DNA from the support. The
synthesized DNA sequence was then extracted with 6 mL milliQ water and purified by reverse phase-HPLC
(RP-HPLC). The solvent was removed by freeze drying. After purification, the DMT group was cleaved by
making a 2 wt% solution of the dry DNA in pH 4.0 (200 mM) NaOAc/HOAc buffer containing 200 mM NaCl
at and stirring at 50 °C for one hour. Precipitation of the sample into a 5 fold excess of 2-propanol removes
contaminants and exchanges counterions to sodium. The solvent was removed by freeze drying and the
synthesized strands were stored at -20 °C until further use. The purity of the obtained oligonucleotides were

confirmed with analytical HPLC and MALDI-TOF.

StarPEG-DNA hydrogel preparation

The dry starPEG-T20 and synthesized linker DNA were dissolved separately at desired concentration in a 25
mM Diphosphate EDTA buffer + 100 mM NaCl (pH = 7.9) and the DNA concentration in the starPEG-Tzo
conjugate and in the linker DNA was determined by UV Vis. StarPEG-DNA hydrogels were hybridized by
mixing equimolar quantities of starPEG-T20 and linker-DNA in the same buffer, but potentially also containing
Mg?*, to assist the DNA hybridization process. The sample was heated (up to 60 °C for hydrogels at 0 mM
Mg?* and to 70 °C for hydrogels containing Mg?*) for about 15 min and cooled to room temperature at about

1 °C/min. Samples were kept in the fridge at 4 °C until use.
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2.6 Supplementary Information

Linker data

Table 2.2. Overview of the synthesized linkers and its corresponding molecular weight.

Linker Full segence 5'->3'

Calculated
Abbreviation Molecular weight?
(gmol?)
As-L/L*-As 5' AAA AA GCA GCT GCA GCT GC 5831
Aigo-L/L*-Agp 5' AAA AAA AAA A GCA GCT GCA GCT GC 7397
Ags-L/L*-Ags 5' AAA AAA AAA AAA AAA GCA GCT GCA GCT GC 8963
Azo-L/L*-Az 5' AAA AAA AAA AAA AAA AAA AA GCA GCT GCA GCT GC 10529

aThe calculated molecular weights are determined with the Oligo Analyzer package from Integrated DNA technologies (IDT).

Molecular weight determination of DNA duplex linkers
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Figure 2.8. MALDI-TOF analysis of synthesized DNA linkers showing (a) As-L/L*-As linker (b) A1o-L/L*-Aso linker (c) Ais-L/L*-Ass linker (d) Axo-
L/L*-Agg linker.

40



Determination of the overlap concentration, c*
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Figure 2.9. Determination of overlap concentration, c* of (a) starPEG-OH and (b) starPEG-T. Specific viscosity plotted against concentration
in wt%. The specific viscosity is calculated using Equation 4. C* is determined as the crossover between the two slopes of the plot.
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Figure 2.10. Calculated melting temperatures of the equivalent A,o/Ty base pair in the synthesized DNA linkers at different MgCl,
concentrations. The melting points for the A,o/T20 base pair is determined with the Oligo Analyzer tool from Integrated DNA technologies (IDT).%¢
DNA concentration set to 1 mM. NaCl concentration is set to 150 mM for all samples while Mg?* concentration is varied.
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Rheological characterization - Frequency dependent behavior of hydrogels with different duplex linker
length at 0 mM and 50 mM MgCl, concentration
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Figure 2.11. Frequency sweeps (f = 0.001 - 100 Hz, y = 0.1%) of the hydrogels (at 0.75 mM = c*, 0 mM MgCl,) at different temperatures. (a)
Azo-L/L*-Aso hydrogel (b) Ais-L/L*-A1s hydrogel (c) Azo-L/L*-Ay0 hydrogel. The crossover frequency fe, is indicated by the G'/G" crossover.
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Figure 2.12. Frequency sweep (f = 0.001 - 100 Hz, y = 0.1%) of the Azo-L/L*-Ay hydrogel (at 0.75 mM = c*, 50 mM MgCl,) at different
temperatures.
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Rheological characterization — Mechanical properties of the hydrogels with different duplex linker length
at different starPEG-To concentrations
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Figure 2.13. Linear viscoelastic behavior of As-L/L*-As hydrogel below, above and at c*, 0 mM MgCl,. (a) Temperature sweep (f=1 Hz, y = 6%,
from 30 °C to 0 °C, temperature rate = 0.4 °C/min) and (b) frequency sweep (f = 0.001 - 100 Hz, y = 0.1%, 20 °C) of the hydrogels at different
concentrations.
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Figure 2.14. Linear viscoelastic behavior of A;s-L/L*-A;s hydrogel below, above and at ¢*, 0 mM MgCl,. (a) Temperature sweep (f=1Hz, y =
6%, from 40 °C to 5 °C, temperature rate = 0.4 °C/min) and (b) frequency sweep (f=0.001 - 100 Hz, y = 0.1%, 20 °C) of the hydrogels at different

concentrations.

43



Rheological characterization — Effect of duplex linker length, salt and polymer concentration on bond
lifetime and T, of the hydrogels
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Figure 2.15. Influence of DNA linker rigidity and concentration on the mechanical properties of the hydrogel. The Ax-L/L*-A;0 hydrogel and
the A1o-L/L*-As0 hydrogels were formed at different starPEG-Tyo concentrations, above, below and at c* and at 50 mM MgCl; salt concentration.
(a) Temperature sweep (f= 1 Hz, y = 6%, from 50 °C to 5 °C, temperature rate = 0.4 °C/min) of the Ayo-L/L*-Ax hydrogel and (b) of the Ajo-L/L*-
Ajp hydrogel at 1.52 mM starPEG, 0.75 mM starPEG and 0.38 mM starPEG concentration. (c) Correlation of the storage moduli at 10 °C, G'19°c
and the sol to gel cross over temperature, T, of the Ayo-L/L*-Ay0 hydrogel and the Ajo-L/L*-A10 hydrogel at different starPEG concentrations. (d)
Frequency sweep (f=0.001 - 100 Hz, y = 0.1%, 20 °C, 0 mM MgCl,) of the Ayo-hydrogel and (e) of the A;o-L/L*-A0 hydrogel at 1.52 mM starPEG,
0.75 mM starPEG and 0.38 mM starPEG concentration.
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Birefringence in the Azo-L/L*-A0 hydrogel system
The Ao-L/L*-A hydrogel was carefully placed between two glass slides and imaged through crossed
polarizers. Upon shearing, a slight birefringence occurs. Hydrogels formed at ¢* show less birefringence than

hydrogels above c*.

No shear Shear

Figure 2.16. Polarized optical micrographs of the Ay-L/L*-Ayo hydrogel. Sample at c* starPEG-T,o concentration placed between two glass slides
(a) without shearing and (b) with shearing. Sample above c* starPEG-T,o concentration placed between two glass slides (c) without shearing and
(d) with shearing.
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Compression test of of Ax-L/L*-A3 hydrogel
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Figure 2.17. Compressive stress-strain curve of the hydrogel. The Ayo-L/L*-A;0 hydrogel was formed at c* starPEG-T,o concentration and at 50
mM MgCl, salt concentration (T = 25 °C). Onset of fracture seems to occur at 60 — 70% compression.
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3 Hierarchical Mechanical Transduction of Precision-
Engineered DNA Hydrogels with Sacrificial Bonds
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Figure 3.1. Table of contents graphic.
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3.1 Abstract

Engineering the response to external signals in mechanically switchable hydrogels is important to promote
smart materials applications. However, comparably little attention has focused on embedded precision
mechanisms for autonomous nonlinear response in mechanical profiles in hydrogels, and we lack
understanding of how the behavior from the molecular scale transduces to the macroscale. Here, we design
a nonlinear stress-strain response into hydrogels by engineering sacrificial DNA hairpin loops into model
network hydrogels formed from star-shaped building blocks. We characterize the force-extension response
of single DNA hairpins and are able to describe how the specific topology influences the nonlinear
mechanical behavior at different length scales. For this purpose, we utilize force spectroscopy as well as
microscopic and macroscopic deformation tests. This study contributes to a better understanding of

designing nonlinear strain-adaptive features into hydrogel materials.

3.2 Introduction

Responsiveness in soft matter materials is pivotal to the design of smart and switchable materials, but
represents also an important aspect for the design of more life-like and self-adapting materials, wherein
more complex energy landscapes need to be designed.! One important step in the field of mechanical
materials is the design of non-linear responses.'? Traditionally, there has been great success regarding
shear-thinning or shear-thickening gels. More recently, these materials have been critically expanded by
strain-stiffening hydrogels that mimic the behavior of biological tissues more closely, and which are
important to engineer cell fate.3* Additionally, sacrificial bonds, such as in metal-ion crosslinked hydrogels
have been reported, mainly to toughen hydrogels.>” However, often the underlying mechanisms are not
fully understood from the microscale to the macroscale level, and their response is mostly based on inter-

polymer interactions.®10

To enable a better understanding and to obtain more complex responses, it is critical to integrate precise
bottom-up construction strategies for the molecular effectors giving rise to the targeted behavior, as well
as for the hydrogel topology which embeds these molecular effectors. The programmability of DNA motifs!-
15 enables to precision-engineer molecular effectors,¢-2! but those need to be combined with a defined
hydrogel network to have a chance that the randomness of typical hydrogel networks, formed for instance
by radical polymerization, as well as connectivity defects and topological defects of bulky DNA units

outweigh all effects from the molecular engineering at large length scales. Formation of model network
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hydrogels could be addressed by our recently discovered large scale synthesis for well-defined star-shaped

poly(ethylene glycol)-DNA (starPEG) conjugates via liquid phase synthesis.'® 22

In contrast to more established DNA hydrogels, that use common single-stranded DNA to double-stranded
DNA (ssDNA, dsDNA) transitions for engineering mechanical properties that are switchable by external
triggers using temperature or pH,? #2327 we herein focus on the integration of a DNA hairpin loop motif
with an intrinsically embedded non-linear mechanical response profile. Here, we use the term non-linear to
describe a discontinuity in the force-extension curve in addition to the trivial discontinuity when the
attachments rupture. How this non-linearity, which is well defined for a single molecule, translates into
hydrogels is topic of this study. Our basic hydrogel consists of two building blocks. The first is a starPEG-
DNA?® 22 of molecular weight 66 kDa containing 20 adenine units as terminal blocks (starPEG-Ay). The
second building block is a bivalent linker containing a palindromic segment and terminal parts of 20 thymine
units (T20). The formation of a starPEG-DNA hydrogel with a reasonably well controlled network structure

occurs via T,0/A20 hybridization of the two different building blocks (Figure 3.2a, left).
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Figure 3.2. Hydrogel assembly and characterization methods across scales. (a) Schematic overview of starPEG-DNA hydrogel assembly.
Following the synthesis of the starPEG-A,o building block, as we previously reported, the DNA duplex linker (left) and the DNA hairpin loop linker
(right) building block are synthesized via automated solid phase oligonucleotide synthesis. The starPEG-DNA hydrogel formation is triggered by
duplex hybridization of the Ao and Ty overhangs in the building blocks. (b) Top: Schematic depiction of the three different methods used to
quantify the non-linear force-extension response of DNA hairpin loops and duplexes at the nanoscale with AFM (left), the mechanical properties
at the mesoscale with AFM (middle) and the G-modulus at the macroscale with rheology (right). Bottom: Schematic images of the building
blocks, ideal hydrogel structure and representative final hydrogels at the temperatures where self-standing gels are observed.

Here, we aim to implement a functional DNA linker with a non-linear stress-strain response into the

hydrogels by replacing the bivalent linker with two DNA hairpin loops (Figure 3.2a, right). The DNA hairpin

53



loops are the programmable elements, which represent ideal candidates to study non-linear reversible
extension behavior upon application of an external force. Such DNA hairpin loops form, when two
complementary regions of the same ssDNA strand hybridize, resulting in a stem region with an unpaired
DNA hairpin loop.?8 The length and the sequence of the stem region can be defined, and are the molecular
programming elements to change both the unzipping force and unzipping work needed for opening.
Together with the loop, a hidden length scale is provided, which has been characterized or implemented
before in other systems.??-33 Such hairpins give rise to a well-qualified molecular structure to study strain-
adaptive behavior. Strain-adaptive materials are able to maintain structural integrity and endure a range of
stiffness from small to large strains. Altogether, this creates a pathway towards overarching design
principles from molecular-level folding motifs to a controlled network topology when incorporated into a
hydrogel. In contrast to, e.g., strain-stiffening materials,*3> non-linear stress-strain response occurs via
pulling of the DNA hairpin loop itself (intra-strand), but does not result from inter-strand interactions.
Wherever appropriate, DNA hairpin loop samples are compared to control samples formed by simple

palindromic linkers.

In the following, we characterize the occurring mechanical processes at different length scales. At the
nanoscale (Figure 3.2b, left), the response and non-linear behavior of single polymers, DNA hairpin loops or
DNA duplexes can be characterized by atomic force microscopy (AFM)-based single molecule force
spectroscopy (SMFS) (see Table 3.1 for the oligonucleotide sequence and Table 3.3 for melting
temperatures).3® 3643 At the mesoscale, AFM-based nanoindentation provides information about the
mechanical properties of the material using contact mechanics (Figure 3.2b, middle).** Rheological analysis
outlines the mechanical behavior of the hydrogels at the macroscopic scale. The response of the hydrogels
to temperature (temperature sweep), to varying oscillation frequencies (frequency sweep) and oscillation
amplitude (amplitude sweep) provides an understanding of various characteristic properties, such as sol/gel
transition temperatures, bond relaxation times, yield strain and mesh size (Figure 3.2b, right). Here, we
combine all these methods to compare the mechanical properties at different length scales and to create a

bridge between nanoscopic, mesoscopic and macroscopic properties of such responsive materials.
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3.3 Results and Discussion

For SMFS, we covalently attached the DNA hairpin loop to a SiOyx substrate via silane-PEG-NHS (5 kDa, NHS
= N-Hydroxysuccinimide) linker and the complementary strand via silane-PEG-NHS (5 kDa) linker to an AFM
cantilever tip. This arrangement ensures that the DNA hairpin loop is opened first via unzipping and
subsequently, the DNA duplex opens via a shear mechanism (Figure 3.3a). It has already been shown that
an unzipping force is lower than a shear force for similar DNA duplexes.* Figure 3.3b shows a typical force-
extension trace for such an experiment. Successive force-extension curves (force mapping) allow to
determine the unzipping force at room temperature as (70 + 4) pN. The unzipping forces are in good

agreement with previous studies 3031 46-48 considering the loading rate dependence of the unzipping force.

The length increment ALcont between the two consecutive stretches, where the first stretch accounts for the
unzipping of the DNA loop and the second stretch for the rupture of the DNA duplex (Figure 3.3b), amounts
to (41 £ 4) nm, which corresponds well with the expected change in contour length for 36 base pairs taking
into account that a force of approx. 70 pN is applied to the construct. The length of one base pair in ssDNA
in its B-form is approx. 0.67 nm at low force #° and becomes longer by approx. a factor of 1.5 at approx. 35
pN (higher forces were not determined in this reference).”® We obtain a factor of approx. 1.7 leading to a
difference in the contour length of 41 nm, which is also consistent with previous AFM experiments.>! The
full mean contour length of 146 nm is also consistent with the used molecules as follows: We have two 5000
Da PEG, i.e., approximately 60 nm in total, which is extended to approx. 80 nm at higher force, taking into
account that PEG is in its ttg conformation at low force of a few pN (0.28 nm/Monomer) and ttt conformation
at high force of several tens of pN (0.36 nm/Monomer).>? Together with the contour length of 41 nm of the

hairpin and a few nm from the dsDNA regions this is almost 146 nm.

Altogether, our force-extension traces prove the successful formation of a surface-hairpin-DNA-cantilever
construct.”®>° In particular, the SMFS characterization clearly shows a non-linear force-extension response
for the DNA hairpin loop building block. We assume that the non-linearity of the force-extension response
is not affected by the temperature range used throughout this work. However, the degree of extension of
the DNA chain at a certain force could vary in dependence on the temperature, as studied previously for

PEG and PNiPAM.?’

Next, we determine how this molecular non-linear force-extension response is transferred to the mesoscale

using AFM indentation experiments (see Sl Table 3.2 for the oligonucleotide sequence and Figure 3.4 for
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the Nucleic acid Package (NUPACK) simulations to obtain the structure of the DNA linkers and their
corresponding secondary structures). For a better understanding, we now compare the response of a DNA
duplex hydrogel and a DNA hairpin hydrogel at a temperature of 5 °C (Figure 3.3c,d). We first quantify the
approach curves by using the Hertz model (see Supporting Information for a detailed description). The
elastic modulus, E, of the DNA hairpin hydrogel amounts to (1.1 + 0.1) kPa, while the elastic modulus of the
DNA duplex hydrogel is (6.5 + 0.9) kPa (Sl Figure 3.5 shows exemplary curves with the Hertz model fit). This
can be explained with the lower total amount of crosslinking units per volume element due the larger DNA
construct used as a linker. The values are overall in a range reported for DNA-based hydrogels, namely 0.4 -
100 kPa.”®>8 In SI Figure 3.6, more force-extension curves for the DNA duplex and hairpin hydrogels are

shown.

Next, we quantify the dissipated energy of the two hydrogels, defined as the area between the retract and
approach force-extension curves. Critically, due to the adhesion between the AFM cantilever tip and
hydrogel, itis possible to observe a non-linear response in the retraction curve. We find a comparable energy
dissipation for the DNA duplex hydrogel of (7.2 + 2.8) - 101 J and the DNA hairpin hydrogel of (6.4 + 1.9) -
1018},

The pronounced difference in the shape of the retraction curves stands out: In the case of the DNA duplex
hydrogel, a relatively smooth curve with a high maximum force and short adhesive elongation is found that
is similar to previously reported hydrogels.>>®! In striking contrast, the DNA hairpin hydrogel shows
prolonged adhesive interactions with sawtooth patterns, which indicate a continued opening of several DNA
hairpin loops, as detailed in the following. The curve displays several small peaks usually with decreasing
magnitude of the bond rupture peaks along the extension (Figure 3.3d). The lowest peak force (peak 1 in
Figure 3.3d) has an average peak force of (59 %23)pN, followed by (125 +13)pN, (190 £ 25) pN,
(288 + 19) pN, (345 £ 16) pN, (408 + 23) pN and finally (499 + 33) pN for the higher peak forces (Figure 3.3e).
Such a series of rupture peaks has previously been assigned to sacrificial bonds, e.g., in the bone matrix.®2
Moreover, the most likely explanation for the decreasing peak force at higher extensions is a decrease of
the number of sacrificial bonds ruptured in parallel.®® This actually fits very well with the expected structure
of the DNA hairpin hydrogel, where several DNA hairpin loops (sacrificial bonds) can open in parallel. In
particular, that suggests that not all loops in a plain open at the same time, because then the contour length
gain should be doubled (two hairpins per chain) at similar forces, i.e., 82 nm, if the strain is in the direction

of the unit cells. As that is very unlikely, a quantitative comparison of the length gains is not possible.
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Nevertheless, the peaks in the extension trace show that there is some cooperativity in hairpin opening, i.e.,
some aligned nano- or microdomains. By contrast, in the case of full cooperativity, there would be only one
rupture peak in the retract curve. Altogether, our data is best explained by domains of well oriented DNA

structures in the hydrogel.

The mesoscale retraction trace even allows for a more quantitative evaluation by estimation of the number
of DNA hairpin loops opening in parallel. The average work for opening of the DNA hairpin loop in the SMFS
experiment (the area below the force-extension curves up to the first peak) amounts to approx. 9.3 - 1019,
At the mesoscale (Figure 3.3d), the detachment peak (peak 1) shows a work of approx. 9.5 - 108 J, which
strongly hints towards the opening of around ten DNA hairpin loops in parallel (breaking of sacrificial bonds).
Peak 2 shows a work of 1.6 - 10''7 J, which would correspond to a simultaneous opening of 17 DNA hairpin
loops. The work of the 3, 4th 5t and 6™ peak amounts to 2.0-10%7J,1.9-10%7J,3.3- 10 Jand 3.9 - 10"/
J, respectively. The highest force peaks (peak 7 and 8) correspond to about 4.7 - 10''7 J, which indicate
opening of around 50 DNA hairpin loops in parallel. Altogether, the nanoindentation data show that a non-
linear response, programmed into single DNA polymers, translates to the local mesoscale elastic response
in starPEG-DNA hydrogels. The response is not an ‘all or nothing’ one anymore, as found for single polymers
in SMFS, but distinct steps can be locally retrieved. These steps (peaks) likely result from the opening of
several DNA hairpin loops in parallel, i.e. some nano- or microdomains. Assuming a mesh size of 80 nm (see

below), 50 hairpin loops would correspond to about 0.03 pm?3.

Next, we characterize the global mechanical properties of the hydrogels at the macroscale using plate/plate
rheology (Figure 3.3f,g). The most important equivalent to the previous unidirectional mechanical tests is
the deformation/strain sweep in Figure 3.3h, but in the interest of a comprehensive discussion, we also
report temperature and frequency sweeps of both hydrogels. Figure 3.3f shows the rheological temperature
sweeps of the hydrogels. The sol/gel transition temperature is defined by the G'/G" crossover temperature,
Teo, and is depicted by an arrow in the graph. The DNA duplex hydrogel shows a high T, at 43 °C, while the
DNA hairpin hydrogel shows T¢, at 14 °C. While the DNA hairpin hydrogel corresponds to a very soft hydrogel
that is barely self-supporting at room temperature the DNA duplex hydrogel is a stable self-supporting gel,
without visible flow at room temperature. The temperature sweeps show a lower storage modulus for the
hairpin hydrogels, G' at low temperatures (G'10°c= 300 Pa for the DNA duplex hydrogel; G'1o°c= 7 Pa for the
DNA hairpin hydrogel). Furthermore, frequency sweeps are conducted at 10 °C, to ensure a solid gel state

for both materials, to investigate the dynamics of the DNA crosslinkers (Figure 3.3g). The DNA duplex
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hydrogel does not relax within the measured frequency range, while the hairpin hydrogel shows a bond
relaxation time at t = 16.5 mins. Thus, overall the hairpin hydrogel is softer than the DNA duplex hydrogel.
Note that the second crossover at high frequency for the DNA hairpin hydrogel indicates the onset of the

transition regime before going into the elastically dominated/glassy part at very high frequency.

These differences are not surprising, because both hydrogels are made at the overlap concentration, c*, of
the starPEG-OH as an important constant parameter with two DNA constructs of significantly different size
(SI Figure 3.7). The presence of a long DNA linker between each starPEG arm in the DNA hairpin system thus
hinders the dynamic formation of a network topology and extensive coiling of the PEG chains in the DNA

hairpin loop hydrogel network, which explains the lower mechanical consistency.

This can in fact be correlated with the mesh size & of the hydrogels which is calculated with the following
equation:

W=

-

with kg being the Boltzmann constant, G' and T values are obtained during oscillatory temperature sweep.
At T=10 °C, the DNA duplex hydrogel has a mesh size of approx. 24 nm, while the DNA hairpin hydrogel has
a mesh size of approx. 80 nm (Sl Figure 3.7c). This is consistent with their expected structure, as the DNA
duplex hydrogel contains 54 dsDNA nucleotides (nts) between each crosslink, while the DNA hairpin
hydrogel contains 54 dsDNA nts and 56 ssDNA nts between crosslinks. The size of a nucleotide in ssDNA is
approx. 0.67 nm, while dsDNA is approx. 0.34 nm,® resulting in a theoretical length of 18 nm for the DNA

duplex hydrogel and 56 nm for the DNA hairpin hydrogel.
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Figure 3.3. Quantification of the designed mechanical response across scales. (a) Schematics of the AFM-based force-extension experiment to
characterize the DNA hairpin loop. (b) Exemplary force-extension trace showing the stretching of the complete construct with the opening of a
DNA loop @, rupture of the DNA duplex in shear geometry @ and relaxation of the DNA chain @ The wormlike chain (WLC) model is used
to fit the 1%t and 2" stretch of each force-extension curve (in red) in order to calculate the 1%t and 2" contour length to finally determine the
difference in the contour length ALcont. The area under the first stretch (purple) indicates the work needed to open the DNA hairpin loop. (c)
and (d), approach (blue) and retract (black) force-extension curves are shown for the DNA duplex and hairpin hydrogels, respectively. The area
between the curves (purple) indicates the dissipated energy. Most strikingly, the force-extension trace for the DNA hairpin hydrogel shows much
larger extensions and several peaks, indicating the rupture of sacrificial bonds associated with the opening of the DNA hairpin loops. Out of all
the peaks (sawtooth pattern), 8 are exemplary shown (indicated by the black arrows). (e) Distribution of the peak forces for the DNA hairpin
hydrogel. (f) Temperature sweep of the DNA duplex hydrogel and DNA hairpin hydrogel (f= 1 Hz, y = 6%, (5 - 50) °C, temperature rate = 0.4 °C/min;
25 mM MgCly, 150 mM NaCl). The sol-to-gel crossover temperature T, is indicated by the black arrows. (g) Frequency sweep of the hydrogels
(f=(0.001 - 100) Hz, y = 1%, 10 °C; 25 mM MgCl,, 150 mM NaCl). While the bond relaxation time t for the DNA hairpin hydrogel is depicted by
an arrow (blue curve), the DNA duplex hydrogel does not relax within the measured frequency range (gray curve). (h) Amplitude sweep of DNA
duplex hydrogel (gray curve) and DNA hairpin hydrogel (blue curve) (y = (0.1 - 600)%, f = 1 Hz, 10 °C; 25 mM MgCl,, 150 mM NaCl). The yield
point is the value of G'y; at the yield strain, pyp. pyp is the value of the shear strain at the limit of the linear viscoelastic region and depicted by an
arrow.

As emphasized above, an important comparison to the molecular and mesoscale mechanical

characterization comes from strain sweeps in oscillatory rheology (Figure 3.3h) to determine the onset of
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flow and structural disruption. These measurements are also conducted at 10 °C to ensure a solid hydrogel
structure. The yield strain, pyp, is the most appropriate parameter to describe the onset of non-linear
viscoelastic behavior and is determined by the value of the shear strain at the limit of the linear viscoelastic
region (LVE). The LVE region indicates the range in which the oscillatory strain sweep can be performed
without destroying the sample structure. G' and G" show a constant value to increasing strains within the
LVE region. Strikingly, the yy, of the hairpin hydrogel is almost three times higher (ca. 467%) than that of the
duplex hydrogel (ca. 186%). Hence, the hairpin hydrogel is visibly more stretchable than the duplex hydrogel.
The hairpin building block is larger than the duplex building block and it contains flexible parts of ssDNA.

In order to gain a better understanding on the role of network structure in macroscale characterization via
oscillatory rheology, we introduced deliberate defects into the DNA duplex network and measured the
mechanical behavior of these hydrogels (SI Figure 3.8). The defects are introduced by adding a monovalent
T20 dummy strand that blocks one of the arms of the starPEG-Ax and hinders arm-to-arm connections (SI
Figure 3.8a). The hydrogels are termed D-gelio-20 with the following defect amounts (D-gelip = 10% defects;
D-gelyo = 20% defects; D-gelso = 30% defects; D-gelso = 40% defects, Sl Figure 3.8b). The temperature sweep
in SI Figure 3.8c shows a slight decrease in the crossover Temperature, Tco, With increasing percentage of
T20 dummy strand (defect). Teo is between 40 and 43 °C for all measured hydrogels with the exception of the
hydrogel containing the highest number of defects, D-gelao (Tco = 28 °C). This indicates that the dynamics of
the crosslinks are quite similar for D-gelio-30. Furthermore, a distinct decrease in G' with increasing defect
content is observed. Hydrogels with more defects display a lower G'ip ¢ (SI Figure 3.8f). Furthermore, the
strain sweep (SI Figure 3.8d) shows an increase in the yield strain, yyp, and a decrease in the yield point, Gy,
with increasing amount of defects. D-gelio contains the lowest percentage of defects and displays a G'yp of
110 Pa at 10 °C and yyp at 234%, while D-gelao yields at yyp = 540% with G'yp = 10 Pa at the same temperature
(SI Figure 3.8g). Thus, we conclude that there is a relationship between the presence of a high number of
defects and a high yield strain. Therefore, from the oscillatory rheology experiments, we can neither
completely attribute stretchability/ high yield strain of the hairpin hydrogel to a high number of defects, nor
to a property of hidden length scales of the DNA hairpin — it is likely a combination of both. Together with
the insights from the nanoindentation experiments the most consistent explanation for our observations
are a significant contribution from hidden length scales of the DNA hairpin beyond the introduction of

defects.

60



3.4 Conclusion

In conclusion, this chapter has shown and quantified how properties of molecular building blocks can be
transferred to macroscopic hydrogels. A designed DNA hairpin served as a programmable molecular building
block, containing one or several sacrificial bonds leading to a non-linear mechanical response. We show that
this feature can be transferred into the local response of a macroscopic hydrogel. The global response of
the hydrogel shows evidence for the molecular building blocks in the form of sacrificial bonds, because the
yield strain of the macroscopic hydrogel is increased. Altogether, we could show how the stretchability,
relaxation times and energy dissipation in starPEG-DNA hydrogels are affected by the molecular building
blocks. We anticipate that the concept of combining defined hydrogel geometries with programmable

building blocks allows for the design of hydrogels with novel properties.

3.5 Experimental
3.5.1 Materials

The following reagents and solvents were used as received from the following suppliers: Ac-dC Synbase CPG
1000/110 (Link Technology), DMT-dA(bz) phosphoramidite, DMT-dG(dmf) phosphoramidite, DMT-dC(ac)
phosphoramidite, DMT-dT phosphoramidite (Sigma-Aldrich, 99%, was dissolved 50mM in anhydrous
acetonitrile), CAP A (Sigma Aldrich, tetrahydrofuran/pyridine/acetic anhydride, 8:1:1), CAP B (Sigma Aldrich,
10% methylimidazole in tetrahydrofuran), trichloroacetic acid Deblock (TCA Deblock, Sigma-Aldrich, 3% in
DCM), 5-(Ethylthio)-1H tetrazole (ETT Activator, Sigma Aldrich, 0.25 M in ACN), oxidizer (Sigma Aldrich,
Pyridine / Water / lodine, 9:1:12.7), dichloromethane (DCM, Fischer Scientific U.K., CH,Cl,, analytical reagent
grade), acetonitrile (ACN, Sigma-Aldrich, C;H3N), acetonitrile anhydrous (ACN, 99.8%, abcr GmbH), sodium
chloride (NaCl, 99%, Sigma Aldrich), sodium hydroxide (NaOH, VWR), magnesium chloride (MgCl,, 1M,
Fischer Scientific), sodium dihydrogen phosphate (NaH;POa, Sigma Aldrich), silicon oil (350cSt, Carl Roth
GmbH), triethoxysilane-PEG-N-Hydroxysuccinimide ester (silane-PEG-NHS, NANOCS, M= 5 kDa), ultrapure
water (H;0, Purelab Chorus 1, Elga LabWater, Celle, 18.2 MQcm), ammonia solution (NHs, Roth, 28.0-30.0%),
hydrogen peroxide (H20;, Sigma-Aldrich, MO, 230%), toluene (Thermo Fisher Scientific), ethanol (Roth,
>99.9%), borate buffer (50 mM, pH 8.5, Thermo Fisher Scientific), HEPES (Pan-Reac AppliChem) buffer (10
mM, 50 mM NaCl, pH 7.9), silicon oxide (SiOx) wafers (Prime CZ-Si wafer, n-type (Phosphor) TTV<10 um,
MicroChemicals GmbH). StarPEG-Axo was synthesized as described in Methods.?? The ssDNA for the AFM and

SMFS experiments was purchased from IDT (Integrated DNA Technologies IDT), the ssDNA for substrate
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functionalization was purchased from biomers.net GmbH. For the exact sequence see Table 3.1. The
functionalizations are described in Procedures and Synthesis. All other DNA was synthesized as detailed in

Procedures and Synthesis.

3.5.2 Instrumentation

High-performance liquid chromatography (HPLC) was performed on a Thermo Fischer Scientific Dionex
Ultimate 3000 HPLC system. The sample was dissolved in Milli-Q water and measured using a gradient from
100% A to 90% B with solvent A being 0.1 M TEAA buffer (1/1) in 95/5 water/acetonitrile, and solvent B

being acetonitrile.

UV-VIS measurements, used to determine the concentration of the DNA building blocks, were performed
on an Analytik Jena ScanDrop 250 Spectrophotometer using a cuvette from Hellma with a path length of 3.0

mm.

Matrix-assisted laser-desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS)
measurements were performed using 3-HPA (3-Hydroxypicolinic acid) and ammonium citrate di-basic as

matrix. The measurements were conducted on an Autoflex Il from Bruker.

Agarose gel electrophoresis (AGE): 2wt% Agarose solutions were prepared in tris-acetate EDTA buffer (TAE,
containing 40 mM Tris, 20 mM acetic acid and 1 mM EDTA,; pH 8.0) and the gel was stained with Roti-GelStain
with a mixing ratio of 25 plL per 200 mL agarose solution. AGE was performed using a 20-sample gel chamber
at a voltage of 105 V for 60 min. Images were captured with an Intas Chemostar ECL & Fluorescence Imager

in UV transilluminator mode.

Rheological Characterization was performed on an Anton Paar Modular Compact Rheometer MCR 302
equipped with a 25 mm plate-plate geometry. Analysis of the data was done with the RheoCompass
software. The storage, G', and loss moduli, G", were measured in oscillation mode with a constant strain
amplitude of 6%. This value was found to be in the linear viscoelastic range based on the results of an
amplitude sweep at 1 Hz. Frequency sweeps were carried out on mixtures between 100 Hz and 0.001 Hz at
a fixed strain of 1%. Temperature ramps were performed at a fixed frequency and strain of 1 Hz and 6%,
respectively. The ramping rate of the temperature was 0.4 °C/min. Amplitude strain sweeps were performed
at room temperature and a fixed frequency of 1 Hz. The gap between the plates was fixed at 0.2 mm and a

thin layer of silicon oil was added around the measuring system to prevent evaporation.
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SMFS measurements with the AFM. The SMFS measurements were performed on a MFP-3D-BIO (Asylum
Research, an Oxford Instruments Company). Prior to the measurements, the inverse optical lever sensitivity,
invOLS, was calculated by fitting a linear function to the indentation part of a force-extension curve. At least
five different invOLS values were taken into account and averaged for each AFM cantilever used. As a next
step, the cantilever was driven away from the substrate and the spring constant was determined using the
thermal noise method.® First, a control cantilever (only silane-PEG-NHS tip functionalization) was measured
on a control substrate. In a next step, a cantilever tip functionalized with silane-PEG-NHS and ssDNA was
measured on the control substrate. Both steps are important, in order to guarantee a successful
functionalization. Finally, the functionalized cantilevers were measured on the SiOx substrate, which is
functionalized with silane-PEG-NHS and the ssDNA hairpin loop. The following measurement parameters
were used: velocity: 0.5 pum s%; contact force: 200-500 pN; sampling rate: ~3 kHz; dwell time towards
substrate: 1-5 s; force distance: 1 um. The force-extension curves were recorded in a grid-like manner
comprising 10-10 points with a total area of 2020 um? (force maps). In case of a stretching event, the scan
area was decreased around the area showing the event in order to increase the probability of hybridization
of the complementary DNA ends. All measurements were performed in HEPES buffer at room temperature.

At least two force maps were recorded at different spots on the respective substrate.

AFM Indentation Experiments. For nanoindentation experiments, an unfunctionalized silicon nitride AFM
cantilever (MLCT-BIO-DC, Lever D, Bruker AFM probes) with a spring constant of approx. 0.03 Nm™ has been
used. All measurements were performed with a Cypher ES (Asylum Research, an Oxford Instruments
company). Prior to the measurements, the invOLS was calibrated on a SiOyx substrate in HEPES buffer at 5 °C
and the spring constant was calculated using the thermal noise method, as described above.®® After the
calibration of the cantilever, the substrate was exchanged and the measurement was continued on the DNA
duplex hydrogel and DNA hairpin hydrogel in HEPES buffer at 5 °C. Due to the softness of the samples, the
cantilever had to be driven manually towards the substrate. The following parameters were set for the
indentation experiment: contact force: 0.5-0.1 nN; velocity: 10 um s%; sampling rate: 5 kHz; dwell time
towards substrate: 0 s. Approx. 1000 force-extension were recorded out of which 90 (~10%) showed
molecular interaction events and were used for data evaluation. In total, 33 force-extension curves were

obtained for the DNA hairpin hydrogel and 57 for the DNA duplex hydrogel.
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3.5.3 Procedures and Synthesis

Synthesis and purification of oligonucleotide sequences

Automated solid phase oligonucleotide synthesis. The oligonucleotides were synthesized on a H-8 custom
LNA, DNA/RNA automatic synthesizer from K&A Laborgerate at 10 umol scale employing the standard solid
phase B-cyanoethyl-phosphoramidite chemistry in trityl-on mode. The DNA phosphoramidites (DMT-dT,
DMT-dA(bz), DMT-dG(dmf) and DMT-dC(ac)) were diluted to 50 mM with dry acetonitrile and synthesis

occurred from the 3' towards the 5' end of the oligonucleotides on packed solid phase columns.

Deprotection and purification (general procedure for 10 umol scale synthesis). Cleavage of the
oligonucleotides from the solid support and base deprotection was achieved in one step to ensure optimal
yields. The controlled pore glass (CPG) solid support was treated with 10 mL of a 50:50 wt% mixture of
ethylenediamine:toluene for 2 h at room temperature. The deprotection solution was removed and the
column was rinsed with 20 mL toluene to detach synthesized DNA from the support. The synthesized DNA
sequence was then extracted with 5 mL Milli-Q water and purified by reverse phase-HPLC (RP-HPLC). The
solvent was removed by freeze drying. After purification, the DMT group was cleaved by making a 2 wt%
solution of the dry DNA in pH 4.0 (200 mM) NaOAc/HOAc buffer containing 200 mM NaCl and stirring at
50 °C for 1 h. Precipitation of the sample into a 5-fold excess of 2-propanol removed contaminants and
exchanges counterions to sodium. The solvent was removed by freeze drying and the synthesized strands
were stored at -20 °C until further use. The purity of the obtained oligonucleotides was confirmed with

analytical HPLC and MALDI-TOF.

The ssDNA strands for the AFM cantilever tip and substrate are listed in Table 3.1.

Table 3.1. ssDNA linker data for the AFM cantilever tip and SiOy substrate.

. Molecular
Linker Full sequence 5' -> 3" .
weight?® / g mol?

5'-NH,-TTC TAC TCA CCA TCT ATC CAC AAC TCT CACACA TCC TACTAC

Cantilever
i GTCTACTCATCCTACAGCCTACACTCACCATCTA 28 541
i
P 3
5'-NH,-ATG TTG AAC CCG TAT A AGC AGC AAA AAA
Substrate 24 641
A CTATCCTAATT -3

aThe calculated molecular weights were determined with the oligo analyzer package from Integrated DNA Technologies (IDT).
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Table 3.2. Overview of the synthesized linkers and its corresponding molecular weight.

Linker Full sequence 5' -> 3' Molecular weight® / g
abbreviation mol?
Tao-L/L*-Tyo S'TTITTITTITTITTITTITTT 10348

duplex
T20-HP-L/L*- S'TITTTITTITTTITTITTTIT TT ATG TTG AAC CCG TAT 29474

HP*-Ty A AGC AGC AAA AAA A CTATCC

hairpin TAA

aThe calculated molecular weights were determined with the oligo analyzer package from Integrated DNA Technologies (IDT).

Table 3.3. Melting temperatures, T, of the duplexes used in this work.

Nucleobase pair Tm
Q9%
Ta0/A20 65.9
79.1

81

2 The melting points are determined with the Oligo Analyzer tool from Integrated DNA technologies (IDT). 1 mM DNA,
150 mM NaCl, 25 mM MgCl, concentration.

Contour Length of the ssDNA. The ssDNA strand bound to the silane-PEG-NHS of the tip shows a contour
length of ca. 63 nm (94bp), assuming a nucleotide length of 0.67 nm.>® Accordingly, the ssDNA strand bound
to the SiOx substrate has a contour length of 54 nm (80bp). Both ssDNA strands comprise a 6C NH»-linker in

5'in order to guarantee the successful reaction with the NHS ester of the PEG linker.
Hydrogel Preparation

StarPEG-DNA hydrogel preparation. StarPEG-Ao and synthesized hairpin and duplex linker DNA were
dissolved separately at desired concentration in a 25 mM Diphosphate EDTA buffer + 100 mM NacCl + 25 mM
MgCl; (pH = 7.9) and the DNA concentration in the starPEG-Ax conjugate and in the linker DNA was
determined by UV-Vis spectroscopy. StarPEG-DNA hydrogels were hybridized by mixing equimolar quantities
of starPEG-Azo and linker-DNA in the same buffer. The sample was heated up to 75 °C for about 15 min and
cooled to room temperature at about 1 °C/min. Samples were kept in the fridge at 4 °C until use. The

oligonucleotide sequences of the bivalent DNA linkers are summarized in Table S2.

65



SMFS Experiments
RCA cleaning. Prior to the atomic force microscopy (AFM) functionalization, the tweezers and glassware
were incubated in a RCA 5:1:1 solution, i.e., H,0, NHs, H,0,, at 70 °C for 60 min. After the incubation, the

glassware and tweezers were rinsed three times with H>0, dried at 120 °C and stored at 120 °C until use.

Cantilever tip functionalization. Silicon nitride AFM cantilevers (MLCT-BIO-DC, Bruker AFM probes,
Camarillo, CA, USA) were used for all measurements. For the functionalization, the cantilevers were
activated with oxygen plasma (40%, 0.1 mbar, 2 min, Diener Electronics) to obtain hydroxyl groups on the
surface of the cantilever tips. As a next step, the 5 kDa silane-PEG-NHS linker was bound to the cantilever
tip. To that aim, the cantilevers were incubated in a solution of silane-PEG-NHS in toluene at a concentration
of 1.25 mg/mL for 2 h at 60 °C. Inactive PEGs act as a passivation layer to reduce undesirable interaction
between the cantilever tip and the underlying substrate as well as between the single PEG polymer and the
cantilever tip. The cantilevers were rinsed three times in toluene, twice in ethanol, one time in H;0, one
time in borate buffer and finally incubated for 1.5 h in a solution of ssDNA (100 nM, sequence in Table 3.1)
in borate buffer at approx. 20 °C. Finally, the cantilevers were rinsed twice in borate buffer and once in
HEPES buffer before storage in HEPES buffer at 4 °C. For every functionalization, control cantilevers were

additionally prepared undergoing only the passivation step with silane-PEG-NHS.

Substrate functionalization. For the functionalization of the substrate, SiOx wafers with an approximate
area of 0.25 cm? were used. The SiOx wafers were sonicated (Elmasonic S15, EIma) for 10 min in ethanol.
After sonication, the SiOxwafers were treated with oxygen plasma (40%, 0.1 mbar, 2 min, Diener Electronics)
to gain hydroxyl groups on the SiOyx substrate. Afterwards, the functionalization was done in two different
ways: a) The wafers were incubated in a solution of 5 kDa silane-PEG-NHS linker (10 mg mL™?) in toluene for
1.5-2 h at 60 °C and then rinsed three times in toluene, twice in ethanol, one time in H,0 and one time in
borate buffer. The wafers were incubated in a solution of the ssDNA (6.25 uM, sequence in Table 3.1) in
borate buffer at approx. 20 °C for 1-3 h (one wafer was incubated for 20 h). The wafers were rinsed twice in
borate buffer and once in HEPES buffer before storage in HEPES buffer at 4 °C. b) The wafers were incubated
in a solution of 5 kDa silane-PEG-NHS linker (25 mg mL™, the solution had to be heated to 60 °C for 1-2 min
in order for the silane-PEG-NHS to fully dissolve in the toluene at this concentration) in toluene for 1.5-2 h
at room temperature and then rinsed three times in toluene, twice in ethanol, one time in H,0 and one time

in borate buffer. The wafers were incubated in a solution of ssDNA (6.25 uM, sequence in Table 3.1) in
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borate buffer at approx. 20 °C for 1-3 h (one wafer was incubated for 20 h). The wafers were rinsed twice in
borate buffer and once in HEPES buffer before storage in HEPES buffer at 4°C. For every functionalization,
control wafers were additionally prepared undergoing only the passivation step with silane-PEG-NHS. Prior
to the measurements, a high-resolution binding compound (101RF, Microset Products Ltd) was used to glue

the wafer to an AFM fluid cell.

AFM Nanoindentation
Sample preparation for AFM nanoindentation. The DNA duplex and DNA hairpin hydrogels were heated up
to 65 °C and approx. 30 uL were deposited on a stainless steel clip (SPI Supplies) and cooled down to approx.

20 °C prior to the measurements.

Data Evaluation for the SMFS and Nanoindentation Experiments. A self-programmed software based on
Igor Pro (Wavemetrics) has been used for correction and evaluation of the obtained SMFS force-extension
curve, as described by Kolberg et al.®® To calculate the contour length, a worm-like chain fit (WLC)®’ was

used and calculated according to:

kgT | z 1 1
==+ ————-3 ©)
b |Le 4 (1 _ E) 4
Lc
where Fis the force, z the extension, T the temperature, I, the persistence length, L. the contour length and
finally ks the Boltzmann constant.
For nanoindentation experiments, the approach force-extension curves were analyzed using Hertz model
for contact mechanics (Sl Figure 3.5).%8 For a pyramidal tip, the following equation has been used to calculate
the elastic modulus, E:
_F- V2 (1 —v)?
"~ tan(9) - 62

(7

where F is the indentation force, v the Poisson ratio (0.5), 6 the semi-included angle of the tip (18.75°) and
6 the indentation depth.®®
For the calculation of the dissipated energy, the area between retract and approach force-extension curves

was used.
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To determine the peak force of the retract curve on the DNA hairpin hydrogel, a cursor was put on a local

maximum of a stretch event or plateau before the force drops. Approx. 3-10 peak forces were obtained per

retract curve.

3.6 Supplementary information

Nucleic Acid Package (Nupack) simulations of DNA strands

Figure 3.4. NUPACK Simulations showing (a) Minimum free energy, MFE structure of a DNA duplex linker at 25 °C. (b) Depiction of secondary
structures with ideal helical geometry for stacked base pairs in a DNA duplex linker. (c) MFE structure of a DNA hairpin loop linker at 25 °C. (d)

Depiction of secondary structures with ideal helical geometry for stacked base pairs in a DNA hairpin loop linker. Simulations were made using
the NUPACK web server (accessible at http://www.nupack.org/).

Approach curves at the mesoscale

a b
1.0
0.8
0.6
0.4
0.2
0.0 prammernd - o oo oo

Force / nN
Force / nN

-1 0 1 2 3 -1 0 1 2 3
Indentation / pm Indentation / pm

Figure 3.5. Approach curves (red) for (a) a DNA duplex hydrogel and (b) a DNA hairpin hydrogel measured in HEPES buffer at 5 °C. The black
curve shows a Hertz model fit from which the elastic modulus was determined.
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Additional force-extension curves for the DNA hairpin and duplex hydrogels
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Figure 3.6. Additional force-extension curves on (a) a DNA duplex hydrogel and (b) a DNA hairpin hydrogel in HEPES buffer at 5 °C taken with

an AFM.
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Molecular weight determination and characterization of DNA linkers
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Figure 3.7. MALDI-TOF analysis of synthesized DNA linkers showing (a) a DNA duplex linker and (b) a DNA hairpin loop linker. (c) Plot showing
changes in mesh size at different temperatures. (d) Analytical HPLC chromatograms of the purified DNA linker strands and starPEG-Ao. (e) AGE
of the purified DNA linkers with 50 bp DNA ladder on both sides. The loaded 2 wt% agarose gel was stained with Roti-GelStain and separated at
105 V for 60 min. The AGE shows a single band for the duplex strand and a higher main band for the hairpin strand. The single band indicates
that the hairpins assemble intramolecularly.
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Rheological characterization of DNA duplex hydrogel with defects, D-gel
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Figure 3.8. Duplex hydrogels containing defects. (a) General approach using dummy strands that block star/star coupling. (b) Table showing the
defect hydrogel (D-gel) composition. (c) Temperature sweep of D-gels (f =1 Hz, y = 6%, (5 - 50) °C, temperature rate = 0.4 °C/min; 25 mM MgCl,,
150 mM NaCl). (d) Amplitude sweep of D-gels (y = (0.1 - 1000)%, f = 1 Hz, 10 °C; 25 mM MgCl,, 150 mM NacCl). (e) Frequency sweep of the
hydrogels (f = (0.001 - 100) Hz, y = 1%, 10 °C; 25 mM MgCl,, 150 mM NacCl). (f) Bar chart showing the evolution of the storage moduli at 10 °C,
G'10°c, and the G'/G" crossover temperature (sol/gel transition temperature), T, for the hydrogels with defects. (g) Bar chart showing the
dependence of the yield point, G'y,, and yield strain, yyp, on the number of defects.
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4 Enhancing DNA Hydrogels Complexity via A Light
Responsive Moiety
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4.1 Abstract

Smart soft materials such as DNA crosslinked hydrogels provide a versatile approach in the design of
materials with tunable and programmable properties and have gained attention for applications in various
fields such as biomedicine and nanotechnology. In particular, light provides a superior external stimulus for
these systems, granting high spatiotemporal resolution and non-invasive control. Research in the area of
light-responsive DNA materials has however been hindered by various factors such as the complexity
involved in their design and synthesis, photodegradation and the need for high-intensity or prolonged light
exposure to achieve desired responses. We address these limitations by incorporating a light-responsive
moiety in DNA crosslinker strands, DEACM (7-(Diethylamino)-4-(Hydroxymethyl)-Coumarin), to enhance the
structural and functional complexity of DNA hydrogels. Our approach is based on model network hydrogels
formed from star-shaped building blocks and we leverage the photouncaging properties of DEACM to
achieve precise control over hydrogel disassembly, assembly and strengthening within minutes of
irradiation. Rheological characterization confirms that light activation triggers significant changes in the
hydrogel structural and mechanical properties and we gain insights into the efficiency of the photouncaging
reaction via high-performance liquid chromatography. Our approach highlights the potential of light-

responsive DNA hydrogels for advanced applications requiring programmable material behavior.

4.2 Introduction

The functional and structural traits of biological materials have inspired many scientist to integrate such
advanced concepts into synthetic systems.’> However, achieving synthetic materials with intricate features,
such as active dynamics through fuel conversion, information processing, and communication, remains
challenging due to both synthetic and conceptual hurdles.*’” Responsive or “smart” materials that replicate
lower-complexity features including self-healing and external switches are achieved based on diverse
strategies.®19 Stimulus responsive materials, whose material properties can be altered on external trigger,
such as pH change,’'3 small molecules,'**> enzymes,'®'” temperature'®?®® or light,2>?! have garnered
significant attention in recent years.?? Especially, light offers here significant advantages as it is non-invasive
and enables precise spatial and temporal control, with the flexibility to tune the intensity, exposure time
and wavelength of the light as needed.?*?> To construct such externally regulated materials, DNA is an ideal
platform, because the crosslinking connectivities can be specifically addressed and it can interact with
biological systems. Therefore, incorporating photosensitive chemical groups into nucleic acids has emerged

as a promising avenue for controlling DNA based nanostructures?® and triggering a broad range of biological
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and nano-technological processes that rely on DNA assembly/disassembly.> 2’2° Photoresponsive DNA
nanomaterials have been used in well-known applications including nano-tweezers,*® drug delivery

systems3! and light-modulated tetrahedral structures.3?33

To date, light-responsive DNA materials have largely relied on two strategies: reversible photoswitching and
irreversible photouncaging. Reversible approaches frequently utilize azobenzene derivatives that modulate
DNA hybridization via cis-trans isomerization.?* 3* These system however often require specific, narrow
wavelengths for efficient switching, operate only in very specific temperature windows, and can suffer from
incomplete reversibility. Photocages alternatively provide a irreversible "on" switch. The most commonly
used photocage is the o-nitrobenzyl (o-NB) group. However, o-NB groups typically possess low quantum
yields and require activation with high-energy Ultraviolet (UV) light, which is prone to scattering in tissues
and can be phototoxic to biological samples. Furthermore, the uncaging byproducts of NB groups can
interact unfavorably with sensitive biomolecules.?* To overcome the limitations of UV-dependent NB cages,
coumarin-based photocages like DEACM offer a superior alternative because they feature a red-shifted
absorption profile that allows for activation with visible blue light, significantly reducing potential
photodamage.36-38 Additionally, DEACM possesses high molar absorption coefficients, faster release kinetics
compared to NB derivatives® 3° and a well understood uncaging mechanism? dating back to its

identification as a phosphate releasing group by Givens and Matuszewski in 1984.41

Herein, we used a DEACM-based photocage, to demonstrate light-induced engineering of starPEG-DNA
hydrogels. Unlike previous reports that incorporate light-sensitive elements primarily to prevent assembly,3%
42 we utilize DEACM to modulate the mechanical properties of our star poly(ethylene glycol)-DNA (starPEG-
DNA) hydrogel by inducing both stiffening and softening. By leveraging the superior photophysical
properties of DEACM over traditional NB cages, specifically its biocompatibility and efficiency under milder
light conditions, we present a strategy for the precise, non-invasive tuning of material properties without

compromising biological activity.

We build on the unique properties of DEACM and integrate it into our previously developed large scale
starPEG-DNA hydrogel system.** Our previous work established a foundation for large-scale polymer/DNA
hybrid material synthesis** and mechanical characterization of these tunable and scalable starPEG-DNA
hydrogels.** More recently, we quantified how properties of molecular building blocks can be transferred
to macroscopic hydrogels and introduce nonlinear stress-strain response into the hydrogels by

incorporating a DNA hairpin.*> We herein present a platform to investigate the incorporation of the
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photocleavable DEACM group to regulate DNA hydrogel response to light. DEACM undergoes cleavage in
the high UV region, around 400 nm*® and the DEACM based phosphoramidite photocage is integrated at an
internal position of a DNA during standard DNA solid-phase synthesis. Upon irradiation, the phosphate ester
bond of the DNA backbone next to the DEACM moiety is cleaved. We investigate the impact of the
photocage on hybridization behavior and the mechanical properties of our starPEG-DNA hydrogel. We
demonstrate that hydrogel formation, breakage and stiffening can be controlled within minutes of
irradiation. This showcases a viable path to the design of tunable photoresponsive DNA hydrogels to fully

harness their potential application in various fields.

4.3 Results and Discussion

Our main goal of modulating starPEG-DNA hydrogels by light is divided into three objectives. (1) Softening
a DNA hydrogel by light, (2) assembly of a DNA hydrogel by light and (3) reconfiguration and stiffening of a
DNA hydrogel by light. To achieve these objectives as outlined in Figure 4.2, we designed systems that
feature two primary components. The first is a starPEG-Azo (Mn = 66 kDa) containing four terminal 20-mer
adenine blocks and the second is an all-DNA bivalent linker containing a DEACM protected segment and
terminal parts of 20-mer thymine blocks to hybridize with the starPEG-Ao component. The all-DNA linker is
crucial in our design, leveraging the versatility of DNA to fit our objectives. We altered the sequence of the
second building block to achieve our three goals. For the 1% objective, DEACM is used to introduce a defined
"fracture point" within the hydrogel network. In Linker-1, the photocage is inserted directly into the
phosphodiester backbone, positioning it centrally between the terminal binding domains. Although the
photocage interrupts the continuous sequence, it maintains the structural integrity required for initial
hydrogel formation upon mixing the Ao and T20. However, exposure to UV light triggers the photo-uncaging
process, cleaving the linker strand. This scission destroys the connectivity between the polymer arms,
subsequently leading to hydrogel softening. Linker-2 features a single stranded oligo-T2o overhang and a self-
protected palindromic segment in the 2"¢ objective. DEACM is used to activate the protected DNA
palindrome, resulting in light-trigged hydrogel assembly in this instance. Finally, the photocage protected
palindrome, Linker-3, is used to reconfigure the topology of the hydrogel network by increasing the crosslink

density to achieve the 3™ objective.
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I. Softening a DNA Hydrogel by Light
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Figure 4.2. Schematic Overview of Light-Modulated Control of DNA Hydrogels. The first building block starPEG-Ay is synthesized in an OP-
LPOS, one-pot liquid-phase oligonucleotide synthesis, as we previously reported.*® This is followed by synthesis of the second all-DNA linker
building blocks via automated SPOS, solid-phase oligonucleotide synthesis. (I) Hydrogel Softening: A DEACM "fracture point" is incorporated
into the DNA linker that upon light exposure, cleaves the hydrogel network and reduces stiffness. (Il) Hydrogel Assembly: DEACM-protected
palindromic sequence is used to trigger network formation and gelation upon irradiation. (lll) Hydrogel Stiffening. Light-induced network
reconfiguration and increased crosslink density, results in mechanical reinforcement of the hydrogel.

The required DEACM phosphoramidite was synthesized according to publication of Weyel et al.*’ However,
by changing the substrates of a Wittig olefination we could reduce the overall step count from 8 to 6 steps,
depicted in SI Figure 4.8. All linkers were synthesized via automated SPOS and are listed in SI Table 4.1. S|
Figure 4.10 summarizes the characterization of the linker strands via high-performance liquid
chromatography, HPLC, and matrix-assisted laser-desorption-ionization time-of-flight mass spectrometry,
MALDI-TOF. Analytical HPLC chromatogram shows single bands and the molecular weights of the
synthesized linkers closely match the theoretical molecular weights of the strands, thus confirming that the
synthesized linker strands are present in high purity. All hydrogels were prepared by mixing the starPEG-Axo
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at overlap concentration,* c*, and the respective linkers at stoichiometric ratios in a phosphate buffer
solution containing 150 mM Na*and 25 mM Mg?*. After gel formation, we employed rheology to monitor

and analyze the effects of light exposure on the mechanical properties of the hydrogels.

We firstly examined one of the fundamental light-triggered reactions to manipulate the properties of our
starPEG-DNA hydrogel by facilitating the controlled disassembly of the DNA hydrogel network. Following gel
assembly, we assessed the rheological properties of the hydrogel both before and after light exposure.
These experiments were conducted using our rheo-UV setup, which allowed for simultaneous irradiation of
the hydrogel sample while it was placed in the rheometer. Figure 4.3 shows the mechanical analysis of the
hydrogel before, during and after light activation. Examination of the sol-gel transition temperature, as
defined by the crossover temperature, Teo, of the storage modulus, G' and the loss modulus, G" reveals a Teo
of 42 °C prior to light activation (Figure 4.3a, grey curve). This corresponds to a gel that exhibits solid-like
behavior without visible flow at room temperature, RT. Oscillatory frequency sweeps conducted at 25 °C
provides insights into the dynamic properties of the hydrogel, revealing the crossover frequency, f., and
bond relaxation time, t, of the hydrogel. These two parameters offer a deeper understanding of the
viscoelastic properties and are directly related. While fc is the point at which G'/G" intersect and indicates
an elastic to viscous transition zone, t as derived from f. reflects the timescale over which the hydrogel
network bonds reorganize or relax. Figure 4.3b (grey curve) shows that the hydrogel does not relax within
the measured frequency range before DEACM uncaging, thereby preserving its solid-like property. This
temperature- and frequency-dependent behavior suggests that the gel remains stable and retains its

structural integrity at RT.
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|. Breaking DNA Hydrogel with DEACM photocage uncaging
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Figure 4.3: Light-induced softening of a DNA hydrogel. (a) Temperature sweep of the hydrogel before and after photouncaging (f=1Hz, y =
6%, from 55 °Cto 5 °C, temperature rate = 0.4 °C/min). T, is denoted with arrows in the graph. (b) Frequency sweep of the hydrogel before and
after uncaging (f = 0.001 - 100 Hz, y = 0.1%, 10 °C). Before uncaging, the hydrogel does not relax within the measured frequency range (gray
curve). While after uncaging, tis depicted by the arrow in the graph (blue curve). (c) Trend of G’ and G” over time at 25 °C. (d) Zoomed in image
of the time dependent G’ and G” showing the time between 48 — 78 minutes. Crossover from Gel to Sol is observed upon DEACM uncaging.

The impact of light activation in Linker-1 and its effect on the mechanical properties on the DNA hydrogel
network is depicted in Figure 4.3c, with Figure 4.3d providing a zoomed in view of the circled out section of
Figure 4.3c. Linker-1 is monitored for an hour prior to light activation at a wavelength of 390 nm. Upon
exposure to light with a power of 15 mW/cm?, DEACM is uncaged and a noticeable decrease in G'

accompanied by a slight increase in G" is observed. This shift in the mechanical property of the hydrogel is
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followed by a G'/G" crossover within a few minutes, transitioning the hydrogel from a gel-like to a sol-like

state. This shift reveals the impact of light on the structural integrity of the Linker-1 hydrogel.

In order to confirm successful disassembly of the Linker-1 hydrogel network triggered by light and assess
the extent of mechanical property change induced by light exposure, we performed rheology on the gels
post-uncaging and compared it with the gels pre-uncaging. A pronounced change in G'10°c and T is observed
post-uncaging (Figure 4.3a). T, reduces drastically from an initial value of 42 °C to 23 °C while G'1o-creduces
by half from 490 Pa before light activation to 250 Pa after light activation. The post-uncaging Linker-1 system
also has a shorter bond lifetime and fast bond relaxation within 4 seconds at RT (Figure 4.3b). The T, value
of Linker-1 after light exposure, indicates that the system exhibits a more fluid-like behavior at RT. Repeated
temperature sweeps of the Linker-1 hydrogel pre- and post-uncaging show a similar trend and indicate that
the thermal response is stable and reproducible across multiple cycles (SI Figure 4.11a, b). Subsequent
frequency-dependent sweeps of the post-uncaging hydrogel at different temperatures also reveal shorter
relaxation times as the temperature increases (SI Figure 4.11d). As expected, DEACM uncaging significantly
reduced the mechanical integrity of Linker-1 hydrogel and caused a shift from a solid-like gel state to a more
dynamic, liquid-like sol state. This response is however not an 'all-or-nothing' dissociation. DEACM breaks
the Ty bridging domains into shorter segments which retain residual binding affinity for the starPEG-Axo
cores at lower temperatures. The network connectivity is therefore not abolished but rather thermally

destabilized.

In contrast to this softening approach, we next explore the potential of light to induce the assembly of a
DNA hydrogel with Linker-2. In the Linker-2 hydrogel, we leverage the photouncaging of a protected DNA
palindrome sequence to trigger formation of the DNA hydrogel and aim to facilitate the transition from a
sol-like to a gel-like state upon uncaging. Mixing our Linker-2 building blocks together results in a free flowing
solution, as anticipated in its sol-like state. This behavior is confirmed by the rheological temperature sweep
of the system (Figure 4.4a, black curve). Absence of any T for the hydrogel within the measured
temperature range (5 - 50 °C) and a clearly higher G" over G' confirm the sol state before light activation.
Repeated temperature sweep cycles (SI Figure 4.12a) confirm robustness. We did not examine the
frequency-dependent behavior of the system before light activation because it does not exhibit the required
structural integrity. Analysis of Linker-2 hydrogels mechanical properties under light exposure, at RT (Figure

4.4b) shows a clear transition from a liquid-like to a more solid-like state within minutes of illumination, as
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seen by the rapid increase of G'. Further inspection of the highlighted area (Figure 4.4c) reveals that this
transition occurs rapidly and is completed within 4 minutes of light exposure.

Il. Making DNA Hydrogel with photocage uncaging
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Figure 4.4. Light-Induced assembly of a DNA Hydrogel. (a) Temperature sweep of the hydrogel before and after photocage uncaging (f= 1 Hz,
y = 6%, from 55 °C to 5 °C, temperature rate = 0.4 °C/min). T, is denoted with arrow in the graph. (b) Trend of G’ and G” over time at 25 °C. (c)
Zoomed in image of the time dependent G’ and G” showing the time between 115 — 135 minutes. Crossover from Sol to “Gel” is observed upon
DEACM uncaging.

Notably, the hydrogel remains in a sol state at RT (G' > G'"). The post-uncaging temperature sweep however
reveals a Teoat 21 °C (Figure 4.44, blue curve), significantly higher than the pre-uncaging value (Tco = < 5°C).
This shift confirms that the DNA system successfully undergoes assembly in response to DEACM uncaging,
and our results confirm that light exposure to the Linker-2 network induces crosslinking and enables the gel

assembly.

Building on this, we attempt to further enhance the robustness of light-activated assembly in our Linker-3
hydrogel system. Here we aimed to increase the density of crosslinks in the hydrogel and strengthen the
DNA hydrogel network upon light activation (Figure 4.5). We targeted this by uncaging a DEACM protected
palindrome within a formed hydrogel network, whereby the palindrome makes additional crosslinks. The
temperature sweep (Figure 4.5a, black curve) and the frequency sweep (Figure 4.5b, black curve)
respectively show that the uncaged hydrogel exhibits self-supporting properties at RT. With a T¢, of 31 °C
and T=6.5 mins at 25 °C, the hydrogel demonstrates robustness and does not flow at ambient temperatures.
We monitored DEACM uncaging over time and it is evident that light activation triggers a rapid increase in
G' by 100 Pa within minutes of irradiation (Figure 4.5c, d). This significant increase in G' highlights the light

induced strengthening of the hydrogel.
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lll. Strengthening DNA Hydrogel with photocage uncaging
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Figure 4.5. Light-Induced strengthening of a DNA Hydrogel. (a) Temperature sweep of the hydrogel before and after photocage uncaging (f =
1 Hz, y = 6%, from 55 °C to 5 °C, temperature rate = 0.4 °C/min). T, is denoted with arrows in the graph. (b) Frequency sweep of the hydrogel
before and after uncaging (f= 0.001 - 100 Hz, y = 0.1%, 10 °C). tis depicted by the arrows in the graph. (c) Trend of G’ and G" over time at 25 °C.
(d) Zoomed in image of the time dependent G’ and G” showing the time between 114 — 132 minutes.

To confirm the enhanced mechanical properties of the hydrogel, we repeated the temperature and
frequency sweeps (Figure 4.5a and Figure 4.5b respectively, blue curves) of the hydrogel after uncaging.
The temperature sweeps of the uncaged hydrogel shows a higher T, increasing by 3 °C, and a higher G/,
rising from 177 Pa to 333 Pa at 10 °C (G'10°c = 177 Pa before uncaging; G'10°c = 333 Pa after uncaging). This
indicates a stronger, thermally stable hydrogel structure with improved rigidity. The strengthening of the
gel after light activation is further proven by the increase in T from 6.5 mins to 26.3 min, signifying an
enhancement in the dynamics of the hydrogel structure and greater crosslink stability. Furthermore, the
thermal responsiveness of the Linker-3 hydrogel demonstrates reproducibility across multiple cycles. This is
observed in the repeated temperature sweeps before and after uncaging (SI Figure 4.13a, b). Frequency-

dependent sweeps of the post-uncaging hydrogel at different temperatures reveal no crossover within the
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measured frequency range at temperatures below 25 °C. The post-uncaging hydrogel shows overall
improvement in mechanical strength/stiffness and confirms that DEACM uncaging in Linker-3 enhances the

mechanical coherence of the DNA hydrogel.

These findings, along our demonstrations of DEACM-mediated disassembly and assembly highlights the
versatility of the DEACM photocage in modulating DNA hydrogel behavior. The three objectives of our study,
which includes the disassembly, assembly and strengthening of DNA hydrogels were all successfully

achieved within minutes of light irradiation.

To assess the reaction kinetics, we monitored the uncaging process using analytical HPLC with dual-
wavelength detection. We recorded the absorbance at 260 nm to track the concentration of DNA strands,
while simultaneously monitoring at 400 nm to detect the DEACM photocage moiety. This spectral
monitoring allowed us to independently quantify the depletion of the caged species and the accumulation
of the uncaged product over time (Figure 4.6). Figure 4.6a illustrates the time-dependent DEACM uncaging
efficiency observed with in situ irradiation during a typical rheological experiment. Uncaging was firstly
monitored by measuring the UV absorbance of DNA samples at 260 nm. It is important to state that although
starPEG also absorbs at 260 nm, it elutes later than DNA and does not interfere with the DNA sample signal.
The starPEG signal is not considered in the analysis uncaging efficiency, which we calculate by integrating

the area under each DNA Peak (Figure 4.6b).
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Figure 4.6. Time-dependent evaluation of DEACM hydrogel uncaging via HPLC monitored at 260 nm (DNA) and at 400 nm (DEACM). The
kinetics of the uncaging process is analyzed via (a) Analytical HPLC chromatograms of DNA hydrogels at varying light exposure times with a
detection wavelength of 260 nm. (b) Corresponding uncaging ratio of DEACM-modified DNA hydrogels indicates rapid uncaging that plateaus
at 28 minutes. (c) Analytical HPLC chromatograms of DNA hydrogels at varying light exposure times with a detection wavelength of 400 nm,
highlighting the decrease of the DEACM containing strand and increase in free photocage over time. (d) Uncaging ratio of DEACM-modified DNA
hydrogels as a function of light exposure time.

Uncaging begins immediately upon irradiation, with the amount of uncaged strand increasing steadily until
it reaches a maximum after about 28 minutes. At this stage, the system contains the highest level of uncaged
strand and only a negligible amount of caged DNA strand remains. This trend aligns with uncaging efficiency
measurements detected by UV absorbance at 400 nm, the optimal absorbance wavelength for DEACM
(Figure 4.6c¢, d). At 400 nm, only samples containing DEACM are detected and a gradual decline in the caged
strand peak, accompanied by a corresponding increase in the residual DEACM photocage peak is observed

over time. Similar to the HPLC with a detection wavelength of 260 nm, this process reaches a plateau at
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approximately 28 minutes, beyond which no further significant changes are observed. While this consistent
result offers a detailed view on the kinetics involved in DEACM uncaging and how long it takes to fully uncage
the photocage during a rheology experiment, our findings from rheology also demonstrate that complete
DEACM uncaging is not essential for observing significant changes in the hydrogel mechanical properties.
Notably, the mechanical properties of all our tested hydrogels reached their peak within the first 5 minutes
of irradiation. Further exposure to light did not lead to further substantial change in the hydrogel’s
mechanical properties. This confirms that even partial uncaging is sufficient to trigger desired mechanical

transformations, highlighting the efficiency of the DEACM photocage.

4.4 Conclusion

In this chapter, we demonstrated the potential of light-responsive modulation of DNA hydrogels by
leveraging on the photouncaging properties of the DEACM moiety. Through the incorporation of DEACM
into various DNA linker topologies, we achieved precise and efficient control over hydrogel assembly,
disassembly and mechanical strengthening, all within minutes of light activation (=DEACM uncaging).
Rheological characterization confirmed that these macroscopic property changes, spanning from complete
sol-gel transitions to tunable modulus adjustments, occur rapidly and under mild irradiation conditions.
These results validate that DEACM-based photouncaging offers a versatile and efficient platform for
engineering the mechanical properties of starPEG-DNA hydrogels without compromising the biological

compatibility of the system.

HPLC offered detailed insights into the kinetics and efficiency of the photouncaging reaction at 260 nm
(wavelength for DNA absorbance) and 400 nm (wavelength for DEACM absorbance) and reveals that
uncaging begins immediately upon irradiation and reaches a plateau after about 28 minutes. The
photouncaging process is rapid and steadily modulates the structural and mechanical properties of the DNA
hydrogel. Our system presents an efficient synthesis process for achieving light-triggered control over
hydrogel properties while maintaining critical attributes such as biocompatibility and stability. This work not
only broadens the understanding of light-responsive DNA hydrogels, it also establishes new pathways for

their use and paves the ways for further exploration in the development of programmable smart materials.
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4.5 Experimental
4.5.1 Materials

The following reagents and solvents were used as received from the following suppliers: Ac-dC Synbase CPG
1000, dT Synbase CPG 1000, dA Synbase CPG 1000 (Link Technology), DMT-dA(bz) phosphoramidite, DMT-
dG(dmf) phosphoramidite, DMTdC(ac) phosphoramidite, DMT-dT phosphoramidite (Sigma-Aldrich, 99%,
was dissolved 50mM in anhydrous acetonitrile), CAP A (Sigma Aldrich, tetrahydrofuran/pyridine/acetic
anhydride, 8:1:1), CAP B (Sigma Aldrich, 10% methylimidazole in tetrahydrofuran), trichloroacetic acid
Deblock (TCA Deblock, Sigma-Aldrich, 3% in DCM), 5-(Ethylthio)-1H tetrazole (ETT Activator, Sigma Aldrich,
0.25 M in ACN), oxidizer (Sigma Aldrich, Pyridine/Water/lodine, 9:1:12.7), dichloromethane (DCM, Fischer
Scientific U.K., CH2Cl;, analytical reagent grade), acetonitrile (ACN, Sigma-Aldrich, C;HsN), acetonitrile
anhydrous (ACN, 99.8%, abcr GmbH), sodium chloride (NaCl, 99%, Sigma Aldrich), sodium hydroxide (NaOH,
VWR), magnesium chloride (MgCl;, 1M, Fischer Scientific), sodium dihydrogen phosphate (NaH2PO4, Sigma
Aldrich), ammonia solution (NHs, Roth, 28.0-30.0%), 2-propanol (analytical grade), acetic acid (100%)
(Merck Millipore), silicon oil (350cSt, Carl Roth GmbH).

StarPEG-A2o was synthesized as described previously in detail.*3

4.5.2 Instrumentation

High-performance liquid chromatography (HPLC) was performed on a Thermo Fischer Scientific Dionex
Ultimate 3000 HPLC system. The sample was dissolved in Milli-Q water and measured using a gradient from
100% A to 90% B with solvent A being 0.1 M TEAA buffer (1/1) in 95/5 water/acetonitrile, and solvent B

being acetonitrile.

Ultraviolet-visible spectrophotometry (UV-VIS) measurements, used to determine the concentration of
the starPEG-DNA and Amine-DNA building blocks, were performed on an Analytik Jena ScanDrop 250

Spectrophotometer using a cuvette from Hellma with a path length of 3.0 mm.

Matrix-assisted laser-desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS)
measurements were performed using 3-HPA (3-Hydroxypicolinic acid) and ammonium citrate di-basic as

matrix. The measurements were conducted on an Autoflex Il from Bruker.

Rheological Characterization was performed on an Anton Paar Modular Compact Rheometer MCR 302

equipped with a 25 mm plate-plate geometry. Analysis of the data was done with the RheoCompass
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software. The storage, G', and loss moduli, G", were measured in oscillation mode with a constant strain
amplitude of 6%. This value was found to be in the linear viscoelastic range based on the results of an
amplitude sweep at 1 Hz. Frequency sweeps were carried out between 100 Hz and 0.001 Hz at a fixed strain
of 6%. Temperature ramps were performed at a fixed frequency and strain of 1 Hz and 6%, respectively. The
ramping rate of the temperature was 0.3 °C/min. The gap between the plates was fixed at 0.2 mm and a

thin layer of silicon oil was added around the measuring system to prevent evaporation.

4.5.3 Procedures and Synthesis

DNA sequence, synthesis and characterization

Automated solid phase oligonucleotide synthesis

The oligonucleotides were synthesized on a H-8 custom LNA, DNA/RNA automatic synthesizer from K&A
Laborgerate at 10 umol scale employing the standard solid phase B-cyanoethyl-phosphoramidite chemistry
in trityl-on mode. The DNA phosphoramidites (DMT-dT, DMT-dA(bz), DMT-dG(dmf) and DMTdC(ac)) were
diluted to 50 mM with dry acetonitrile and synthesis occurred from the 3' towards the 5' end of the
oligonucleotides on packed solid phase columns.

Deprotection and purification (general procedure for 10 umol scale synthesis)

Cleavage of the oligonucleotides from the solid support and base deprotection was achieved in one step to
ensure optimal yields. The controlled pore glass (CPG) solid support was treated with 10 mL of a 50:50 wt%
mixture of ethylenediamine:toluene for 2 h at room temperature. The deprotection solution was removed
and the column was rinsed with 20 mL toluene to detach synthesized DNA from the support. The synthesized
DNA sequence was then extracted with 5 mL Milli-Q water and purified by reverse phase-HPLC (RP-HPLC).
The solvent was removed by freeze-drying. After purification, the DMT group was cleaved by making a 2
wt% solution of the dry DNA in pH 4.0 (200 mM) NaOAc/HOAc buffer containing 200 mM NaCl and stirring
at 50 °C for 1 h. Precipitation of the sample into a 5-fold excess of 2-propanol removed contaminants and
exchanges counterions to sodium. The solvent was removed by freeze drying and the synthesized strands
were stored at -20 °C until further use. The purity of the obtained oligonucleotides was confirmed with

analytical HPLC and MALDI-TOF.
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Table 4.1. Overview of synthesized oligonuclotides

ID DNA Sequence MW._aic. (g/mol)?
Linker-1 S'TITTITTITT/PC/TITTITTITT 3! 10132.58
Linker-2 S'TTTTTTTTITTITTITTTT TT CCC GTA 15019.68

A /PC/ 3
Linker-3 S1-5'TTITTTTTTITTITTITTIT TT CCC GTA GAC GAC 3! S1-9699.3
S2-5' /PC/ A GTC GTC ATG CCC
TITTTITTITTITTITTITTT 3 S2 -15645.1

@The calculated molecular weights are determined with the Oligo Analyzer package from Integrated DNA technologies (IDT).

Phosphoramidite synthesis
Synthesis of coumarin-linker phosphoramidite (05)

The synthesis of the coumarin-linker phosphoramidite (05) was modified compared to the already published
procedure by Weyel.#”

Instead of starting from DEACM, we decided to start from 7-(diethylamino)-2-oxo-2H-chromene-4-
carbaldehyde (01) which was obtained according to a reported procedure by Weinrich.#®

Using methyl-triphenylphosphoniumbromid, 01 was transformed into 7-(diethylamino)-4-vinyl-2H-
chromen-2-one (02). With 02 in hand, the subsequent synthesis, apart from minor changes, was performed

identical to the already published procedure by Weyel.#

OH
Wittig cis-vic- OH
Olefi nahon Dih, ydroxylat/on
X
76% Et-N 81 %
EtoN 2 o o

EtN
03
C14H15N03 C15H17N02 C+5H1gNO4
245.28 g/mol 243.31 g/mol 277.32 g/mol
DMTr Protection:
i
75%
N(iPr)
oDMTr F\,( E\/CN
o~ 0 ODMTr
Phosphitylation: OH
A iv
86% A
EtoN 0o
EtN 0" o
05 04
CasHs54N307P CaeH37NOg
779.91 g/mol 579.69 g/mol

Figure 4.7. Synthesis of 2-(bis(4-methoxyphenyl)(phenyl)methoxy)-1-(7-(diethylamino)-2-oxo-2H-chromen-4-yl)ethyl (2-cyanoethyl)
diisopropylphosphoramidite (05). i.) KOtBu, PhsPMeBr, THF, r.t., overnight; ii.) K;0s,*2H,0, NMO, in tBuOH/H>0, r.t., overnight; iii.) DMT-CI,
in pyridine, 24 h; iv.) CEO(iPr,)NPCI, DIPEA, in DCM, r.t., 2 h.
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7-(diethylamino)-4-vinyl-2H-chromen-2-one (02)

O M KOtBu (1.0M in THF), =
N PhsP-Me™Br N
THF,overnight
Et,N o~ o EtoN o "0

01 02
C14H15NO3 C15H47NO2
245.28 g/mol 243.31 g/mol

The reaction was performed under inert conditions.

Methyltriphenylphosphonium bromide (4.37 g, 12.2 mmol, 1.0 eq.) was suspended in dry THF (90 mL) and
stirred for 1 h. KOtBu (1 M in THF, 13.4 mL, 13.4 mmol, 1.1 eq.) was added dropwise at 0 °C and the mixture
was stirred first at 0 °C for 30 min then at room temperature for 1 h. A premixed solution of 01 (3.00 g,
12.2 mmol, 1.0 eq.) in dry THF (12 mL) was added dropwise over ca. 1.5 h at =78 °C using a transferring
cannula. The reaction mixture was stirred first at —=78 °C for 4 h, then allowing to reach room temperature
slowly overnight. After the solvent was removed under reduced pressure, the residue was suspended in
DCM (100 mL) and ag. sat. NaHCO3s (75 mL). After phase separation, the aqueous layer was extracted with
DCM (3 x 100 mL), the combined organic layers were dried over Na;SO4 and concentrated under recued
pressure. The residue was purified by flash chromatography (silica-gel, dry load, CH:EA 5:1) to obtain the

title compound 02 (2.27 g, 9.33 mmol, 76 %) as a brown oil.
Analytical data are consistent with those reported in the literature.*’
Note: The cooling towards -78 °C is crucial for this reaction.

R¢=0.35 (silica-gel, CH:EA = 5:1)

1H-NMR (300 MHz, DMSO-ds, /ppm): 7.63 (d, J = 9.1 Hz, 1H), 7.13 (ddd, J = 17.2, 11.1, 0.7 Hz, 1H), 6.69 (dd,
J=9.1,2.6 Hz, 1H), 6.53 (d, J = 2.6 Hz, 1H), 6.15 (s, 1H), 6.12 (dd, J = 17.5, 1.1 Hz, 1H), 5.70 (dd, J = 11.0, 1.1
Hz, 1H), 3.43 (q, J = 7.0 Hz, 4H), 1.12 (t, J = 6.9 Hz, 6H).
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2-(bis(4-methoxyphenyl)(phenyl)methoxy)-1-(7-(diethylamino)-2-oxo-2H-chromen-4-yl)ethyl (2-
cyanoethyl) diisopropylphosphoramidite (05)

N(iP
ODMTr N(Pr); ODMTr N(Pr)2

P< Czpn
on o To™CEN o o

= dry DCM, DIPEA O
EtoN o0 EtN o So
04 05
CasH37NOg C4sH54N307P
579.69 g/mol 779.91 g/mol

Similar to a reported procedure from Weyel.#
The reaction was performed under inert conditions.

Dry DIPEA (0.19 mL, 145 mg, 1.1 mmol, 2.6 eq.) was added to a solution of 04 (250 mg, 0.43 mmol, 1.0 eq.)
in dry DCM (6 mL). Afterwards, CEO(iPr2)NPCI (0.13 mL, 142 mg, 0.60 mmol, 1.4 eq.) was added and it was
stirred at r.t. for 2 h. The solvent was removed under reduced pressure and the resulting residue was directly
purified by flash chromatography (silica-gel, dry load, CH:EA = 2:1). The title compound was obtained as a
yellow foam (05, 292 mg, 0.37 mmol, 86%). LC-MS- and NMR-analysis revealed the formation of both

diastereomers.
Rf = 0.42 (diastereomer 1) and 0.31 (diastereomer 2) (silica gel, CH:EA = 2:1)

1H-NMR (400 MHz, CDCls,Figure 4.8, 5/ppm): 7.46 — 7.35 (m, 2H), 7.34 — 7.12 (m, 8H), 6.82 — 6.70 (m, 4H),
6.51 — 6.40 (m, 2H), 6.23 — 6.14 (m, 1H), 5.16 (ddd, J = 17.2, 8.8, 4.8 Hz, 1H), 3.98 — 3.80 (m, 1H), 3.80 —3.75
(m, 6H), 3.72 — 3.53 (m, 3H), 3.48 (M., 1H), 3.44 — 3.35 (m, 4H), 3.30 (m, 1H), 2.55 (td, J = 6.5, 1.6 Hz, 1H),
2.47 (td, J = 6.5, 2.3 Hz, 1H), 1.23 — 1.15 (m, 15H), 1.03 (m¢, 3H). 3!P-NMR (162 MHz, CDCls,Figure 4.9,
8/ppm): 150.1 (1P), 149.9 (1P).

HRMS (ESI*) m/z for [CasHssO7N3P]*: caled. 780.3772, found 780.3771.
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Figure 4.8.'H-NMR-spectrum (400 MHz) of compound 05, measured in CDCl; at 298 K.

150.13
149.93

<

—150.13
—149.93

150.4 150.2 150.0 149.8
ppm

T T T T T T T
-180 -20

T T T T T T T T T T T T T T T T T T T T T T T T
100 80 60 40 20 0 -20 -40 -60 -80 -100 -160

ppm

T T T T T T T T T T T T T
200 180 160 140 120 -120 -140

Figure 4.9. 3'P-NMR-spectrum (162 MHz) of compound 05, measured in CDClz at 298 K.
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StarPEG-DNA hydrogel preparation

StarPEG-Axo and synthesized hairpin and linker-DNA were dissolved separately at desired concentration in a
25 mM Diphosphate EDTA buffer + 100 mM NaCl + 25 mM MgCI2 (pH = 7.9). The DNA concentration in the
starPEG-Ayo conjugate and in the linker DNA was determined by UV-Vis spectroscopy. StarPEG-DNA
hydrogels were hybridized by mixing equimolar quantities of starPEG-Az0 and linker-DNA in the same buffer.
The sample was heated up to 70 °C for about 15 min and cooled to room temperature at about 1 °C/min.

Samples were kept in the fridge at 4 °C until use. The oligonucleotide sequences of the DNA Linkers are in

Table 4.1.

4.6 Supplementary information

DNA Linkers
a b c
Linker-1 ) ' ' Linker-2 ' ' ' Linker-3
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Figure 4.10. Ananlysis of snythesized DNA linkers. (a - ¢) Analytical HPLC chromatograms of the DNA linker strands after deprotection and

preparative HPLC purification. DNA specific absorbance at 260nm (top) and DEACM specific absrobance at 400 nm (botoom). (d — f) MALDI-TOF
analysis of synthesized DNA linkers.
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Rheological characterization of Linker-1
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Figure 4.11. Rheological characterization of Linker-1. Repeated Temperature sweep cycles (f = 1 Hz, y = 6%, 5-50 °C) of Linker-1 (a) Before
uncaging and (b) After uncaging. Frequency sweeps (f = 0.001-100 Hz, y = 1%) of Linker-1 at different temperatures. (c) Before uncaging and

(d) After uncaging.
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Rheological characterization of Linker-2
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Figure 4.12. Rheological characterization of Linker-2. Repeated Temperature sweep cycles (f = 1 Hz, y = 6%, (5-50) °C) of Linker-2 (a) Before
uncaging and (b) After uncaging. Frequency sweeps (f = (0.001-100) Hz, y = 1%) of Linker-2 at different temperatures. (c) After uncaging.

Rheological characterization of Linker-3
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Figure 4.13. Rheological characterization of Linker-3. Repeated Temperature sweep cycles (f = 1 Hz, y = 6%, (5-55) °C) of Linker-3 (a) Before
uncaging and (b) After uncaging. Frequency sweeps (f = (0.001-100) Hz, y = 1%) of Linker-1 at different temperatures. (c) Before uncaging and

(d) After uncaging.
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5 Synopsis

5.1 Summary and Conclusion

The overarching goal of this thesis was to understand how molecular network connectivity translates to and
influences the macroscopic mechanical properties of hydrogels. This work builds primarily on two building
blocks: the model starPEG, a synthetic polymer with a defined architecture, and DNA connecting motifs.
While pure DNA-based hydrogels are known for their interesting range of properties and promising
applications, their use is often limited by challenges in scalability. By combining the dynamic nature of DNA
hybridization with starPEG, we created hybrid hydrogels that harness the strengths of both building blocks
and demonstrated the correlation between the properties of the DNA connecting motifs and macroscale
hydrogel mechanics. The three projects outlined in this thesis show different strategies to expand the design

space of starPEG-DNA hydrogels.

Chapter 2 presents a comprehensive investigation into the synthesis and mechanical characterization of
starPEG-DNA hydrogels. These hydrogels were synthesized to form quasi-ideal networks with minimal
topological defects, crosslinked by divalent DNA linkers. This modular design enabled precise control over
crosslinking density and connectivity through programmable Watson-Crick base pairing, overcoming the
limitations inherent to randomly crosslinked or heterogeneously structured polymer hydrogels.
Consequently, this approach offers a robust strategy for engineering hydrogels with well-defined and
reproducible mechanical properties. Furthermore, the OP-LPOS synthesis strategy used to synthesize our
starPEG building block allows for the multigram-scale synthesis of these starPEG-DNA hydrogels, directly
addressing challenges of scalability and batch consistency. Through the variation of molecular parameters,
this chapter establishes a quantitative structure—property relationship that bridges molecular design and
macroscopic mechanics. Rheological characterization revealed that the resulting hydrogels exhibit tunable
elastic moduli spanning three orders of magnitude, from the low-Pascal to the kilopascal regime,
encompassing stiffness ranges relevant to biological mechanosensing. The hydrogels exhibited excellent
thermal and mechanical resilience, maintaining their integrity through repeated heating and cooling cycles.
After mechanical disruption, they demonstrated rapid self-healing behavior, fully restoring their structure

and mechanical properties within approximately four minutes. Moreover, the starPEG-DNA hydrogels
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displayed reversible viscoelastic behavior with programmable bond relaxation dynamics and adjustable sol—

gel transition temperatures governed by duplex stability and environmental conditions.

Chapter 3 focuses on understanding how precisely engineered molecular mechanisms translate into
programmable mechanical responses. Through the strategic use of DNA hairpin loops as sacrificial bonds
within the network architecture, these molecular motifs act as force-responsive actuators that unzip under
stress, enabling tunable nonlinear viscoelastic behavior across multiple length scales. By combining SMFS
with macroscopic rheological characterization, we established a direct quantitative correlation between
molecular-level mechanics and the bulk material response. Using AFM-based force extension experiments,
the unzipping and rupture forces of individual DNA hairpins were measured, revealing characteristic force
thresholds determined by sequence composition and stem length. These data were directly linked to
macroscopic observations obtained from oscillatory rheology and uniaxial deformation experiments,
demonstrating that parameters such as energy dissipation and yield strain can be systematically modulated
through variations in DNA hairpin topology. The resulting hydrogel network is able to withstand large
deformations and recover its structure after strain release. This nonlinear mechanical adaptation reflects
the presence of hidden internal length scales that contribute to complex, multi-well energy landscapes

governing the material's macroscopic resilience.

In Chapter 4 the goal was to enable the rapid and efficient modulation of starPEG-DNA hydrogel properties
via light-triggered photo-uncaging. This was achieved by integrating the DEACM photocage into the DNA
linker. Upon irradiation, the hydrogels underwent controlled disassembly, softening and stiffening as
confirmed by rheological measurements showing distinct shifts in G' and T, within minutes of irradiation.
HPLC analysis at 260 nm and 400 nm further confirmed the reproducible kinetics of the photo-uncaging
process, which reached completion within approximately 28 minutes. This approach effectively overcomes
common limitations in light-responsive DNA materials, such as complex synthesis, photodegradation, and
the need for high-intensity light. It provides a straightforward and biocompatible platform for the optical
modulation of hydrogel mechanics. The ability to tune network architecture and mechanical strength via a
noninvasive external stimulus represents a significant advancement in the development of smart soft

materials.
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5.2 Outlook

This thesis established a molecularly defined framework for designing programmable starPEG-DNA
hydrogels with tunable network connectivity, nonlinear mechanical behavior, and light-responsive control.
The findings demonstrate how the intrinsic programmability of DNA can be translated into macroscopic
material properties, bridging the gap between bottom-up molecular engineering and functional material

performance.

The modular starPEG-DNA platform offers precise control over network topology and mechanical properties,
providing a foundation for developing next-generation hydrogels with hierarchical and multi-responsive
architectures. Additionally, the successful embedding of DNA hairpin loops as sacrificial bonds verifies the
effective transduction of nanoscale molecular unfolding events into macroscopic nonlinear mechanics.
Expanding on this principle, future studies should investigate the thermodynamic and kinetic reversibility of
these mechanisms under cyclic loading and environmental fluctuations (e.g., temperature, ionic strength,
or pH). Furthermore, employing strategies that promote refolding and self-repair would lead to materials
that autonomously adapt their stiffness or dissipate energy on demand. Finally, integrating various DNA
motifs with differentiated force thresholds could enable the engineering of hydrogels exhibiting graded
mechanical responses, optimizing them for sophisticated applications in soft robotics and biomimetic

scaffolds.

The integration of DEACM-caged linkers provides a pathway for precise, spatiotemporal control of hydrogel
mechanics using light as an external trigger. Future developments should focus on extending activation into
visible or near-infrared wavelengths to enhance biocompatibility and allow for deeper tissue penetration.
The implementation of reversible photoswitching moieties could unlock further advanced functionalities,

particularly for dynamic applications in biosensing and diagnostics.

Overall, this thesis lays the fundamental groundwork for rationally designed, mechano-adaptive soft
materials that merge the programmability of DNA with the structural versatility of synthetic polymers.
Future research integrating multi-stimuli responsiveness, hierarchical organization, and biological

functionality will advance the field toward autonomous materials that emulate Nature.
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