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Our knowledge can only be finite, while our ignorance must necessarily be infinite.

— Karl R. Popper






ABSTRACT

Nucleic acid vaccines encode subunit antigens on DNA or mRNA level which, follow-
ing transfection of target cells, can be expressed and processed like conventional peptide
antigens. Based on the current state of knowledge, this class of vaccines seems especially
promising in the context of tumor immunotherapy. The present work describes the es-
tablishment of a novel class of non-viral vectors which are based on polypept(o)ides as
underlying material and are capable to deliver nucleic acid vaccines into dendritic cells. In
the context of medical application, polypept(o)ides hold great promise as a source material
for the formation of biocompatible nanoparticles, since they combine high stability in aque-
ous solution, unique secondary structures and the intrinsic multifunctionality of the amino
acids with enzymatic degradability. In order to bring nuceic acids into an intravenous ad-
ministration form, the polypept(o)ides developed in this work are designed to condense
pDNA or mRNA into polyplexes with core-shell architecture (PeptoPlexes).

Introducing nucleic acids into non-dividing cells like dendritic cells is a challenging pro-
cedure. Thus, throughout the PhD thesis, polypept(o)ides and PeptoPlexes were constantly
refined and functionality of the systems was increased successively. Methods applied for
the development of PeptoPlexes involved organic and polymer synthesis, physicochemical
characterization, biochemistry, microscopy studies, cell biology and animal studies. Even-
tually, the latest generation of PeptoPlexes succeeded in the transfection of dendritic cells
by mimicking key functions of viruses, namely, targeted cellular uptake, stimuli-responsive
disassembly, endosomal escape and nuclear import of the genetic code. Preliminary in vivo
experiments indicate a favorable biodistribution of PeptoPlexes. ..

KURZDARSTELLUNG

Nukleinsdure-basierte Impfstoffe codieren spezifische Antigene auf DNA- oder mRNA-
Ebene, welche nach der Transfektion entsprechender Zielzellen exprimiert und wie ein kon-
ventionelles Peptidantigen prozessiert werden kénnen. Nach gegenwirtigem Forschungs-
stand ergeben sich fiir diesen Vakzin-Typ besonders im Bereich der Tumorimmuntherapie
vielversprechende Anwendungsmoglichkeiten. In der vorliegenden Arbeit wird eine neue
Klasse non-viraler Vektoren etabliert, die auf Polypept(o)iden als zugrundeliegendem Ma-
terial basieren und in der Lage sind, Nukleinsdure-Vakzine in dendritische Zellen zu trans-
portieren. Im Hinblick auf die medizinische Anwendung bilden Polypept(o)ide ein sehr
gut geeignetes Ausgangsmaterial fiir die Herstellung von biokompatiblen Nanopartikeln,
da sie hohe Stabilitdt in wassriger Losung, einzigartige Sekundarstrukturen und die intrin-
sische Multifunktionalitdt der Aminosduren mit enzymatischer Abbaubarkeit vereinen. Um
Nukleinsduren in eine fiir die intravendse Gabe geeignete Darreichungsform zu bringen,
sind die in dieser Arbeit entwickelten Polypept(o)ide darauf ausgelegt, mRNA oder pDNA
zu kondensieren und Polyplexe mit Kern-Schale-Struktur auszubilden (PeptoPlexe).
Nukleinsduren in teilungsinaktive Zellen, wie es dendritische Zellen sind, einzubringen,
stellt eine grofie Herausforderung dar. Daher mussten die Polypept(o)ide und PeptoPlexe
wahrend der Doktorarbeit permanent weiterentwickelt und ihre Funktionalitdt schrittweise
erhoht werden. Im Zuge der PeptoPlex-Entwicklung kamen Methoden aus dem Bereich der
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organischen Synthese und Polymersynthese, Methoden zur physikochemischen Charakte-
risierung, biochemische Methoden, Mikroskopie-Studien, Zellbiologie sowie Tierstudien
zum Einsatz. Schliefilich konnte mit der neuesten Generation an PeptoPlexen eine erfolg-
reiche Transfektion von dendritischen Zellen erreicht werden. Die Effizienz der PeptoPlexe
kommt dabei durch die Nachahmung viraler Schliisselfunktionen, d.h. zielgerichtete zellu-
lare Aufnahme, stimuliresponsive Disassemblierung, aktive endosomale Freisetzung und
aktiver Transport der genetischen Information in den Zellkern, zustande. Vorldufige Expe-
rimente in vivo deuten auf eine vorteilhafte Biodistribution der PeptoPlexe hin. ..
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INTRODUCTION






OBJECTIVES AND OVERVIEW

The following work is the result of around three years of research and involves the system-
atic development of polypept(o)ide-based non-viral vectors conceptualized for the delivery
of nucleic acid vaccines in the context of cancer immunotherapy. Evolution of these systems
started with simple diblock copolymer structures and eventually led to the generation of
artificial viruses, which are able to transfect primary dendritic cells.

Polypept(o)ides are hybrid polymers with polypeptide and polypeptoid blocks. They
combine high stability in aqueous solution, unique secondary structures and the intrinsic
multifunctionality of the amino acids with enzymatic degradability. Thus, polypept(o)ides
depict a very promising source material for a novel class of biocompatible nanoparticles
designed for medical application.

Apart from recombinant and solid phase synthesis, polypeptides as well as polypeptoids
are accessible by the ring-opening polymerization (ROP) of o-amino acid N-carboxyanhy-
drides (NCAs). NCA polymerization allows a fast and cost efficient large scale produc-
tion of polypeptides/polypeptoids with yet low dispersities (<1.2). Although it does not
provide precise control over the peptide primary structure it still gives access to polypep-
tide architectures with defined block sequence and is the method of choice whenever the
latter is sufficient, as for example in the case of block copolymer synthesis. Covering the
most important recent literature on polypeptides and polypeptoids, Chapter 2 provides a
comprehensive overview of the synthetic aspects of this class of polymers as well as their
application in nucleic acid delivery, theranostics and vaccination.

Nanoparticles, in general, allow an entirely new strategy in vaccination. Opposed to
the classic administration of attenuated whole pathogens or fragments thereof, sequence-
defined subunit antigens can now be combined with appropiate adjuvants on a single
particle and then co-delivered to target cells. Chapter 3 describes recent developments in
this novel field of nanoparticulate vaccine delivery.

Instead of administration in peptide form, subunit antigens can also be encoded on
plasmid DNA (pDNA) or messenger RNA (mRNA), forming a class of nucleic acid-based
vaccines. Professional antigen-presenting cells (APCs), notably dendritic cells (DCs), trans-
fected with these vaccines produce the encoded antigen in situ after transcription/trans-
lation of the genetic information. Subsequently, the generated peptide can be processed
along MHC pathways like any other peptide antigen.['l Yet, what sets nucleic acid vaccines
apart from conventional peptide-based formulations is efficient presentation of antigens via
MHC I to CD8" T cells by all subpopulations of DCs, since nucleic acid-encoded transgenes
are expressed like endogenous genes. Especially in anti-cancer vaccination, a CD8* T cell-
based immune response as induced by MHC I presentation is important for killing of tumor
cells and thus desirable. In contrast, with the exception of cross-presentation, exogenous
peptide antigens internalized by dendritic cells are predominantly presented via MHC II
and might thus be less suited for activation of CD8" T cells. In the particular case of
pDNA, a DC-specific promotor like the fascin gene promotor promises an additional level
of specifity, preventing antigen expression/presentation in non-target cells and reducing
side effects, as, for example, immune tolerance.

Recently, BioNTech, as first company worldwide, has successfully translated a mRNA-
based individualized cancer vaccine from bench into clinics using a systemically injectable



nanoparticulate lipid formulation.!> 31 Multiple other companys are now on the brink of en-
tering clinical studies with individualized nucleic acid-based vaccines.[*! This trend clearly
demonstrates the demand for innovative nucleic acid delivery concepts like the one pro-
posed in this work.

In vivo delivery of nucleic acids requires vectors, which protect their cargo during blood
circulation while mediating efficient transfection of target cells. Viruses and virus like
particles for gene therapy have been researched extensively and reached a level of great
sophistication. Nevertheless, they still face several issues and concerns such as immuno-
genicity, restricted loading capacity, undesired cell tropism and challenging analytics and
production.[5] Non-viral vectors, on the other hand, often suffer from poor transfection
efficiency or low stability during blood circulation. The aim of this PhD thesis is to estab-
lish polypept(o)ides as novel non-viral vectors for the delivery of nucleic acid vaccines to
dendritic cells (DCs) and to develop appropiate strategies to overcome the aforementioned
obstacles of non-viral vectors.

Efforts started with the synthesis of diblock copolypept(o)ides combining a cationic
polylysine (PLys) block for complexation of pDNA and a hydrophilic polysarcosine (PSar)
segment for shielding. As described in Chapter 5, various PLys-b-PSar polymers of dif-
ferent block lenghts were investigated for the formation of polyplexes (in the following
termed PeptoPlexes) and transfection efficiency in HEK 293T cells was assessed to eluci-
date basic structure-property relationships. In Chapter 6 the question of how many pDNA
molecules are located within a single PeptoPlex is addressed by means of TIRF microscopy.

Quickly it became clear, that a simple diblock system with cationic and shielding block,
although being quite efficient in transfecting HEK 293T cells, was insufficient for nucleic
acid delivery to DCs. In a side project addressing cellular uptake as the first step of cell
transfection, mannose was investigated for its suitability to function as DC-targeting ligand
(Chapter 7). First, a mannose initiator was applied to generate amphiphilic polypept(o)ides
with a polysarcosine and a poly(glutamic acid y-benzyl ester) (PGlu(OBn)) block. Second,
micelles were prepared from the obtained polymers and analyzed for their binding to
DCs. These studies laid the groundwork for the later functionalization of PeptoPlexes with
mannose and other targeting ligands.

After cellular uptake, the endosomal escape of any nanoparticle is the next main hurdle
for efficienct intracellular delivery. In order to address this issue and to increase trans-
fection efficiency of PeptoPlexes, a third functionality in form of endosomolytic moieties
is eminently important. One way to incorporate this functionality into the PeptoPlexes is
to extend the underlying polymers with a third block. Hence, PLys(Boc)-b-PLys(TFA)-b-
PSar triblock copolypept(o)ides with orthogonally deprotectable PLys segments were es-
tablished forming the basis for all following developments (Chapter 8). The main idea
behind this system is that the PLys(TFA) segment can be deprotected without affecting
the PLys(Boc) block, making the e-amines available for polymer analogous reactions and
further functionalization.

Histidine is a well-known endosomolytic agentl®! which acts through its pH buffering ca-
pacity between pH 4 and 6, eventually triggering the so-called proton sponge effect during
endosomal acidification.l”l Thus, the PLys-b-PSar diblock copolypept(o)ides developed in
Chapters 5 and the middle segment of the triblock copolypept(o)ides developed in Chapter
8 were modified with histidine to increase their transfection efficiency. Chapter 9 outlines
how the polymer microstructure of the corresponding histidinylated copolypept(o)ides, i.e.
statistical distribution of histidine along the polymer chain versus defined triblock archi-
tecture, influences physicochemical and biological properties of derived polyplexes. The
comparative study was supported by simulations of polymer-pDNA interactions (bead
spring model) as well as by experimental data.



In comparison to randomly histidine-modified diblock copolymers the triblock struc-
ture turned out to be superior for pPDNA complexation, yielding PeptoPlexes of favorable
physicochemical and biological properties. Consequently, this architecture was further
adapted for the next step in PeptoPlex development (Chapter 10). This time, instead of
histidine, succinimidyl 3-(2-pyridyldithio)propionate (SPDP) was utilized to install the mid-
dle block with activated thiol groups. Subsequently, these groups could be combined with
thiol-containing cross-linkers to bioreversibly stabilize PeptoPlexes via disulfide bonds and
to enhance their transfection efficiency. The cross-linkers are designed to be bifunctional: in
addition to thiols for disulfide formation, they also contain pH buffering secondary amines
similar to histidine, rendering them endosomolytic. Furthermore, combining one triblock
copolypept(o)ide with various different cross-linkers enabled the quick generation of a Pep-
toPlex library. This modular approach finally yielded a PeptoPlex fomulation, which was
able to transfect a model dendritic cell line (DC2.4) with a model pDNA vaccine.

Following the development of triblock copolypept(o)ide-based PeptoPlexes, a side project
was devoted to image endosomal escape of histidine-modified as well as cross-linkable
PeptoPlexes by means of spinning disc confocal microscopy (Chapter 11). Visualization
of endosomal escape was achieved by employing galectin-8 as intracellular marker for the
staining of damaged endosomal compartments. The approach allowed a qualitative com-
parison between different PeptoPlex forumulations.

Finally, as last step of PeptoPlex improvement presented in this work, a PeptoPlex-based
artificial virus was created in which the cross-linkable triblock copolypept(o)ides function
as a framework for the attachment of several virus-inspired components: I) For enhanced
DC targeting mannose, trimannose or aDEC205 can be installed on the PeptoPlex surface
by click reaction. II) Cross-linking of PeptoPlexes is conducted with a cystein-containing fu-
sogenic peptide (LAH4-L1),8! which is released in the endosome upon cellular uptake and
catalyzes endosomal escape by membrane interaction. III) In case of pDNA delivery a nu-
clear localization signal (NLS) is attached to the plasmid via intercalation, which mediates
the import of the pDNA into the cell nucleus.

The virus-mimicking PeptoPlexes were evaluated for pDNA and mRNA delivery to
murine bone marrow-derived dendritic cells (BMDCs) and human dendritic cells (Chap-
ter 12 and 13). Dendritic cells were successfully transfected with these systems, as proven
by reporter gene readout as well as a functional T cell proliferation assay. Moreover, first
in vivo experiments in mice were performed to investigate biodistribution of the final Pep-
toPlexes after systemic injection (Chapter 14).






2 MATERIAL ASPECTS OF POLYPEPTIDES

Taken in part from: P. Heller, C. Scholz, M. Barz, “Material Aspects of Polypeptides”, to be
submitted

2.1 SYNTHESIS AND CHARACTERIZATION OF POLYPEPTIDES/
POLYPEPTOIDS/POLY(AMINO ACID)S USED IN MATE-
RIAL APPLICATIONS

2.1.1 Polymerization Techniques

The ring-opening polymerization of N-carboxy-a-amino acid anhydrides (NCA) is the most
widely used synthetic method to access poly(amino acid)-containing materials, allowing
production of high molecular weight polypeptides in large scale and without detectable
racemization.[%!

The synthesis of NCAs and their polymerization were first described by Hermann Leuchs
at the beginning of the 2oth century.['">?I Today, the common synthetic route for NCA for-
mation is the Fuchs-Farthing method, '3 4] nevertheless, Leuchs method is still being used
for synthesis of NCAs which are not directly accessible by phosgenation.l'> *°l Starting
from 1921, NCA polymerization for the directed synthesis of polypeptides was for the first
time applied by Theodor Curtius and Fritz Wessely.'7>'] Since the pioneering work of Dem-
ing in 1997 establishing a transition metal-mediated version of NCA polymerization, 2% 3]
a variety of further methods and advancements enabling living/controlled NCA polymer-
ization have been published and detailed in excellent reviews.[*# 231 The most common
principle behind these methods is to replace the activated monomer mechanism (AMM) of
NCA polymerization with other more favorable chain growth polymerization mechanisms,
as the former in general produces high molecular weight polymers of large polydispersi-
ties and without any control over chain length or end-group functionality. Because AMM is
induced through initiation by bases and basic impurities, its suppression on the one hand
can be achieved with sophisticated initiatorsl*> 3 2 27l substituting the more traditional
amine initiators. On the other hand, AMM may also be prevented by employing extremely
pure and dry reagents and solvents (most frequently THF and DMF), optionally combined
with high vacuum techniques (HVT),?*] polymerization at low temperatures!?! or both,>°!
all allowing application of conventional amine initiators (normal amine mechanism, NAM)
while still suppressing AMM.

Apart from shifting reaction mechanism, there are other critical points during NCA poly-
merization which also have been subject to optimization efforts. Only lately, an organocata-
lysis-based methodology for NCA polymerization exploiting a thiourea derivative was re-
ported by the group of Hadjichristidis.3"! Through hydrogen bonding, N,N’-bis[3,5-bis(tri-
fluoromethyl)phenyl]thiourea (TU-S) tackles several reaction steps within the NCA poly-
merization process at the same time. It simultaneously provides activation of NCA mono-
mers, reversible deactivation of polymer chain ends and silencing of tertiary amines. In this
way, well-defined linear (PDI 1.02-1.05) and multi-arm polypeptides could be obtained. In a



different work, thiourea had already been utilized for its chaotropic properties to suppress
secondary structure formation of the growing polypeptide chain during polymerization.3?!

Further more recently described strategies for optimizing NCA polymerization involve
the application of N, flow to accelerate the polymerization reaction by CO, removall?3! or
initiation by ammonium tetrafluoroborate salt,B4] which depicts an advancement from the
original ammonium chloride initiator reported by Dimitrov and Schlaad.*”!

Cameron and co-workers discussed a simplified approach to NCA polymerization delib-
erately avoiding the more elaborate methods!?3! proposed by other groups. Conventional
primary amine initiation in combination with rigorously purified educts and THF as sol-
vent led to defined homopolypeptides, although in general polydispersities were higher
than those obtained with other methods.[35!

In summary, all the described novel developments in NCA polymerization from of the
last two decades now enable the synthesis of well-defined polypeptide materials with high
complexity and functionality.

In our own studies involving polypeptide synthesis by NCA polymerization we observed
that for an average degree of polymerization up to 100 clean polymerization conditions and
reduced temperatures readily yielded well-defined polymers.3% 371 From our experience
we can thus conclude that in this polymer size regime highly pure monomers, solvents
and initiators in combination with inert polymerization conditions are sufficient to afford
polypeptides of narrow molecular weight distribution. For higher chain lengths, additional
measures as reported by other groups and described above are necessary.

2.1.1.1 Initiators

To promote NCA polymerization in a living/controlled fashion initiators should exhibit
high nucleophilicity, particularly with respect to the propagating chain, but weak basicity.
Only under this condition polymerization can proceed along favorable mechanisms like
NAM instead of the AMM. Suitable nucleophilic initiators which have been employed suc-
cessfully therefore include transition metal complexes,3®! silazanes/trimethylsilyl (TMS)
amines, 26 39! primary amines or their corresponding salts,[2734] alcohols, 3% 49! thiols, 4]
amidines/#?l and N-heterocyclic carbenes[#745]. Heise and co-workers lately introduced
photopolymerization of NCAs through in situ generation of a cyclohexylamine initiator by
UV-induced breakdown of photoamine generators. 4]

Initiators can also bear additional chemical functionalities to create polypeptides with
distinct o-chain end groups. For example, dual initiators can combine NCA polymerization
with atom transfer radical polymerization (ATRP),l47] reversible addition-fragmentation
chain-transfer (RAFT),[4®! or nitroxide-mediated polymerization (NMP)49! creating a poly-
peptide macroinitiator as intermediate product, respectively. Polypeptides deployable for
click chemistry can be generated with azido and alkyne or dibenzocyclooctyne containing
initiators, allowing the combination of the polypeptide with other polymer blocks,!553!
poly- saccharides,[5% 551 polypeptides,[5% 571 lipophiles,!5®! targeting ligands/>?! or nano-
particles!®l.

Holm et al. recently introduced another example for a bifunctional initiator.’] Mono-
Boc-cystamine was applied for the successive polymerization of sarcosine (Sar) NCA and
y-benzyl-L-glutamate (Glu(OBn)) NCA after intermediate capping and deprotection steps.
The synthetic procedure yielded amphiphilic polymers with a disulfide linkage between
both blocks.

Finally, amine end group-containing macroinitiators, e.g. PEG-NH,*>*5! or polysarco-
sine (PSar)[®®l can be applied in NCA polymerization to generate block copolymers and
copolymer hybrids, while initiators with multiple amine groups such as PAMAM G4!®7!
provide access to more complex architectures like dendrimer or star-shaped polymers.[®571]



In addition to soluble initiators, suitable surface-bound nucleophilic moieties like pri-
mary amine groups can also be used to induce polymerization of NCAs.[7>74 Thus de-
rived polypeptide layers may provide multifunctional biocompatible interfaces. Exemplary
studies will be covered in the “Grafted Polypeptides” section.

2.1.2 Linear and Cyclic Homopolymers

The most simple polymers which can be obtained by NCA polymerization are homopolypep-
tides. Historically, homopolypeptides produced by NCA polymerization were used as
models for natural polypeptides and proteins to elucidate relationships between primary
and secondary structure.?#l In this way, amino acids could be categorized according to
their conversion to a-helix, B-sheet or random coil-forming polypeptides.!7> 7]

These different secondary structures, which can be adopted by (homo)polypeptides, may
interfere with standard polymer analytics such as GPC, leading to artifacts, as pointed out
by Huesmann et al. for the example of poly-L-lysine (PLys).3° The group investigated
poly(N-e-benzyloxycarbonyl-L-lysine) (PLys(Z)) and poly(N-e-trifluoroacetyl-L-lysine)
(PLys(TFA)) of chain lengths between 20 and 200. Counterintuitively, GPC traces were
bimodal for smaller polymers, but monomodal for larger ones. Moreover, it was found that
during polymerization a growing PLys(Z) chain undergoes a transition from monomodal to
bimodal and back to monomodal distribution. The observations could be explained by the
co-occurrence of random coil and o-helix conformation in a certain chain length range, as
determined by circular dichroism spectroscopy. The effects on GPC traces thereby derived
from a 1.6-fold increase in the hydrodynamic volume of the polymers at the coil-helix
transition.

Polyglutamic acid (PGA) and its derivatives probably are the most widely studied ho-
mopolypeptides. At physiological pH, PGA has a negative net charge and adopts a ran-
dom coil conformation, while undergoing a transition to a-helical structure with decreasing
pH.I77 78] Protected precursor polymers of PGA are easily accessible by NCA polymeriza-
tion with dispersities as low as 1.10.[791 Moreover, PGA is highly hydrophilic and biocom-
patible. Together with the side chain carboxylate groups allowing various modifications
and derivatizations, %> 8] these properties make it a very interesting material for biomedi-
cal applications.

Known under the name Paclitaxel Polyglumex (Opaxio), PGA is employed as carrier for
the cytostatic drug paclitaxel of the taxane family.[*> 831 The drug is conjugated by ester
linkage to the y-carboxylic acid side chains of the PGA backbone. The proposed mech-
anism of action is intracellular release of active paclitaxel after endocytosis and cleavage
by lysosomal enzymes./®4 PGA-paclitaxel conjugate has been tested in clinical trials for
the treatment of several cancer types.l®5! Currently, it is evaluated as maintenance therapy
for ovarian cancer in a phase 3 study. Further PGA-based drug formulations investigated
are PGA-doxycycline!®! for the treatment of rare amyloidotic disease and conjugates of
PGA and an anti-apoptodic peptide to reduce inflammation in kidney cells.’”] Another
concept for PGA-conjugates envisages to exploit its hydrophilicity and biocompatibility for
the masking, delivery and stimuli-responsive unmasking of therapeutic proteins.*l

The a-helix conformation which in principal can be adopted by homopolypeptides such
as PGA is an interesting motif within the biomedical application context as it emulates the
three-dimensional structure of natural peptides and proteins. Yet, as pointed out above,
at physiological pH PGA exists as random coil rather than as o-helix because electrostatic
repulsion of the side chains destabilizes the latter. Consequently, it is not surprising that
in recent years, significant effort has been undertaken to establish PGA derivatives with in-
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creased o-helical content and stability. In this regard, using HMDS initiator Cheng and co-
workers synthesized an array of side chain-modified PGA derivatives, which differed in the
hydrophobicity and the length of an alkyl spacer within the modified side chain (grafting
efficiency 95%).791 The alkyl spacer was introduced by post polymerization esterification
of the y-carboxylate groups and contained a primary amine at the opposite end. Longer
and more hydrophobic spacers correlated with a higher o-helical content and increased
helix stability of the respective PGA derivatives, as determined by circular dichroism spec-
troscopy. These results can be explained by hydrophobic stabilization and the separation
of the charged primary amines from the polypeptide backbone, which is paralleled by less
electrostatic repulsion interfering with the a-helical structure. The work culminated in the
synthesis of y-(4-vinylbenzyl)-L-glutamate (VBLG) NCA and its polymerization yielding
poly(y-(4-vinylbenzyl)-L-glutamate) (PVBLG) of low dispersity (<1.1, DP up to 267).

In several studies, the groups of Jianjun Cheng and Paula T. Hammond extended the
research on a-helical PGA derivatives. Thereby, PVBLG, poly(y-propargyl l-glutamate)
(PPLG)!®°! and other structures formed the starting material for further polymer analogous
reactions (in case of PVBLG: ozonolysis and reductive amination, for PPLG: click reactions)
affording ionic polypeptides with stable a-helix conformation, which were utilized for nu-
cleic acid delivery (e.g. PVBLG-8/PPABLG as the most effective PVBLG derivative)!® %] or
as antimicrobial substances!" 92|, The stable o-helical structure plays a crucial role in both
applications as it facilitates membrane destabilization and pore formation thereby mim-
icking natural o-helical cell penetrating peptides (CPPs).[°! For instance, racemic PVBLG
derivatives with random coil structure exhibited far inferior transfection efficiencies.!®"!

Another application of PGA-derived o-helical polypeptides reported by Hammond and
co-workers is the use as backbone material in hydrogel scaffolds, which can be employed
for tissue engineering. Mimicking natural extracellular matrix proteins, the o-helical struc-
ture again has a crucial impact in dictating stiffness and nanoscale organization of the
derived hydrogels.[93 941

As the reactive side chain carboxylate group of glutamic acid NCA has to be protected
during polymerization - most commonly via a benzyl ester - it is not surprising that the
protected precursor polymer of PGA, poly(y-benzyl-L-glutamate) (PBG), enjoys consider-
able popularity as hydrophobic PGA-derivative. For instance, Donghui and co-workers
recently studied a series of pyrenyl-terminated PBGs (PDI 1.17-1.55, M, up to 14.8 kDa for
[M]:[I] 100:1), obtained from initiation with 1-pyrenemethylamine hydrochloride, for their
interaction with single-walled carbon nanotubes (SWCNTs) in solution and solid state.[95]

The group of Deming lately reported on phosphorylcholine derivatives of poly(homo-
serine).[%! Precursor polymers with PDI around 1.20 and DP up to 130 could be readily ob-
tained by polymerization of corresponding NCAs with Co(PMe;), initiator. A one-step post
polymerization reaction involving nucleophilic substitution of bromide and removal of the
benzyl protective groups at the phosphate side chain yielded poly(L-phosphorylcholine ho-
moserine). In contrast, the synthetic procedure was not suitable for poly(L-phosphorylcho-
line serine) due to 3-elimination of the serine, followed by chain degradation.

The Deming group has also extensively studied thioether-containing polypeptides for their
applicability as stimuli-responsive systems.[771° Using cobalt-based initiators in THF, ho-
mopolymers from methionine NCA or various derivatives of cysteine and homocysteine
NCAs with low dispersities (<1.2) were successfully synthesized. The thioether motif in
all these polymers allows redox-responsive (oxidation to sulfoxide/sulfone)l” 1°2I or even
multistimuli-responsive (oxidation, alkylation, temperature)!'®! transition from o-helix to
random coil structure. As a second feature, chemoselective alkylation reactions at the



thioether group permit various post polymerization derivatizations of the precursor poly-
mer.[98, 101]

Dong and co-workers synthesized L-PCys(S-(o-nitrobenzyl) (PDI 1.46, M, 2.7 kDa) and D,L-
PCys(S-(o-nitrobenzyl) (PDI 1.46, M,, 6.4 kDa) as another class of stimuli-responsive PCys
derivatives.['%3] Here, the o-nitrobenzyl groups can be cleaved by UV radiation, thereby
increasing hydrophilicity of the polymer segment!'*4 and making the freed thiol groups
accessible for disulfide cross-linking or side chain modifications like grafting-onto of
PEG480.1103, 103]

Also aiming for redox-responsive homopolypeptides, Schéfer et al. just recently reported
on the polymerization of S-alkylsulfonyl-L-cysteine NCA to obtain PCys(SO,Et),3,s (PDI
1.13-1.15, My up to 11.6 kDa) or PCys(SO,iPr),5..; (PDI 1.15-1.17, M, up to 9.5 kDa) for
chemoselective asymmetric disulfide formation.['°®! The two novel protective groups are
stable during NCA polymerization or peptide coupling conditions while reacting with
thiols within minutes.

Complementary to thiol-containing poly(amino acids), poly(histidine) (PHis) depicts an-
other stimuli-responsive, i.e. pH-responsive homopolypeptide. The imidazole ring with
its unsaturated nitrogen atom can be protonated at pKa ~ 6.5, rendering PHis soluble
at lower pH (~6.3) and insoluble at physiological pH (7.4).'7l As for other amino acids
with reactive side chains, the imidazole nitrogen has to be protected during polypeptide
synthesis to prevent interference with the polymerization reaction. Iatrou and co-workers
developed a novel N™-trityl-protected histidine NCA to obtain well-defined polyhistidine
(PHis) using high vacuum techniques and dimethylamine as initiator (PDI 1.12-1.23, M, up
to 36.3 kDa).["®l The polymerization followed first order kinetics and proceeded without
termination reactions, although slower than for other common NCAs. The trityl group
could be easily removed with TFA in dichloromethane. According to circular dichroism
spectroscopy, PHis switched conformation from random coil to 3-sheet with increasing pH.
Moreover, the pK, of the polymers depended on the molecular weight and could be tuned
by randomly adding leucine or y-benzyl glutamate into the PHis chain.

Defined poly(O-benzyl-L-threonine) PBnT (PDI 1.16-1.40, Mj, up to 30.9 kDa for [M]:[I] 150)
was synthesized for the first time by Gibson and Cameron employing the above described
simplified NCA polymerization approach.5! The polymerization displayed first-order ki-
netics and led to monomodal weight distribution and predictable M,,. PBnT was also
successfully incorporated into diblock copolymers.

Other NCA-polymerized homopolypeptides which have been investigated and recently re-
ported in literature include polyalanine,*®! poly(aspartic acid) (PAsp)l**! and poly(proline)
(PPro). Among these, the latter is particularly interesting because of its unique o-helical
secondary structure. PPro either adopts the poly(proline) II helix (PPII), for example found
in collagen,[“l] or less frequently the poly(proline) I helix (PPI). Because of the helix con-
formation, PPro like PGA is a reasonable backbone material for artificial cell penetrating
agents.'"?l Due to the cyclic structure of proline and the resulting conformational restric-
tions, the corresponding NCA cannot be synthesized with classic Leuchs or Fuchs-Farthing
procedure, as the N-carbamoyl intermediate does not cyclize spontaneously. Recently
reported methods to overcome this issue involve the application of polymer-supported
bases!''3] or Boc-protected proline instead of the free amino acid**4l. The group of Had-
jichristidis and Iatrou harnessed this methodology to obtain well-defined PPro hompoly-
mers (PDI 1.23-1.26, M, up to 13.0 kDa).l'"4 1151

In an attempt to generate a more lipophilic and stable analogue of PPro, Martin et al.
synthesized D- and L-poly(silaproline) (polySip), a silicon-containing derivative. Interest-
ingly, they used a secondary amine in the form of O-benzyl-protected proline instead of
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a more conventional primary amine as initiator. In case of proline this should not be dis-
advantageous, as the N-substitution prevents the occurrence of AMM. Unfortunately, no
characterization of the obtained polymers by SEC was provided. According to circular
dichroism spectra, polySip adopted a PPII conformation like PPro, albeit with increased
thermal stability.[**]

Apart from homopolypeptides, homopolypeptoids - their N-substituted analogs - have
been studied by several groups, although the same variety of NCAs as for polypeptides
is not yet established. Similar to proline, the N-substitution within the underlying NCA
monomers (NNCAs) prevents reaction via the AMM, facilitating a controlled polymeri-
zation.['*% 117, 1181 Though, with the exception of PSar, polypeptoids have been rediscovered
only recently.l43 119 12°] Luxenhofer and co-workers detailed the preparation and character-
ization of various hydrophilic, hydrophobic and amphiphilic homopolypeptoids bearing
C1-C4 side chains, which could be obtained with Poisson distribution (PDI 1.14-1.31 de-
pending on NCA, M,, up to 5.4 kDa for PSar with [M]:[I] 100:1).'*'] The syntheses were
initiated with benzylamine and carried out in benzonitrile or N-methyl-2-pyrrolidinone
(NMP). Polymerizations followed first-order kinetics. The polymerization rates for PSar
were examined more closely and showed dependencies of solvent, acid content of the re-
action solution and pressure. In a follow-up publication the group extended the research
on this polymer class, this time investigating the thermal properties of homopolypeptoids
with C1-Cj5 side chains.['??]

Aside from linear homopolypeptides and homopolypeptoids, their cyclic analogues can
also be derived from NCA polymerization. In fact, cyclic polypeptides were confirmed as
side products of NCA polymerization in nucleophilic solvents such as DMSO, DMF and
NMP.[*23 1241 Directed synthesis of various cyclic polypeptides was achieved by thermal
NCA polymerization['?3! or by using pyridine or N-ethyldiisopropylamine as catalysts!'2°l.
However, all these methods do not allow the synthesis of defined products. In contrast,
for cyclic polypeptoids controlled polymerization is possible with the already mentioned
amidinel*?l and N-heterocyclic carbenel#> 44 initiators, as demonstrated for the first time
by Zhang and co-workers. In this case the cyclization reaction occurs as the last step of
a zwitterionic ring-opening polymerization between oppositely charged chain ends. The
Zhang group employed this methodology to obtain cyclic poly(N-Bu-glycine) from initi-
ation with bis(2,6-diisopropylphenyl)imidazol-2-ylidene in THF and compared it with its
linear analogue.l43! Good control over the molecular weight and PDI (1.04-1.12) was main-
tained even for higher [M]:[I] ratios up to 400:1, indicating a living polymerization with
minimal inter- or intrachain transfer. Interestingly, when the solvent of the polymerization
was changed from THF to DME i.e. to a solvent that can better stabilize zwitterionic species,
control of the polymerization was significantly compromised. In a subsequent study, the
group synthesized a series of linear and cyclic polypeptoids bearing various linear or
branched alkyl side chains for investigations on crystallization and melting behavior.['27]

A synthetic route towards defined cyclic homopolypeptides by post polymerization cy-
clization was proposed by Politakos et al. The group compared linear and cyclic benzyl-
protected poly(L-tyrosine) obtained by ROP of the corresponding NCA with hexamethylene
diamine under high vacuum conditions and subsequent cyclization with phosgene.[28! As
expected, both polymers virtually exhibited the same molecular weight and polydispersity
in GPC (PDI 1.06, Mn 2.6 kDa for linear and cyclic species). With regard to secondary struc-
ture, linear poly(L-tyrosine) adopted 3-sheet conformation whereas cyclic poly(L-tyrosine)
existed as a mixture of o-helix, 3-sheet and random coil. These conformational differences
i.a. were reflected in smaller particle size, less aggregation and smaller polydispersity for
cyclic poly(L-tyrosine), as determined by DLS.
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2.1.3 Copolymers

Copolypeptides result from the combination of different polypeptides with each other or
with other polymer classes. While one polypeptide component may introduce multifunc-
tionalitiy (functional groups, secondary structure, stimuli-responsiveness, degradability
etc.) present on the assortment of amino acids, the other component (be it peptidic or
non-peptidic) may provide solubility, processability, nonfouling properties, etc., leading to
sophisticated materials with higher complexity than their single elements.

Since NCA polymerization can be conducted with simultaneous or sequential feeding
of different NCA monomers, random and block copolypeptides can be generated in a
one pot approach.[24' 291 Fyrthermore, the combination of NCA polymerization with other
polymerization techniques, for example through the use of macroinitiators, provides conve-
nient access to hybrid polymers.[°! In both cases, post polymerization joining of individual
blocks depicts a valuable supplementary methodology. Finally, grafting-from and grafting-
onto techniques enable more elaborate copolymer architectures like star-shape and bottle
brushes. Considering this toolbox of various synthetic methods, it is no surprise that a
plethora of fully copolypeptide as well as polypeptide hybrid materials have been estab-
lished in recent years, which can only be sketched in this chapter.

2.1.3.1 Block Copolymers

Block copolypeptides and hybrids can be generated either by polymerizing from a (ho-
mopolypeptide) macroinitiator or by multi-step feeding of different NCA monomers with-
out intermediate workup. Early studies on block copolypeptides through amine initia-
tion already reported on both methods.['3>73?] Likewise, in the first publication on tran-
sition metal-mediated NCA polymerization by Deming, the synthesis of di- and triblock
copolypeptides was already covered.[>?l While nowadays especially in the biomedical field
AB diblock copolypeptides are the most frequently used materials, other more complex ar-
chitectures like triblock, tetrablock and pentablock copolypeptides have been synthesized,[129]
proving that the livingness of NCA polymerization can be retained over multiple feeding
steps.
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Figure 2.1: Synthetic route towards block copolypeptides/peptoids by successive polymerization
of (N)NCAs.

Investigating the extent of block sequence control in NCA polymerization, Heise and co-
workers were able to push limits to octablock copolypeptides with short alternating PBG
and poly(tert-butyl-L-glutamate) (PTG) blocks.!'33] (PBG5-b-PTG;), of low dispersity (PDI
1.12, M, 9.5 kDa) could be prepared by initiation with n-hexylamine in DMF and rotational
feeding of the two respective monomers. Selective deprotection of the PTG blocks and
subsequent grafting with PEG500-NH, rendered the octablock copolymers water-soluble.
Among the synthetically accessible polypeptides, amphiliphilic block copolypeptides are
of particular interest, as in a block-selective solvent this property gives rise to the forma-
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tion of superstructures through hierarchical self-assembly. In the special case of peptides
self-assembly is additionally directed by secondary structures. Thus, it is not surpris-
ing that most synthetic efforts aim at the creation of amphiphilic block copolyeptides
and hybrid polymers. Commonly deployed hydrophilic blocks include PLys, 04 134 135]
PGAUI'3 and derivatives thereof!>! for fully peptidic materials, plus PEG,!"37] polyoxazo-
lines (POx),[3% 1391 PSar,l37 polysaccharides!5+ 55 14°1 and Poly(N-(2-hydroxypropyl)meth-
acrylamide) (PHPMA)['4* 142l for hybrid materials. Popular hydrophobic components are
hydrophobic PLys and PGA derivatives (e.g. PLys(Z), PBG) on the one hand and naturally
hydrophobic amino acids like alanine and leucine on the other. In most cases, synthesis is
started with the more soluble (hydrophilic) block (PLys/PGA derivatives, PEG, PSar etc.)
which keeps the second, less soluble block in solution and ensures low dispersities.[24 1291

PGA-b-PLys(Z) as prepared by Cameron and co-workers is an example for an all-peptide
amphiphilic AB diblock where PGA forms the hydrophilic component.['3! In this study,
several precursor polymers with varying block lengths were synthesized by initiation with
N-benzyl-TMS amine in DMF (PDI 1.17-1.28, M,, up to 30.5 kDa for PBGs,-b-PLys(Z)5,).
Selective deprotection of the PBG block with KOH in water/THF yielded amphiphilic,
micelle-forming block copolypeptides.

In a series of publications Deming and co-workers investigated amphiphilic block copoly-
peptides containing PLys as hydrophilic component for their hydrogel forming behavior.
Initial efforts involved the preparation of diblock architectures (PDI 1.1-1.3 depending on
NCA, M,, up to 52.1 kDa) incorporating leucine (Leu) or valine (Val) as o-helix or 3-sheet
adopting hydrophobic components.l'+3] Later work expanded polymer synthesis to PLys,g,-
b-PLeu,,-b-PLys,s, triblocks!*#4! and even pentablock copolypeptides of PLysg,-b-PLeuo-b-
PLysy-b-PLeu,,-b-PLyss, sequence, where x was varied from 10 to 200.1'45] In case of the
latter PDIs of 1.19-1.27 and My, of around 16 kDa were determined for the first block, but no
SEC data for the final pentablocks were provided. Further research led to the synthesis of
various narrowly distributed diblock copolypeptides with PLys;g,-b-X;, architecture, where
X depicts the hydrophobic, a-helix forming blocks like PAla, PLeu, poly(phenylalanine)
(PPhe) or P(Ala-co-Leu) (PDI 1.05-1.09 depending on NCA and block length, Mn around 47
kDa).[146] Differing in amino acid composition and block lengths, this diblock copolypep-
tide library allows the fine-tuning of stiffness and viscosity of derived hydrogels, which
were applied for the local delivery of hydrophobic cargo to the central nervous system.

The Deming group also investigated amphiphilic methionine-containing block copolypep-
tides of PMetgs-b-P(Leu, 5-co-Phe, 5),, architecture (Mn 8.65 kDa, no PDI provided), where
PMet upon oxidation in water to the corresponding sulfoxide depicts the hydrophilic com-
ponent. Self-assembly of these polymers afforded stimuli-responsive vesicles.[*?!

Han et al. followed a similar approach to Deming in working on amphiphilic diblock
copolypeptides of the PLys-b-PLeu type (M,, 17.37 kDa for PLysss-b-PLeu,,).[5% In this
case, after polymerization with propargyl amine as bifunctional initiator, the positive net
charge of the PLys segment was converted to a negative net charge by post polymerization
amidation with 2,3-dimethylmaleic anhydride and in aqueous solution the final polymers
formed micelles.

As alternative to the prevailing amphiphilic diblock copolypeptides, Iatrou et al. utilized
HVT to gain well-defined, amphiphilic ABA-type triblock copolypeptides of PLys-b-PBG-
b-PLys composition (PDI around 1.15, M, up to 91.0 kDa for PLys,3;-b-PBG,3,-b-PLys,3,)
designated for drug and gene loading after polymersome formation.[®4 341 Synthesis was
conducted by outward polymerization of two PBG blocks from a diamino initiator, followed
by addition of Lys(Boc) NCA and deprotection. In another series of publications, the group
detailed the generation of various PPro-containing block copolypeptides. Employing HVT,
well-defined PBG-b-PPro (M, up to 45.0 kDa)[114' 115] and PLys-b-PPro (PDI 1.10, M, up



to 239.1 kDa)l"'# 147 block copolypeptides as well as PEG-b-PPro (PDI 1.10, M,, up to 36.8
kDa) and PPro-b-PEG-b-PPro (PDI 1.10, M, up to 19.3 kDa) hybrids!"*4! could be obtained.

As already mentioned, apart from purely peptidic systems, hybrid polymers with a func-
tional peptide block and a non-peptidic hydrophilic block enjoy considerable popularity.
Arguably, PEG is the most frequently used hydrophilic component to form amphiphilic
copolypeptide hybrids. As pointed out earlier, it can simply be introduced through a
PEG-NH, macroinitiator. For instance, the group of Kataoka employs o-methoxy «-amino
PEG (mPEG-NH,, 2-20 kDa) for polymerization of various peptidic blocks like PGA, PAsp,
PLys or respective derivatives thereof.[> '4¥] The obtained AB-type hybrid polymers show
narrow molecular weight distribution (PDI < 1.2), while the polymerization degree of the
peptide segment can be adjusted up to 100.'37]

Kudo et al. polymerized ornithine(Z) NCA from a mPEG-NH, (12 kDa) macroinitiator
in DMF, generating PEG-b-Porn(Z);, (PDI 1.09). Over multiple reaction steps the poly-
ornithine(Z) block was converted to polyarginine (PArg), and the resulting polycatiomer
was used to form polyion complex (PIC) micelles with hyaluronic acid or chondroitin
sulfate.l'49]

Other recent examples for PEG-NH, initiated diblock copolypeptides include studies
from Hammond and co-workers['5° and the Cheng group!’5'l. In the former case mPEG-
NH. (5 kDa or 10 kDa) and y-propargyl L-glutamate NCA yielded PEG(5)-b-PPPLGs; or
PEG(10)-b-PPPLG,; with PDIs from 1.11-1.15. Subsequent derivatization by click chemistry
afforded pH-responsive polymers self-assembling into polymersomes, which were loaded
with doxorubicin.['5°] The latter case is a follow-up study of the already mentioned PVBLG-
derivatives (PPABLG)!®% %! for nucleic acid delivery (see Subsection 2.1.2). In an effort to
augment these a-helical homopolypeptides with a hydrophilic (shielding) segment, PEG,;5-
NH, was combined with a PVBLG-derived block leading to PEG,5-b-PVBLG¢ (PDI 1.21,
M, 20.7 kDa) and PEG,3-b-PVBLG,s, (PDI 1.29, M, 75.3 kDa). Both polymers were further
modified and evaluated for gene delivery.l'5']

Scholz and co-workers exploited the PEG macroinitiator approach to build ABC-type
PEG;14-b-PBG,6-24-b-PLeu;o.o3, PEG;14-b-PLeu, »3-b-PBG,,», and A(B/C)-type PEG;,-b-
P(BG,;.,6-co-Leuy,.»3) architectures, as controlled by NCA feeding sequence and ratio, which
were investigated for their self-assembly behavior.[3] Polymerization was initiated with
mPEG;,-NH. (5 kDa) and conducted in the presence of 0.2 M urea in DMF to suppress
hydrogen bond formation between nascent peptide chains. Observed PDIs ranged from
1.04-1.09 for triblocks and from 1.11-1.15 for PEG-b-(PBG-co-PLeu) diblocks. In a previ-
ous study, the same synthetic strategy was applied to afford PEG;,,-b-PGA.;,3-b-PCys,.,
(PDI 1.14-1.17) and PEG;,-b-(PGA50.10,-c0-PCys,..9) (PDI 1.26-1.34) hybrids. The polycys-
teine (PCys) block worked as anchor to graft these polymers onto gold surfaces and gold
nanoparticles.['5?]

Recently, Schlaad and co-workers also reported on ABC-type hybrid copolypeptides de-
rived from a PEG macroinitiator.'53] PEG,,-b-PLyss,-b-PGAg, was prepared by sequential
polymerization of Lys(Z) NCA and Glu(OBn) NCA in DMF (PDI 1.07, M, 30.6 kDa), fol-
lowed by removal of protective groups. The polymer was analyzed for its pH-dependent ag-
gregation behavior induced by the helix-coil transition of the two peptidic blocks. Slightly
different architectures of PEGgg-b-PBG;6-b-PLys; composition (PDI 1.10, My 24.9 kDa)
with polymersome forming capability were previously described by Iatrou et al.l%

Despite the dominance of PEG as hydrophilic component in amphiphilic systems, other hy-
drophilic materials have been explored for the combination with polypeptides. Lately, the
polypeptoid PSar has gained increased attention as a substitute for PEG in block copoly-
mer architectures (block copolypept(o)ides).l37 '54] Obviously, in contrast to the latter, in-
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corporation of PSar is not only feasible through macroinitiation, but can also be achieved
by sequential polymerization of the respective (N)NCAs, similar to the synthesis of clas-
sic block copolypeptides. Using amine initiators in DMF, Barz and co-worker recently
adopted this strategy to obtain amphiphilic PSar-b-PBG, PSar-b-PCys(SO,Et) or cationic
PSar-b-PLys hybrid polymers for drug or gene delivery applications, either starting with
the PSar or the polypeptide block. Besides, different post polymerization ligation tech-
niques were evaluated as an alternative route to PSar-containing block copolymers.[57]
Eventually, over several studies, various narrowly distributed block copolypept(o)ides (PDI
< 1.2) with diblockl®® 15571571 and triblock[*5® 591 architectures were obtained. DP as deter-
mined by "H-NMR could be adjusted from 44-600 for the PSar block, from 22-117 for PBG
and from 13-111 for PLys(PG). In addition, a recent publication of the Barz group intro-
duced PSarg, 40,-b-PCys(SO,Et);5.,8 block copolypept(o)ides (PDI 1.25-1.38, M, up to 32.1
kDa) which can self-assemble into core-cross-linkable micelles. Hereby, the self-assembly
conditions and the nature of cross-linkers allow independent control of micelle shape and
polarity.

Already in the 1990s, the group of Shunsaku Kimura had begun to research on am-
phiphilic PSar-based diblock copolymers, with PGA(OMe),[1% 1611 PLys(Z)[%°] or PAlal6% 161
as hydrophobic component. Polymers were synthesized by sequential NCA polymerization
with n-hexylamine in DMF and investigated for their self-assembly properties. However, in
these old studies, the PSar block was kept rather short with a DP below 30 and SEC plots
supplementary to M, values were not provided. In later works, (Leu-2-aminoisobutyric
acid)e ((Leu-Aib)s) or poly-L-lactic acid (PLLA) replaced the previous polypeptide blocks
as hydrophobic component. In case of the former, (Leu-Aib)s obtained by liquid phase
method was applied as macroinitiator for the polymerization of PSar in DMF/CHCI,
1:1 (DP up to 60, no quantitative SEC data provided).l"®> %4 For synthesis of the latter,
the PLLA block was polymerized at first from a mono-protected diamino initiator (1,2-
ethylenediamine) (DP 16-30, PDI 1.05-1.14).'%5 %l Subsequently, the second amino group
was deprotected to initiate the polymerization of the PSar block in DMF (DP 22-150, no
SEC data of final polymers provided). In a follow-up study, the synthetic protocol was
refined with more complex initiators to obtain A,B-type (PSar,).-b-PLLA;; and A;B-type
(PSar,;3);-b-PLLA;, (no SEC data provided).[¢7]

Other efforts to find PEG alternatives for the combination with a hydrophobic polypeptide
block led to the development of PBG-b-polysaccharide hybrids, as reported by Lecom-
mandoux and co-workers.[5% 55 14°] Obviously, these polymers cannot be obtained directly
by polymerizing one block onto the other, as the hydroxyl groups within the polysac-
charide block would interfere with NCA polymerization. Instead, PBG,; (PDI 1.1, M, 5
kDa) or PBGs, (PDI 1.16, M, to 18.2 kDa) was first synthesized using a bifunctional azide-
containing amine initiator and subsequently joined to an alkyne-terminated hyaluronan
or dextran block via click chemistry. The resulting amphiphilic block copolymers self-
assembled into polymersomes, which were loaded with doxorubicin.

An elegant straightforward methodology towards materials combining carbohydrate
and polypeptide components are glycopolypeptides derived from polymerization of sugar-
modified NCAs!97! or post polymerization glycosylation['®l of the polypeptide backbone.
These have been described and reviewed elsewhere.!'% 17°]

Another synthetic strategy for combination of polysaccharide and polypeptide blocks,
where successive polymerization of both components is possible, was proposed by Dong
et al.l'71721 Here, ATRP polymerization of a lactose-based glycomonomer generated a
diamino-terminated polyacrylate with acetyl-protected carbohydrate side chains. In a fol-
lowing step, the amino termini were exploited for the ROP of y-benzyl glutamic acid or
alanine NCA, yielding ABA-type PGA ,0-100-b-PAEL-b-PGA (100 (PDI 1.19-1.42, My up to



77.7 kDa) and PAlag.¢;-b-PAEL-b-PAlag.y; (PDI 1.06-1.41, M,, up to 31.9 kDa) after several
deprotection reactions.
Combinations of a hydrophobic polypeptide with a hydrophilic polyacrylate segment

generated through ATRP was also reported by Agut et al.[5°] as well as Huang and Chang!*73].

In the first example, an azide-terminated PDMAEMA block and an alkyne-terminated PBG
block were synthesized separately and subsequently linked together via click chemistry
to obtain PDMAEMAg;-b-PGA 5, 186 (PDI 1.20-1.25, M, up to 37.3 kDa). Polymers were
characterized for their pH- and thermoresponsive self-assembly behavior.5°! In the second
example, polymer synthesis was performed via a heterofunctional initiator starting with
the polymerization of NIPAm, followed by deprotection to afford an amine hydrochloride-
terminated PNIPAm macroinitiator. The latter was applied for the polymerization of Lys(Z)
or Glu(OBn) NCA in DMF, yielding PNIPAmg,-b-PLys(Z)58.,; (PDI 1.19-1.26, M, up to 28.1
kDa) and PNIPAmy,-b-PBG;;,.55 (PDI 1.39-1.43, My, up to 13.0 kDa).l'73]

Similar to ATRP, combination of NCA polymerization with RAFT as performed by the
groups of Jing and Liu were also exploited to obtain PNIPAm-b-polypeptide hybrid poly-
mers. In all cases, amino-terminated PNIPAm was applied as macroinitiator for the poly-
merization of the polypeptide block. Within two quickly succeeding publications Jing
and co-workers employed PNIPam;,-NH, in its hydrochloride form to afford PNIPAm,-b-
PBG,1-5, (PDI 1.20-1.48, M, up to 27.8 kDa)!'74 or PNIPAm,-b-PLys(Z),6.6; (PDI 1.09-1.25,
M, up to 30.0 kDa) copolymers['75l. Interestingly, polymerization of the former was con-
ducted in DMSO, while the latter were generated in DMF. Both types of polymers were
(partially) deproctected and investigated for pH- and temperature-dependent phase transi-
tion and self-assembly behavior. Liu and co-workers chose dichloromethane as yet another
solvent for the synthesis of PNIPAmgs-b-PBG; 4, (PDI 1.29, My, up to 35.1 kDa), which, after
deprotection, was studied for micellization properties.['7]

In contrast to the aforementioned groups, Tappertzhofen et al. followed the reverse reac-
tion procedure for the synthesis of polypeptide-b-polyacrylate polymers. First, PLys(Z);,
(PDI 1.11, M;, 12.6 kDa) was obtained from amine-initiated NCA polymerization in DMF.
Afterwards, it was coupled to a chain transfer agent (cta) to generate a polypeptide macro
cta for the polymerization of PFPMA. Subsequent conversion of the PPFPMA block to
hydrophilic PHPMA yielded PLys(Z);0-b-PHPMA,o, (PDI 1.47, My, 38.5 kDa). After depro-
tection of the PLys(Z) block, the final PLys-b-PHPMA polymer was evaluated as pDNA
transfection reagent.l'+!] In a follow-up study the same synthetic strategy was adopted
to build a macro cta bearing a disulfide group between the PLys(Z) block and the cta
functionality (PDI 1.13, Mn 11.0 kDa). Succeeding reaction steps afforded PLys(Z);,-5-5-b-
PHPMA, ;0430 (PDI 1.43-1.52, M, up to 65.0 kDa), which, upon cleavage of the protective
group, were used to form redox-responsive polyplexes.l'4?]

Complementary to block copolypeptides, block copolymer architectures built exclusively
of polypeptoids as underlying material have been described and reviewed in detail.>]
It is interesting to note that a first proof of principle regarding their controlled synthe-
sis by NNCA polymerization was given by Zhang and co-workers with the example of
cyclic PSarso-b-P(N-Bu-gly),5 (PDI 1.03, M, 6.5 kDa). For comparison, also linear PSar-b-
P(N-bu-gly) was prepared, but unfortunately no SEC data was provided.[43! In a successive
study, Lee et al. compared linear PSar,q,-b-P(N-dec-gly),, (PDI 1.05, M,, 12.5), initiated with
benzylamine, and cyclic PSar,y,-b-P(N-dec-gly),, (PDI 1.21, My, 14.7), synthesized with a
N-heterocyclic carbene initiator, for their gelation properties.['771 The Zhang group further
diversified the pool of available NNCAs. For example, linear amphiphilic block copolypep-
toids forming core cross-linkable micelles were obtained by the sequential polymerization
of N-ethyl glycine NCA (substituting sarcosine NCA as hydrophilic component), N-decyl
glycine NCA and N-propargyl glycine NCA. Reaction was carried out in THF with benzy-
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lamine as initiator, yielding P(N-et-gly):34-204-b-P((N-pg-gly):3-62-co-(N-dec-gly)5.49) (PDI
1.02-1.06, M, up to 40.8 kDa). Derived micelles could be reversibly stabilized with a disul-
fide containing cross-linker introduced by click chemistry and were evaluated for delivery
of doxorubicin.['7®l Finally, the group reported on ABC-type triblock copolypeptoids for
hydrogel formation. Sequential benzylamine initiated ROP was conducted with sarcosine
NCA, N-methoxyethyl glycine NCA or N-methoxyethoxyethyl glycine NCA for the hy-
drophilic segment, N-butyl/octyl/decyl glycine NCA for the hydrophobic segment and
N-allyl glycine NCA to introduce a thermoresponsive element. Various well-defined poly-
mers of P(N-allyl-gly),;.9s-b-PSar,s 158-b-P(N-decyl-gly)s_.g composition (PDI 1.03-1.15, My
up to 41.4 kDa) were obtained and examined for sol-gel transition and micellization.['79]

Parallel to the group of Zhang, Luxenhofer and co-workers introduced well-defined AB-
type block copolypeptoids in an initial study.l">"] Polymers were synthesized in benzonitrile
with benzylamine as initiator. Their compositions as calculated from [M],/[I], included
PSarso-b-P(N-pr-gly),s (PDI 1.13, M, 5.7 kDa), PSars,-b-P(N-bu-gly),s (PDI 1.16, M, 6.8
kDa) and PSars,-b-P(N-ibu-gly).5 (PDI 1.09, M;, 5.6 kDa). That followed, Fetsch and Lux-
enhofer reported on the controlled sequential polymerization of a pentablock copolypep-
toid with a target sequence of PSars-b-P(N-et-gly)s-b-P(N-pr-gly)s-b-P(N-pen-gly)s-b-P(N-
bu-gly)s as adjusted by [M],/[1], ratio (PDI 1.18, My, 2.6 kDa).l®l The group could fur-
ther demonstrate the generation of a pentablock copolypeptoid aimed for PSar;,-b-P(N-et-
gly).o-b-PSar,y-b- P(N-et-gly),o-b-PSar;, composition from solid support in NMP supple-
mented with 10% HBF, (PDI 1.34).'%] The comparatively increased PDI was attributed
to a misbalance between high polymerization rate and slow monomer diffusion into the
gel. Finally, in two quickly succeeding publications, Fetsch et al. explored the aqueous
self-assembly of block copolypeptoids with PSar as hydrophilic component, systematically
varying hydrophilicchydrophobic block length ratio (60:5-21:24) and side chain composition
of the hydrophobic blocks (C2-Cs5, benzyl, phenylethyl).[l&' 182] Polymers were prepared in
benzonitrile either from a PSary, macroinitiator (PDI 1.07-1.12 depending on block ratio
and NNCA, M;, up to 9.6 kDa) or by sequential NNCA polymerization with various amine
initiators (PDI 1.07-1.18 depending on block ratio and NNCA, M,, up to 6.2 kDa). Ob-
served superstructures included polymersomes, micelles, worms and oligo-lamellar mor-
phologies.

2.1.3.2 Random Copolymers

Although synthetic random copolypeptides of multiple amino acids may come the closest
to natural proteins, they are far less covered in recent literature than block copolypeptides.

While traditionally being synthesized via copolymerization of two or more different
NCAs,>+ 251 random copolypeptides can also be obtained from partial/statistical modifi-
cation (e.g. deprotection) of the amino acid side chain within one polypeptide block, as for
example demonstrated by Higuchi et al.l'®3 184 and others!'®3 105 1851 Arguably, the first
method is complicated by the inability to properly monitor and govern kinetics of individ-
ual amino acid NCA monomers during copolymerization, resulting in poor control over
the latter. For instance, copolymerization of NCAs with strongly diverging side chains,
especially with respect to steric hindrance or secondary structure formation, may suffer
from varying NCA reactivity and polymerization speed, shifting the final copolymer archi-
tecture from ideal random to rather gradient or multiblock. Consequently, differences in
NCA reactivity are a logical root for slightly higher PDIs of some random copolypeptides
when compared to homopolypeptides of only one amino acid or the corresponding block
copolymers with the same amino acid composition. SEC data substantiating this tendency
can be found in several publications!*®® 133 152 1861 and was for example discussed by Scholz
and co-workers.[%3]



These points have to be taken into account, when studying random polypeptides. As it is
unlikely that most NCA mixtures lead to ideal random copolypeptides each case should be
investigated carefully. Not surprisingly, early works on random copolypeptides therefore
focused on the elucidation of NCA reactivity ratios and resulting amino acid sequences
as well as the correlation between polymer composition and secondary structure.># 25!
Tackling the issue of the varying NCA reactivities and polymerization kinetics, Zelzer and
Heise recently proposed a new methodology to monitor NCA consumption in a binary
mixture copolymerization with Glu(OBn) and Lys(Z) NCA as two model monomers. 8]
Applying a HPLC setup calibrated for both NCAs, they were able to track the respec-
tive monomer concentrations over the course of copolymerization. Regardless of initial
monomer ratio, Glu(OBn) NCA reacted faster than Lys(Z) NCA, resulting in an incessantly
increasing mole fraction of Lys(Z) NCA and a composition drift of the copolymer sequence.
Matching HPLC data with copolypeptide composition obtained from "H-NMR analysis at
low-conversion time points, the authors concluded that the first 30% of the final copolypep-
tide chain are richer in Glu(OBn), whereas the last 70% loosely reflect the initial monomer
ratio. Hence, the copolypeptides in this system deviate slightly from an ideal random
copolymer and rather resemble a gradient polymer instead.

While most reported copolypeptides are composed of two amino acids, a recent example
for random terpolypeptides with three different amino acids was given by Dmitrovic et
al.'87) P(BG,;.,8-co-Lys(Z)g-o5-co-Ala,.;5) (PDI 1.20-1.61, My, up to 10.4 kDa) was obtained
from ROP of corresponding NCAs at varying ratios in DMF with benzylamine as initiator.
After deprotection of BG and Lys(Z) units, the terpolypeptides were used as additives in
CaCO; mineralization. Going beyond that, Chen et al. first copolymerized three NCAs at
1:1:1 ratio resulting in Poly(Orn(Z)-co-Gly-co-Asp(OBn)) (PDI 1.08, M, 25.8 kDa), which
after deprotection and random guanidization was converted to the tetrapolymer Poly(Orn-
co-Arg-co-Gly-co-Asp(OBn)) (PDI 1.19, M,, 5.0 kDa). The copolymer was evaluated for
vascular and tissue permeabilization in vivo.['*%]

Furthermore, the drug Glatiramer acetate (Copaxone®) is produced through copolymer-
ization of NCAs from four amino acids - alanine, lysine, glutamic acid and tyrosine - at
defined molar ratio with a DP between 40 and 100 (average M, 6.4 kDa).'®!! Tt is also the
first example for an approved random copolypeptide with therapeutic application and has
been successfully established for the treatment of multiple sclerosis grossing annual sales
of around 4 billion USD.

In several recently published studies, random copolypeptides are not deployed as a stan-
dalone polymer, but just form one segment embedded within a greater block copolymer
architecture (also see Block Copolymer Section). For instance, copolymerized hydrophobic
amino acids at varying ratios can be used to fine-tune overall hydrophobicity of the result-
ing random block,°3 4%l or to control block flexibility!"°2l. In a study by Iatrou et al., His(Trt)
NCA was copolymerized with Glu(OBn) NCA or Leu NCA at different ratios under HVT
conditions from a PEG macroinitiator to obtain PEG-b-P(His-co-BG) (PDI 1.10-1.14, My, up
to 15.9 kDa) and PEG-b-P(His-co-Leu) (PDI 1.09-1.17, My up to 16.0 kDa).["8] The group
observed that in contrast to homopolymerization of PHis, the copolymerizations did not
become heterogeneous. From this observation it was inferred that Glu(OBn) as well as Leu
units were distributed randomly along the PHis block and suppressed secondary structure
formation of the latter. Moreover, pK, and degree of protonation of the PHis block as well
as the swelling behavior of PEG-b-P(His-co-PLeu(BG)) could be adjusted by the amount of
incorporated hydrophobic amino acids. Blocks from copolymerization can also be feasible,
when a certain additional functionality for further modifications is supposed to be dis-
tributed randomly along one block. In this way, Li et al. incorporated N-propargyl glycine
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into a hydrophobic N-decyl glycine block to make it amenable for click reactions,!'78! while
Scholz and co-workers exploited the thiol groups of PEG-b-(PGA-co-PCys) to decorate gold
surfaces!’5?! (for both also see Block Copolymer Section).

The group of Cheng copolymerized the earlier mentioned VBLG NCA together with 4,5-
dimethoxy-2-nitrobenzyl-glutamate (DMNBLG) NCA at various ratios to obtain
PDMNBLG;g.,6-c0-PVBLG-8,14-175 (PDI 1.02-1.06, M, up to 57.2 kDa).['9°] The randomly
distributed DMNBLG groups rendered the polymers responsive to a photonic stimulus,
upon which a masked negative charge would be exposed, destabilizing the a-helical con-
formation and reducing the overall cationic net charge of the copolymer. When treated with
UV radiation, polyplexes of PDMNBLG-co-PVBLG-8 showed higher transfection efficiency
and diminished cytotoxicity as compared to PVBLG-8 alone.

Kramer and Deming randomly distributed methionine units along a PLys chain by
copolymerizing both NCAs with a cobalt initiator in THE.%! The resulting P(Lys(TFA),s-
co-Met, )5, (PDI 1.21, Mn 6.5 kDa) and P(Lys(TFA), s-co-Met, »)35 (PDI 1.21, Mn 27.7 kDa)
were deprotected and subjected to further post polymerization reactions utilizing the me-
thionine side chain.

Schlaad and co-workers prepared P(BG-co-allylgly)s, with varying amounts of either L-
, D-, or DL-allylglycine (PDI around 1.10, My, up to 9.7 kDa).["*] Copolypeptides were
deprotected and reacted with 1-thio-B-D-glucopyranose via the allyl side chain to obtain
random glycopolypeptides which were investigated for their secondary structure in depen-
dence of solution pH. In a follow-up study, the same sort of copolypeptides, i.e. P(BG-
co-allylgly) with DP between 53-170 and varying amounts of incorporated L-, or DL-
allylglycine (PDI around 1.18-1.28, M,, up to 31.9 kDa), was employed as starting material
to build organogels.['9'l The physical network of the organogels could be preserved by
crosslinking the allylglycine moieties using 1,9- nonanedithiol and benzophenone. Upon
deprotection of the BG groups, the cross-linked organogels could then be transformed into
hydrogels.

The group of Zhang prepared clickable, non-ionic random copolypeptides by copolymer-
izing y-propargyl-Glu NCA and N-e-2-[2-(2-methoxyethoxy)ethoxy]acetyl-L-lysine (EG,-
Lys) NCA at varying ratios in DMF with benzylamine initiator.l"9?! Because of the EG,-Lys
units the obtained P(PG,-0-co-(EG,-Lys)ss.,,) polymers (PDI 1.23-1.39, My, up to 35.4 kDa)
were readily water-soluble up to 50 mol% PG content and mainly adopted o-helical confor-
mation. Copolypeptides were successfully employed in click reactions, i.a. with the cell ad-
hesion inducing pentapeptide GRGDS. Complementary to that, Zhang and co-workers also
reported on clickable copolypeptoids. They exploited zwitterionic ring-opening copolymer-
ization of N-propargyl glycine and N-butyl glycine in THF, induced by a carbene initiator
to obtain cyclic P(N-pg-gly);o-159-co-(N-bu-gly);0-173) (PDI 1.11-1.30, My 56.0 kDa).l3] In a
successive step, the propargyl groups of the cyclic copolypeptoid were reacted with azide-
terminated PEG550 or PEG2k to afford PEG-decorated bottlebrush polymers with random
copolypeptoid backbone. The group performed a similar study, switching the initiator
from carbene to 1,8-diazabicycloundec-7-ene (DBU). Thereby, cyclic P((N-pg-gly):,,-co-(N-
bu-gly),:) (PDI 1.45, M, 75 kDa) was generated from polymerization in THE4?l As in
the former case, subsequent click reaction with azide-terminated PEG550 yielded a PEG-
decorated bottlebrush polymer with random polypeptoid backbone. In another attempt to-
wards bottlebrush copolymers, random copolypeptoids were explored as macromonomers
for ring-opening metathesis polymerization (ROMP).[93] For this, N-et-gly NCA and N-but-
gly NCA were first copolymerized at varying ratios in toluene with 5-norbornene-2-methyl-
amine as initiator. The resulting Nor-P((N-et-gly),,.40-co-(N-but-gly)y»;) macromonomers
(PDI around 1.05, M, up to 10.4 kDa) were subsequently converted by ROMP using the
Grubb’s 2nd generation catalyst, yielding amphiphilic thermoresponsive bottlebrush poly-



mers with PNor backbone at a target DP from 25-200 (PDI 1.39-3.04, My up to 526 kDa).
Similar to the linear macromonomers, the bottlebrush copolypeptoids showed a cloud point
transition in aqueous solution, albeit being strongly dependent on the thermal history of
the solution. In another study of the Zhang group, the class of P((N-et-gly)-co-(N-but-gly))
copolypeptoids was also investigated for its performance in kinetic gas hydrate inhibition:
Reyes et al. therefore synthesized P((N-et-gly),¢-co-(N-but-gly)s) and P((N-et-gly);,-co-(N-
ibut-gly)s) (no PDIs provided, My, 2.1 kDa for both polymers) with benzylamine initiator
in THE.["94]

2.1.3.3 Grafted Copolymers

In the following section, recent examples are given, where either polypept(o)ides form
the backbone for grafting reactions - or, conversely, where polypept(o)ides are utilized as
grafting material. The term grafting is considered as describing a process during which
multiple (co)polymer chains are attached onto a surface or a (co)polymer substrate, either
by means of polymerization (grafting-from) or by post polymerization reactions (grafting-
onto). Comparing both methods from a very general perspective, polymerization from a
substrate (grafting-from) can afford dense, homogeneous functionalization but may suffer
from poor control over molecular weight and dispersity of the grafted polymers, owing to
the increased complexity of the initiator (multidenticity) or its immobilization in the case of
surface-grafting. The grafting-onto approach allows better synthetic control and detailed
characterization of the preformed polymer chains but requires additional reaction steps to
attach it to the substrate. Steric hindrance and impaired diffusion of the polymers may
result in heterogeneous, low density grafting.

Decorating surfaces with polypeptide/polypeptoid films by using grafting methodologies
holds great promises, as it gives access to the design of biocompatible, multifunctional in-
terfaces. NCA polymerization from amino-functionalized SiO, surfaces has been reported
as early as 1974.1'9 Following efforts on polypeptide surface grafting explored different
reaction conditions and grafting techniques on various types of surfaces.[74! Since then the
field has expanded rapidly and is subject to more specific recent reviews, 7274 which is
why it is only covered thoroughly in this section.

Recently, Klok and co-workers reported on non-fouling peptide films created by the
grafting-from approach.l'9! Oligo(ethyleneglycol) modified L-lysine NCA was polymer-
ized from aminosilanized (APTMS or APDES) silicon, quartz and glass substrates at 50 °C
(48-72 h) in a THF/DMF (5:1) solvent mixture. Depending on monomer and reaction time,
APTMS afforded brushes of 14-38 A thickness, while APDES produced layers of 2.9-5 A, as
determined by ellipsometry. According to circular dichroism measurements, the brushes
adopted stable a-helical conformations from pH 4-9. Confirming the low-fouling proper-
ties of PLys(OEG), a significant reduction of bovine serum albumin (BSA) and fibrinogen
adsorption was observed for coated surfaces. Moreover, degree of adsorption reduction cor-
related with the length of the oligo(ethyleneglycol) side chains. In another study, replacing
PLys(OEG) with PGA(OEG), the group investigated vapor deposition surface-initiated ring-
opening polymerization (SI-ROP) of y-di- or tri(ethylene glycol)-modified L-or D-glutamic
acid NCAs on APS-functionalized silicon and quartz surfaces.['9”l PGA(EG,) brushes with
up to 80 nm thickness could be successfully prepared, while PGA(EG;) afforded less than
30 nm, possibly due to the longer OEG side chain associated with larger steric hindrance.
The brushes preserved o-helix structure between 10 and 70 °C. QCM-D experiments re-
vealed significant dehydration of PGA(EG,) brushes upon heating from 10 to 40 °C without
significant variations in film thickness according to AFM and ellipsometry, inidicating that
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mainly hydration and dehydration of the OEG side chains contributed to the thermore-
sponsiveness of the brushes.

In several studies, the group of Luxenhofer investigated polypeptoid brushes from surface-
initiated NNCA polymerization. Schneider et al. conducted initiation from self-assembled
APTMS monolayers on SiO, surfaces in benzonitrile to create homo and amphiphilic di-
block copolypeptoid brushes based on PSar and P(N-bu-gly).l"9]l As determined by ellip-
sometry, PSar brushes of up to 40 nm thickness (indicating DP of 111 in case of fully
stretched backbone), could be obtained by direct as well as stepwise polymerization. For
P(N-bu-gly) brushes, an average height of 12 nm was attained. Amphiphilic brushes were
synthesized with P(N-bu-gly)-b-PSar as well as with PSar-b-P(N-bu-gly) sequence, produc-
ing layers of 21 nm and 42 nm thickness, respectively. In another study, the group could
also demonstrate the polymerization of pentablock copolypept(o)ides from solid support
(also see Block Copolymer Section).l'®] Following efforts led to the transfer of the syn-
thetic methodology to gold surfaces and combination with microcontact printing and UV-
lithography to obtain patterned PSar brushes.['%] AFM scans revealed polymer heights of
40 nm for SiO, and 28 nm for gold substrates.

In addition to flat surfaces, grafting reactions are also conducted on curved substrates.
For instance, Lu et al. polymerized P(N-allyl gly)-based nanorods in THF from isolated
APTES coated silica mesospheres, which were prepared within a octadecyltrichlorosilane
(OTS) film using particle lithography.°l According to AFM, average length of the polymer
chains was 6 nm which corresponds to a DP of 14, assuming a fully stretched polymer
backbone.

Kar et al. grafted alkyne-terminated polyarginine (PArg) onto azide decorated meso-
porous silica nanoparticles via copper click reaction to afford pDNA delivery vehicles.[®]
In advance, PArg, (PDI 1.11) and PArg;s (PDI 1.06) were derived from ROP in DMF with
propargylamine as initiator.

Working with gold nanoparticles, the groups of Scholz and Dong used a grafting-onto
approach to coat the latter with PEG-b-PGA-b-PCys, PEG-b-(PGA-co-PCys)!'5? or PCys-g-
PEG,[%5] respectively, via the thiol groups (also see Homopolymer and Block Copolymer
Sections).

Fokina et al. functionalized heterotelechelic DBCO-PSar;4g (PDI 1.2, My, 26.1 kDa) with
different lipoic acid-based anchor groups through strain-promoted azide-alkyne cycloaddi-
tion and used it for the grafting onto quantum dots via ligand exchange. The procedure
yielded stable, water-soluble quantum dots.[>"]

In a grafting-from approach, Gkikas et al. performed NCA polymerization from sin-
gle and multiwall carbon nanotubes as yet another type of substrate.[*? First, primary
amines were attached onto the carbon nanotube surface via Diels-Alder cycloaddition. The
following surface initiated ROP of proline NCA in THF under HVT conditions yielded
SWNT-g-PPro and MWNT-g-PPro, which readily dissolved in organic solvents and were
well dispersed due to the repulsive force of the PPro helices.

Of course, grafting of polypeptides is not only limited to surfaces, but can also be con-
ducted from polymeric substrates. In this way, star and bottle brush architectures are ac-
cessible. For example, Cameron and co-workers reported on the generation of star-shaped
block copolymers with a PEG core grafted with a PAla shell.l! In this study, four-arm
amine-terminated PEG was applied as macroinitiator for the ROP of varying amounts of
Ala NCA in 1,4 dioxane, affording (PAla, ;0),-g-StarPEG (no SEC data provided). The star
copolymers were utilized to self-assemble to physical hydrogels which were, due to the
PAla shell, selectively degradable by elastase.



Pan et al. obtained PAMAM-g-PLys, ;¢ (Mn up to 62.5 kDa) from polymerization of
Lys(Z) NCA with a PAMAM G4 macroinitiator in DMF followed by deprotection and tested
it for gene delivery.’7l Barz and co-workers utilized a disulfide containing three amine ini-
tiator for the synthesis of three-arm polypept(o)ide star polymers consisting of a hydropho-
bic PLys(Boc) core and a hydrophilic PSar shell, yielding S-S(PLys(Boc),5-b-PSar;q,); (PDI
1.12-1.13, My, up to 54.2 kDa). The grafting-from (core-first) approach enabled a direct con-
trol of size and resulted in well-defined core cross-linked star-shaped nanoparticles with
an additional intrinsic stimuli-responsiveness at elevated glutathione levels. The particles
were well tolerated by HeLa, HEK 293T and DC 2.4 cells.[”"]

Hoertz et al. obtained bottle brush polymers with PSar or PLys(TFA)-b-PSar side chains
from NCA polymerization with a poly[N-(6-aminohexyl)methacrylamide] (PDI 1.64) or a
PLys macroinitiator.[2°3] PSar-containing brushes (PDI 1.72-1.74) displayed a hydrodynamic
radius of 40.4 and 63.5 nm, respectively. The PLys(TFA)-b-PSar-containing brush poly-
mers were deprotected and subsequently deployed for siRNA complexation and delivery
to AML-12 hepatocytes.

Combining ROMP and NCA polymerization, Zhang et al. prepared amphiphilic poly-
peptide-containing hybrid dual bottle brush block copolymers. Synthetic sequence started
with the sequential polymerization of a norbonyl-PEG macromonomer and copolymeriza-
tion of amine-containing N-(2-((trimethylsilyl)amino)ethyl)-5-norbornene-endo-2,3-dicarbox-
imide and another norbornene monomer. The resulting ROMP block copolymer was ap-
plied as macroinitiator for the grafting-from polymerization of Glu(OBn) NCA or Lys(Z)
NCA in DMF, producing amphiphilic brush block copolymers of (P-g-PEG)-b-(P-g-PBG,0-40)
(PDI 1.04-1.09, M;, up to 38.7 kDa) and (P-g-PEG)-b-(P-g-PLys(Z),,) (PDI 1.09, M;, 13.3 kDa)
composition. Polylactide nanoparticles coated with the brush block copolymers exhibited
significantly improved stability in PBS solution compared to those coated with amphiphilic
linear block copolymers such as PEG-b-polylactide and PEG-b-polypeptide.

Bottlebrush polymers are also accessible by the grafting-to approach. For instance, Jing
and co-workers prepared PGA-g-PNIPAM hybrid graft copolymers by coupling NHS-acti-
vated PGA with amino-semitelechelic PNIPAM (no SEC data provided, grafting efficiency
70-84%).12°4 Phase-transition and aggregation behavior of the graft copolymers were inves-
tigated by turbidity measurements and dynamic laser scattering, showing dependencies of
temperature and pH.

The group of Zhang exploited click chemistry to graft azide-terminated PEG550 or
PEG2k onto cyclic P((N-pg-gly) and random P((N-pg-gly)-co-(N-bu-gly)) polypeptoids (also
see Random Copolymer Section).l4 45 Grafting efficiency turned out to be low (<19%) in
case of the P((N-pg-gly) homopolypeptoids, possibly owing to aggregate formation in the
organic solvent of the click reaction, restricting the access of the PEG chains to the propar-
gyl groups. It was significantly increased (up to 93%) in case of the P((N-pg-gly)-co-(IN-
bu-gly)) copolymers, due to the reduced aggregation tendency. According to AFM, the
resulting bottle brush polymers showed diameters between 250 and 500 nm.

In a follow-up study of the linear PEG-b-PVBLG-8 diblock copolymers mentioned be-
fore (see Block Copolymer Section), Cheng and co-workers expanded the available copoly-
mer architectures for this system, i.a. by grafting from and grafting onto techniques.>°’!
PEG;.3-g-(PPABLGy,)s star copolymers (PDI 1.31, M,, 23.0 kDa) were obtained by NCA
polymerization from an 8-arm amine-terminated PEG macroinitiator in a mixture of DMF
and nitrobenzene, followed by ozonolysis and reductive amination of the glutamate side
chains. In addition, grafting mPEG;,-NH, onto a PVBLG;,, backbone in DMF via the same
post polymerization reactions yielded (PVBLG-g-PEG;;),5-co-PPABLG,,5 with bottle brush
architecture (PDI 1.21, M;, 2.94 kDa).
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2.2 POLYPEPTIDE-BASED POLYPLEXES FOR DELIVERY OF
NUCLEIC ACIDS

In the last decades, polypeptide based polyelectrolytes have attained great interest for ap-
plication as non-viral vectors for delivery of therapeutic nucleic acids like pPDNA, mRNA,
siRNA and other short oligonucleotides.*°l While each of these nucleic acid classes has its
own delivery challenges,!>7l a common characteristic is the anionic net charge providing
a template for complexation through a cationic counterpart, driven by electrostatic inter-
action and entropy gain (release of counterions).**8! As the basic canonical amino acids
lysine and arginine are a natural constituent in domains of DNA binding proteins such
as histones!>*! or protamine,l*'°! it is a rational approach to employ their polymeric form
for nucleic acid complexation and delivery. Apart from that, polypeptides from cationic
derivatives of other amino acids also depict possible candidates for non-viral vectors.!> %

PDNA was the first type of nucleic acid researched with a therapeutic intend and PLys
was one of the first non-viral vectors investigated,*" with DNA binding and transfec-
tion studies conducted as early as in the 1960s>'?l and 1980s,2*3 respectively. Years later,
Wagner and co-workers evaluated PLys-transferrin conjugates as non-viral vectors.[>*4721°]
Besides PLys for pPDNA complexation, these early systems already contained key elements
for efficient transfection such as targeting ligands (transferrin) and endosomolytic moieties
(virus-derived fusogenic peptides).>'7]

With PEG-b-PLys diblock copolymers Kataoka and co-workers introduced a neutral, shield-
ing component to PLys-based transfection systems in the 1990s.1>'8] They observed, that
these hybrid polymers formed core-shell segmented polyplexes of around 50 nm with
oligonucleotides!**! as well as pDNAI**°l and were able to protect their cargo from nucle-
ase attack.[**'l On functional level, PEG-b-PLys polyplexes were successfully employed to
transfect HepG2 and HEK 293 cells in the presence of serum in vitro.?2> 2231 After intra-
venous injection, blood circulation correlated positively with PLys chain length, however,
sustained reporter gene expression was limited to the liver.**?! In addition to polyplex for-
mation, PEG-b-PLys was also utilized as coating material for retroviral vectors, improving
transduction efficiency 3- to 7-fold without increasing cytotoxicity.!*24]

Next to PEG, other hydrophilic polymers have been explored as shielding material for
PLys-based polyplexes. Heller et al. introduced the PSar-b-PLys system as fully peptidic
alternative to PEG-b-PLys. Derived polyplexes achieved 30-50% of jetPEI efficiency in HEK
293T cell luciferase readout while causing no detectable cytotoxicity at relevant concen-
trations. Besides, a clear structure-property relationship between molar block ratio and
transfection efficiency as well as cytotoxicity was revealed.['5°]

Tappertzhofen et al. combined PLys with PHPMA as shell material. PHPMA-b-PLys
polyplexes mediated transfection of HEK 293T cells and were well tolerated without de-
tectable cytotoxicity, as determined by MTT assay and Annexin V/7-AAD staining in
FACS.['41 In a follow-up study, a disulfide linker was installed between PLys and PHPMA
segment to create stimuli-responsive polyplexes which can eject their shell in reductive mi-
lieu, i.e. intracellular space, upon disulfide cleavage. Performance of these polyplexes, as
assessed by eGFP expression in FACS, reached jetPEI level.['+]

Hadjichristidis and co-workers developed amphiphilic PLys-b-PBG-b-PLys triblock copoly-
peptides to complex or encapsulate pDNA into vesicular structures. However, no transfec-
tion experiments were conducted.!'34

PLys, albeit being a good complexation agent, lacks any pH buffering or other endoso-
molytic acting groups, thus transfection efficiency is intrinsically limited.?**l Consequently,
apart from adding shielding segments, various other efforts were undertaken in the last



two decades to optimize in vitro and in vivo performance of PLys-based systems. For in-
stance, Midoux and co-workers reported mannosylation of PLys to target macrophages, 22!
or coupled the lysine side chains with histidine as pH buffering component to augment
transfection efficiency via proton sponge effect.[>>* 2271 PLys with 38% histidinylation de-
gree showed more than 1000-fold increase in luciferase gene expression compared to non-
modified control.

In a follow-up study on the above mentioned PLys-b-PSar system,['5°l Barz and co-
workers compared two different architectures of histidinylated block copolypept(o)ides
on simulation and experimental level.['59] It turned out that a defined triblock microstruc-
ture with PLys-b-PLys(His)-b-PSar block sequence is more efficient in compacting pDNA
than a diblock architecture with histidine randomly distributed along the PLys segment,
possibly owing to differences in charge density. Triblock systems thus formed smaller poly-
plexes, enhanced stability against degradation by DNase I and provided better transfection
performance.

As an alternative approach to histidinylation, Meyer et al. coupled PLys with the fuso-
genic peptide melittin, enhancing siRNA as well as pDNA delivery.l>'"]

Several groups devoted their research to alternative architectures of PLys (dendritic/
branched instead of linear) as means to enhance transfection efficiency.[7- 2252311 Klok and
co-workers explored hyperbranched PLys as non-viral vector. This architecture was more
effective than linear or dendritic PLys of comparable molecular weight!>3'l and also af-
forded similar or higher gene expression than PEI and FuGENE HD.*?91 On the other
hand, dendritic and branched PLys exhibited higher cytotoxicity than the linear analog,
possibly due to impaired enzymatic degradation.?3°l

Okuda et al. tried to augment transfection efficiency of dendritic PLys by substituting the
terminal amino acids with arginine and histidine.l***! Modification with arginine provided
3-12-fold increased gene expression in several cell lines. In contrast, histidinylation, due to
the altered protonation status and charge density of modified dendrimers, had a negative
effect which could be reversed when polyplexes were formed under acidic conditions.

Attempting to augment stability of PEG-b-PLys polyplexes through covalent cross-linking,
Kataoka and co-workers incorporated thiols into the polymer backbone via modification
of the lysine side chains with N-succinimidyl 3-(2- pyridyldithio)propionate (SPDP) or 2-
iminothiolane and subsequent reduction.[>3> 2331 After polyplex formation, reoxidation of
the thiols leads to disulfide formation granting covalent stabilization, while cleavage of the
disulfide bonds by glutathione upon cellular uptake allows dissociation of the polyplexes
and release of cargo. Luciferase readout in HEK 293T cells revealed a 50-fold higher in vitro
transfection efficiency of 28% thiolated/cross-linked polyplexes compared to non-cross-
linked ones.1>33] I vivo, systemically injected 15% cross-linked polyplexes decorated with
RGD peptides as targeting motive induced significant growth inhibition of pancreatic ade-
nocarcinoma, mediated through the therapeutic effect of sFlt-1 coding pDNA. Additionally,
blood circulation was prolonged through cross-linking indicating enhanced stability.3+ 235!

Heller et al. adopted and modified the cross-linking strategy of Kataoka and co-workers.
In this case, PLys-b-PLys(PDP)-b-PSar triblock copolymers derived from modification of
the middle lysine block with SPDP were applied for polyplex formation with pDNA. After
the complexation step, thiol-bearing cross-linkers were added to the polyplexes reacting
with the PDP groups within the polymers. Apart from thiols, the bifunctional cross-linkers
also contained endosomolytic groups. Cross-linked polyplexes exhibited superior stability
in serum and increased transfection efficiency in HEK 293T cells. Furthermore, the modular
approach allowed screening of different cross-linkers and facile generation of a polyplex
library. A lead formulation was successfully deployed for transfection of dendritic cells
with a model pDNA vaccine.
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In various recent publications, PEG-b-PLys block copolymers were also evaluated for in
vitro and in vivo siRNA delivery.?3°l Due to the much smaller size of siRNA compared to
pDNA, which implicates weaker electrostatic interaction, additional stabilization of poly-
plexes to prolong blood circulation might be an even more important issue.>*7] This was
achieved by disulfide cross-linking alone (same synthetic strategy as for pPDNA polyplexes,
>2-fold increase of circulation half-life compared to naked siRNA),[237- 2381 disulfide cross-
linking in combination with cholesterol coupled siRNA for hydrophobic stabilization (sig-
nificantly longer blood retention time than for cross-linking only)[239] or grafting onto gold
particles!*#]. In all cases, active tumor targeting was realized by modification of polyplexes
with cRGD peptides.

Next to the naturally cationic polypeptides PLys and PArg,®! derivatives of polyaspartic
acid (PAsp(X)), which are generated post polymerization by side-chain aminolysis reaction
with oligoamines (e.g. oligo(ethyleneimines)), are another important polypeptidic mate-
rial for nucleic acid delivery. As an advantage to PLys, PAsp(X) are intrinsically endoso-
molytic because of the pH buffering secondary amines introduced by the aminolysis reac-
tion. PAsp(DET);, was recently applied for ex vivo transfection of mesenchymal stem cell
with brain-derived neurotrophic factor-coding pDNA, exhibiting one order of magnitude
better performance than the commercial transfection reagent FuGENE HD. Transfected
cells were then transplanted into mice for treatment of pre-induced spinal cord injury.!*"!
Like PLys, PAsp(X) usually is also combined with PEG as hydrophilic block. PEG-b-
PAsp(DPT) was first applied for siRNA delivery in vitro, achieving significant luciferase
gene knockdown in HEK 293T and HuH-7 cells.[*4'] In the following, the concept was ex-
panded to pDNA delivery via PEG-b-PAsp(DET).?42l Over a wide range of N/P ratios,
combined components formed polyplexes of around 8o nm diameter. Transfection rates in
murine primary osteoblasts were similar to those of linear PEI, while polyplexes showed no
notable cytotoxicity, although being applied at very high N/P ratios. As inferred from com-
parison of different oligoamine side chains, incorporation of secondary amines turned out
to be the key element for efficient transfection. In vivo, PEG-b-PAsp(DET) polyplexes were
evaluated on the basis of the same pancreatic cancer model as the PEG-b-PLys system[234]
mentioned above. For targeting, PEG-b-PAsp(DET) was modified with cRGD peptide at the
distal end of the PEG segment, while additional hydrophobic stabilization of derived poly-
plexes was realized by attaching cholesterol to the -terminus of the PAsp(DET) block.[>43!
Systemically injected polyplexes delivering sFlt-1 coding pDNA promoted marked tumor
growth inhibition, especially when equipped with targeting ligands, while a positive corre-
lation was found between blood circulation time and PEG chain length. A follow-up study
on the same system focused on the influence of free excess polymer on in vitro as well as in
vivo performance and investigated how to avoid abundance of unbound polymer.[244]
Aside from siRNA and pDNA delivery, in a series of recent publications PAsp(X) was
also explored for mRNA transfection. As mRNA in general is more prone to nuclease-
mediated degradation than pDNA, protection against nuclease attack is of great impor-
tance. In vitro screening of different PAsp(X) derivatives revealed, that a higher number
of aminoethylene repeats in the side chain had a positive impact on mRNA integrity in
serum!*#45] and translation efficiency!*4°l. This observation possibly is due to differences in
pK; values and protonation status of the oligoamines, with a higher protonation degree
offering increased complex stability[>45] and preservative binding of translation factors24°l.
Subsequently, PEG-b-PAsp(DET) and PEG-b-PAsp(TET) where utilized for mRNA ther-
apy in a mouse model of osteoarthritis, successfully suppressing disease progression.2+7]
PEG-PAsp(TEP)-Chol carrying sFlt-1 coding mRNA was evaluated for treatment of pan-
creatic cancer in mice, showing similar positive results like the pPDNA-based therapy (see
above).?45] Furthermore, mRNA encoding the amyloid-beta degrading protein neprilysin



was formulated with PEG-b-Asp(DET) and monitored for in vivo activity in a murine
Alzheimers’s disease model after intracerebroventricular infusion, demonstrating effective
reduction of the amyloid-beta load in the mouse brain.[*4°]

Finally, in a layer-by-layer approach for delivery of siRNA or pDNA, the two polypep-
tides PLys and PAsp(X) have also been co-formulated. In the first example, PAsp(X) was
combined with PEG-b-PLys.[*#] Initially, siRNA was mixed with azide-terminated, thio-
lated PEG-b-PLys to create cross-linked complexes. In a subsequent click reaction DBCO-
functionalized PAsp(DET) with amines masked by an acid-labile moiety, was coated onto
the complex surface yielding dual stimuli-responsive polyplexes sensitive to acidic tumor
environment plus the reductive intracellular milieu. The PAsp(x) coating led to significantly
increased gene silencing capacity in vitro. In the second example, the inverse approach was
conducted for generation of dual stimuli-responsive pDNA polyplexes. Here, pPDNA was
first complexes by thiolated PLys. Negatively charged PEG-b-PAsp(DET-Aco), where sim-
ilar as in the first example amines are masked by an acid-labile moiety, was then coated
onto the cross-linked binary polyplexes by means of electrostatic interaction, resulting in
enhanced gene transfection efficiency in cultured cells (Huh-7 and HUVEC) without asso-
ciated cytotoxicity.1>5°!

An entirely different class of polypeptidic non-viral vectors for pPDNA and siRNA delivery,
based on derivatives of PVBLG, was developed by Cheng and co-workers (also see Sub-
section 2.1.2).7% 8 Effficacy of these systems, like for many CPPs, relies on amphiphilicity
and the stable o-helical conformation of the polypeptide backbone, which promotes inter-
action with cellular membranes and their destabilization, thereby fostering cellular uptake
and endosomal escape.l°! Initially, a library of various amine side chains introduced to the
PVBLG backbone via ozonolysis and reductive amination was screened through luciferase
assay for transfection efficiency in COS-7 cells, with PVBLG-8 (PPABLG) showing the best
results and surpassing PEI by a factor of 12.1% Besides the library screening approach, the
effects of different side chain functionalities on in vitro performance of cationic, helical PGA
derivatives were explored more systematically. The collective effects of guanidine groups
and hydrophobic content within the side chains, plus a-helical structure of the polypep-
tide backbone were revealed to be decisive for high membrane activity and transfection
efficiency.l>5]

In several follow-up publications, the PVBLG-8 system was further developed (also see
Subsection 2.1.3). A PEG block was attached to the PVBLG-8 segment to improve bio-
compatibility. Polyplexes derived from the diblock copolymers were evaluated in IMR-go
cells and human embryonic stem cells, exhibiting reduced cytotoxicity while still preserv-
ing high transfection efficiency, which outperformed Lipofectamine 2000.I'5'l In another
study, different copolymer architectures (diblock, triblock, bottle brush and star-shaped)
for combination of PEG and PVBLG-8 blocks were compared in vitro.>°51 Linear Diblock
and triblock copolymers were less cytotoxic while delivering pDNA equally efficient like
the non-PEGylated control. Highest transfection efficiency was found for the star-shaped
architecture (3-5-fold increase compared to PVBLG-8 alone, 3-134-fold compared to Lipo-
fectamine 2000). In contrast, the bottle brush architecture was least efficient.

In addition to PEGylation, PVBLG-8 was also functionalized with 4,5-dimethoxy-2-nitro-
benzyl-glutamate (DMNBLG) to render derived polyplexes light-responsive.l'9! Exposure
to light caused unmasking of negatively charged groups along the polypeptide backbone,
decreasing cationic charge density and o-helical conformation. This resulted in reduced
cytotoxicity, facilitated pDNA release and elevated transfection levels in HeLa cells. For
siRNA delivery with its demand for additional stabilization, disulfide cross-linked poly-
plexes were generated from partially thiolated PVBLG-8 by oxidizing randomly distributed
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thiol groups after complex formation. Cross-linked polyplexes had a 50% smaller size
than non-cross-linked ones and mediated 60% gene knockdown in HeLa cells compared to
40% knockdown for non-cross-linked control.['®] Finally, PVBLG-8 was employed for in-
travenous administration and in vivo delivery of TNF-a siRNA to macrophages, achieving
effective systemic TNF-a knockdown and establishing an anti-inflammatory effect which
rescued mice from LPS/D-GalN-induced hepatic sepsis.?5%! In this case, as alternative for
cross-linking, PVBLG-8 and siRNA were co-formulated with a polyanionic PGA derivative
to enhance polyplex stability.

2.3 POLYPEPTIDE-BASED NANOPARTICLES FOR DIAGNOS-
TIC/THERANOSTIC APPLICATIONS

It is now widely accepted that the accumulation level and intratumoral distributions of
nanoparticles vary notably for different types of cancers but also among individual pa-
tients, 53] i.a. depending on the presence or absence of the EPR effect.[>>4! Approaches to
address this heterogenicity involve the application of diagnostic nanoparticles for screening
of patients before and during treatment with therapeutic nanoparticles, or the combination
of diagnostic and therapeutic functions in one nanoparticle. Both strategies are part of
a wider concept described by the term theranostics, which aims towards individualized
therapies.?55 259 In this regard, besides many other materials, polypeptides have been
explored for the combination with diagnostic (imaging) agents. The group of Kataoka de-
veloped several nanoparticles for in vivo MRI application with a gadolinium/?57-2°" or iron
oxidel?°272%5] core, either coated with a PEG-b-PGA, 2571 PEG-b-PAspl259 260 2622641 or PEG-
b-PAsp(DET)5%] shell. In some cases, platinum complexes?57 2581 or calcium phosphate
(CaP)[25 2%°l were additionally incorporated into the core to create theranostic and organic-
inorganic hybrid nanoparticles, respectively. Complementary to the coating method, cRGD-
modified PICsomes obtained from PEG-b-PAsp and P([5-aminopentyl]-o,3-aspartamide)
were loaded with iron oxide and utilized for targeted MRI in an orthotopic glioblastoma
model.2%] Moreover, in one study the imaging agents (indium for SPECT and gadolin-
ium for MRI) were not included into the core, but simultaneously attached to the shell of
DOTA-PEG-b-PBG based micelles.>]

The above mentioned system with PEG-b-PAsp shell and diethylenetriaminepentaacetic
acid gadolinium (III) (Gd-DTPA)/CaP core were evaluated for noninvasive diagnosis of
solid tumors (T1-weighted imaging).[259] The particles with a z-average hydrodynamic di-
ameter of about 80 nm were prepared in a two-step process, involving self-assembly of
the components followed by hydrothermal treatment. After intravenous administration,
the hybrid nanoparticles achieved substantial contrast enhancement in an EPR-active, C-26
subcutaneous murine tumor model with encapsulated Gd-DTPA exhibiting 6-fold increase
in relaxivity compared to the free form.

Theranostic nanoparticles based on PEG-b-PGA were simultaneously loaded with DACHPt
and Gd-DTPA through reversible complex formation between both agents.?57] Here, the
longitudinal relaxivity of incorporated Gd-DTPA increased 24 times compared to the free
form. The micelles afforded strong tumor contrast enhancement in a murine orthotopic
pancreatic cancer model, as successfully visualized in real-time manner by MRI. Moreover,
they permitted non-invasive monitoring of tumor volume during treatment.

Recently, several other groups have proposed theranostic concepts based on (partially)
polypeptidic nanoparticles, aiming to combine NIR imaging with drug delivery!5> 1°5] and
photodynamic/photothermall53 15! therapy. However, these concepts are still in early



phase and have not evolved from in vitro stage yet: Fu et al. used galactose-targeted
POEGMA-b-P(Lys-co-Asp) as a platform for linkage of a NIR dye (via terminal amine)
and doxorubicine (via hydrazone spacer to Asp units). Derived micelles were evaluated
for drug release in HepGz2 and NIH3T3 cells.l>?! Dong and co-workers investigated gold
nanoparticles decorated with PCys-g-PEG for NIR radiation induced release of doxoru-
bicin and photothermal therapy in HeLa cells."%5! Liu et al. entrapped the photosensitizer
BODIPY-Br, in POEGMA-b-PAsp(DIPEA) based micelles. In vitro tests on HepGz2 cells re-
vealed a cell suppression rate of >40% after exposure to NIR light. At the same time, the
internalization of the nanoparticles by cells could be traced by NIRF imaging.[53!

2.4 POLYPEPTIDE-BASED NANOPARTICLES FOR VACCINE
DELIVERY

Synthetic subunit antigen vaccines provide many advantages over traditional vaccines de-
rived from live attenuated, killed, or inactivated pathogens.2°°l However, synthetic vaccines
often lack the immunogenicity to evoke a strong immune response or may even induce
immune tolerance. The co-administration of adjuvants allows to overcome this issue by
amplifying and directing immune responses.*°7! Facilitating the simultaneous delivery of
subunit antigens and adjuvants into antigen-presenting cells represents the main opportu-
nity of nanoparticle-mediated vaccination.

Although recent years have seen considerable efforts in developing nanoparticulate vac-
cine formulations,2%% 2% the literature on polypeptide-based nanoparticle vaccines is still
rather limited.

Jiskoot and co-workers loaded polymersomes based on PBGs,-K (where K is a hydrophilic
peptide with G(KIAALKE);-NH, amino acid sequence) with HA subunit antigens and eval-
uated their immunogenicity in mice.l*”! In this approach the intrinsic adjuvant properties
of PBG50-K were exploited, leading to an elevated systemic immune response compared to
HA alone.

Weber et al. utilized polymersomes from amphiphilic PSar-b-PGlu(OBn) polymers for
the simultaneous encapsulation of the subunit antigen SIINFEKL and the adjuvant CpG.
The polymersomes displayed a hydrodynamic radius of 39.2 nm and were successfully
deployed for co-delivery of antigen and adjuvant into dendritic cells. The authors observed
dendritic cell activation involving upregulation of CD8o, CD86 and MHC II. Furthermore,
activated dendritic cells could induce antigen-specific T cell proliferation.

As an alternative to polymersomes, Schinnerer et al. employed bottle brush polymers for
the co-delivery of ovalbumin as model antigen and CpG as immune activator. The poly-
mers were constituted by a PLys backbone and PSar side chains with terminal azide groups.
The azide groups allowed covalent attachment of antigen and adjuvant to the nanocarrier
through click reaction, representing a complementary approach to the encapsulation strate-
gies described above. Click reaction was also utilized to decorate the bottle brush polymers
with anti-DEC205 antibodies. The bottle brush polymers displayed low unspecific cellular
uptake and stable circulation in mice (78% remaining brushes after 24h).
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NANOPARTICULATE VACCINE FORMULA-
TIONS

Taken in part from: P. Heller, D. Huesmann, M. Scherer, M. Barz, “From polymers to
nanomedicines: New materials for future vaccines”, in “Molecular Vaccines - From Pro-
phylaxis to Therapy”, Springer International Publishing, 2014, pp. 643

3.1 ADVANTAGES OF PARTICLE-BASED VACCINES

The next years will see an increasing use of synthetic subunit antigen vaccines because they
provide many advantages over traditional vaccines derived from live attenuated, killed, or
inactivated pathogens.[?*°l However, it is a well-known fact that synthetic peptides often
lack the immunogenicity to induce a strong immune response. Therefore, efficient vacci-
nation requires the use of adjuvants.?”!l In the field of tumor immunotherapy, adjuvants
are especially important to reverse tumor immunosuppression mediated, for example, by
regulatory T cells or myeloid-derived suppressor cells. Adjuvants, among other things, pro-
mote the maturation of antigen-presenting cells by interaction with receptors of the innate
immune system, e.g., dendritic cells. Only mature dendritic cells are able to generate co-
stimulatory signals, which together with the presented antigen lead to the desired effector
T cell responses. Thus, it is important that antigen and adjuvant act on dendritic cells con-
comitantly. Most of today’s human vaccine formulations use aluminum-based compounds
as adjuvants. However, as recent years have seen intense research for more potent and
specific alternatives,!*72l new means of co-delivery are required.

Another problem of subunit antigen vaccines is their susceptibility to enzymatic degra-
dation. To increase their lifetime and biological activity, protective carrier molecules are
needed. Nanoparticles have become of great interest as an instrument to protect antigens
and adjuvants against blood serum proteins and to ensure their safe and simultaneous
delivery to dendritic cells.

Alongside their capability for protection?73] and co-delivery of antigen and adjuvant,
nanoparticles show several other advantages:

e They can deliver an antigen together with combinations of adjuvants overcoming
immune suppression by regulatory T cells.274727°]

o They trap their cargo, thus preventing systemic distribution and toxicity.*77]

e They can be used as a platform to present multiple copies of an antigen on their
surface which especially improves B cell activation.[>7%]

e They can promote the cytosolic accumulation of antigens in dendritic cells. This is
important for cross-presentation, the key mechanism for CD8" T cell activation.

e Modification of nanoparticles with inert substances like poly(ethylene glycol) that
mediate stealth properties!*”9) can minimize protein absorption and lower their im-
munogenicity. This increases their blood circulation time.[*%]

e Surface functionalization of nanoparticles with receptor ligands or antibodies enables
specific tissue or cellular targeting.**°] Thereby, antigen and adjuvant are retained at
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the site of action so that unspecific distribution is reduced, lower doses are needed,
and adverse reactions to vaccination are minimized.

Nanoparticles provide a sustained release of adjuvants and thus a prolonged expo-
sure to the immune system which is essential for a proper activation of dendritic
cells.?81]

3.2 APPROACHES

Big potential for nanoparticulate vaccine formulations most likely lies in cancer immunother-
apy. In addition to this, applications for vaccination against various infectious diseases are
investigated. These include, for example, nanoparticle-based vaccines against influenza, 25!
West Nile encephalitis,**3] and malaria.[2%4]

The components of a typical nanoparticulate vaccine formulation combine an antigen (T
cell and/or B cell epitopes), adjuvant, and targeting moiety on one particle.?771 A wide va-
riety of antigens such as peptides/proteins,*%! lipoproteins,?*°! glycopeptides,**7! tumor-
associated carbohydrate antigens (TACA),[%%] and carbohydrate mimetic peptides**! are
tested in combination with nanoparticulate carriers.

Two basic concepts can be distinguished for targeting dendritic cells with antigens: ex
vivo pulsing and subsequent administration of matured dendritic cells or direct in vivo
targeting of immature dendritic cells. Nanoparticles are especially evaluated for in vivo
strategies.[>°]

The group of adjuvants mainly studied in the context of nanoparticulate vaccines are
several Toll-like receptor ligands. LPS, the major component of the outer membrane of
Gram-negative bacteria, is a pathogen-derived TLR 4 ligand. While being far too toxic for
systemic application as an immune potentiator for classic vaccines, LPS shows promising
results in vitro and in mouse models, when administered within PLGA nanoparticles.29']
7-acyl lipid A, a component of LPS, is also investigated in mice as an additive for PLGA-
based vaccines.[?? In addition to pathogen-derived TLR ligands, synthetic molecules mim-
icking pathogen-associated molecular patterns (PAMPs) are evaluated. Representatives
of this group are CpG oligodeoxynucleotides (CpG ODN), binding to TLR 9, and polyri-
bosinic:polyribocytidic acid (Poly I:C), a TLR 3 ligand.l?74l Alongside the general activation
of dendritic cells, the application of certain TLR ligands like CpG oligodeoxynucleotides
and LPS together with nanoparticulate carriers might be of special interest as they, contrary
to alum, elicit a Thi-biased immune response.[?93! Demento et al. developed PLGA nanopar-
ticles loaded with a recombinant envelope protein antigen from the West Nile virus and
surface functionalized with CpG ODN. In several experiments they compared this system
with unmodified nanoparticles and an aluminum hydroxide vaccine formulation. In mice,
CpG ODN modified nanoparticles produced a Th1 immune response biased antibody pro-
file in contrast to a Th2 profile elicited by aluminum hydroxide. Moreover, immunization
of mice with modified nanoparticles induced a higher number of circulating effector T cells
and an enhanced antigen-specific IL-2 and IFN-y production compared to control groups.
In a mouse model of West Nile encephalitis, modified nanoparticles showed a superior
protection in comparison to aluminum hydroxide.[%3!

Studies suggest that some nanoparticles, probably by binding to Toll-like receptors,
can act as adjuvants themselves.*94 This has been shown for high molecular weight y-
PGA particles,*95! PLGA nano- and microparticles,*?°l poly(anhydride) nanoparticles,297]
liposomes, 298] polystyrene nano- and microparticles,>°! and acid-degradable cationic poly-
acrylamide nanoparticles.3°! Though, particle size and concentration seem to be critical



for activation of dendritic cells as in other experiments, PLGA particles failed to induce
dendritic cell maturation.!3°]

In one experiment, mucosal immunization of mice against highly pathogenic influenza
A HsN1 virus was carried out. The vaccine consisted of recombinant influenza hemag-
glutinin (rHA) antigen and y-PGA /chitosan nanoparticles. This system was compared to
two other formulations: inactivated virus with y-PGA /chitosan nanoparticles and cholera
toxin with recombinant influenza hemagglutinin antigen. The y-PGA/ chitosan nanoparti-
cles in combination with rHA antigen led to potent virus-specific humoral and cellular im-
mune responses. Compared to cholera toxin the adjuvant properties of the y-PGA /chitosan
nanoparticles were equally good. Immunized mice were protected against challenge with
a lethal dose of highly pathogenic influenza A H5N1 virus.3°2]

A different concept for nanoparticle-based vaccines investigated in multiple studies!3°3 3°4]
involves the delivery of nucleic acids (mRNA or pDNA) encoding a defined antigen into
dendritic cells. In contrast to peptide antigens, mRNA and pDNA have to remain intact
and functional all along the endocytic route until they have reached the cytosol or the nu-
cleus, respectively. After being endocytosed, nanoparticles functionalized with buffering
groups or cell penetrating peptides can protect nucleic acids against hydrolytic enzymes
and foster endosomal escape.[3°5) Once nucleic acids have reached their destination inside
the cell, expression of the encoded peptide antigen can start.

One advantage of pDNA is that it can encode for various peptide antigens. Thus, one
nanoparticulate system that is able to transport pPDNA can be used for a broad range of
vaccinations. Further, pPDNA can function as an immunostimulant because it contains CpG
sequences recognized by TLR 9.13°]

Sudowe et al. investigated the potential of in vivo pDNA vaccination to generate an
immune response against $3-Gal as model antigen. Plasmids encoding (3-Gal under the
control of DC-specific, keratinocyte-specific, or unspecific promoters were adsorbed on
gold nanoparticles and applied to the skin of mice via gene gun. As a result, Thi-biased
immune responses were observed. Moreover, with regard to CD8* T cell priming, it was
shown that the presentation of endogenous antigen produced by transfected skin dendritic
cells is equally effective as the cross-presentation of exogenous antigen.[']

As mentioned above, the surface of nanocarriers can be functionalized with a multi-
tude of different ligands, including proteins, peptides, antibodies, antibody fragments, ap-
tamers, and small molecules.[**! By targeting defined cell surface structures with receptor
ligands or antibodies attached to nanoparticles, an increased and/or more specific cellular
uptake might be achieved. Considering vaccine formulations in particular, the configu-
ration of the carrier system with ligands for pattern recognition receptors, e.g., Toll-like
receptors or C-type lectin receptors, might augment its immunogenicity and contribute to
dendritic cell activation.l3°4l Different targeting concepts have been realized with various
particulate carriers and have shown stronger immune responses compared to nontargeted
carriers.l37) Mannose is a ligand for a C-type lectin receptor expressed on dendritic cells.
Multiple research projects have examined its performance for targeting dendritic cells and
macrophages.3°53%5] In experiments comparing mannose-decorated PLGA particles with
plain PLGA particles, it was shown that mannose only causes a slight increase in cellu-
lar uptake. Presumably, because depending on the experimental conditions, nonspecific
uptake usually predominates specific uptake.3'°l However, in another study it was demon-
strated that mannan, a natural polymannose derived from the cell wall of Saccharomyces
Cerevisiae, when conjugated to PLGA particles leads to increased antigen-specific CD4*
and CD8* T cell responses.’3'7] Other methods for addressing dendritic cells reported in lit-
erature are the deployment of Fc receptor ligands or anti-DEC-205 antibodies. Raghuwan-
shi et al. evaluated a two component vaccine formulation, one element being biotinylated
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PLGA nanoparticles loaded with ovalbumin as model antigen and the other a bifunctional
fusion protein consistent of truncated core-streptavidin and an anti-DEC-205 single-chain
antibody. They observed a twofold increase in receptor-mediated uptake of functional-
ized nanoparticles compared to nontargeted nanoparticles. OVA-specific IgG responses of
mice immunized with anti-DEC-205-modified nanoparticles in connection with «CD4o0 as
adjuvant were considerably higher than those of control groups.’3®l

To trigger an antibody response, an antigen has to be recognized and processed not only
by dendritic cells but also by B cells. Consequently, alongside T cell epitopes, the inclusion
of B cell epitopes into a vaccine formulation is a central approach. As mentioned before,
nanoparticles can be used to present multiple copies of epitopes on their surface.[*”8! This
enables the induction of T cell-independent type I antibody responses as has been shown
for virus-like particles.3'9 T cell-independent type II antibody responses can be realized
through co-delivery of adjuvants suited for B cell activation.[32]

Especially in tumor immunotherapy, the delivery of B cell epitopes derived from gly-
copeptides, TACA, or carbohydrate mimetic peptides is of great interest. In several stud-
ies Kunz et al. investigated the B cell activating potential of different synthetic tumor-
associated MUC1 glycopeptides which contain the Thomsen-Friedenreich antigen, its pre-
cursor or its sialylated derivatives. They chemically linked the glycopeptides to bovine
serum albumin (BSA) or tetanus toxoid as carrier molecules. These vaccine systems were
applied to Balb/c mice. In the case of the BSA formulations, complete Freud’s adjuvant
was co-administered. For all vaccines strong specific antibody responses against the MUC1
antigens were observed.[3217323

Brinds et al. used gold nanoparticles to co-deliver MUC4 glycopeptides containing the
Thomsen-Friedenreich antigen together with a peptide derived from the complement pro-
tein C3d as B cell activating adjuvant. Mice immunized with these nanoparticles showed
statistically significant immune responses.’3*°!



4 CHARACTERIZATION METHODS AND
THEORETICAL BACKGROUD

4.1 PHYSICOCHEMICAL CHARACTERIZATION OF PEPTOPLEXES

4.1.1 Light Scattering

4.1.1.1 Principle of Light Scattering>?*]

Light scattering is one of the most common methods used for the characterization of solute
polymers and nanoparticles. When regarded as an electromagnetic wave of the length 2,
propagating in space (x) and time (t), light can be described by the wave equation:

E(x,t) = Eg (sin (2KX> + sin (27?)) (4.1)

Scattering of light derives from the fundamental interactions of electromagnetic radia-
tion and matter: When an incoming electromagnetic wave encounters any given particle,
the spatial charge distribution within the particle gets remodeled according to the time-
modulation of the wave. The molecule thus behaves as an oscillating dipole emitting elec-
tromagnetic radiation of the same wavelength as the incoming wave (elastic scattering).
The emission proceeds isotropically in all directions perpendicular to the axis of oscillation

(Fig. 4.1).
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Figure 4.1: Schematic illustration of light scattering. An oscillating dipole is generated by an inci-
dent light wave and emits light isotropically.[324]

For any particle larger than 20/ interaction with light leads to the simultaneous induction
of several oscillating dipoles, resulting in a phase difference and nonisotropic interference
between the emitted light waves (Fig. 4.2). Consequently, the scatttering intensity I for such
particles depends on the angle or scattering vector g from which the emitted light beam is
observed with respect to the incident light beam. Apart from the angle dependency, the
interference pattern of intraparticular scattered light (known as particle form factor, P) is
influenced by size and shape of the particle, which is exploited for characterization by static
light scattering.
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Figure 4.2: Interference pattern of intraparticular scattered light from small (left) and large (right)
particles.[324]

4.1.1.2 Dynamic Light Scattering!*?*]

Interference pattern and scattering intensity of particles in solution also undergo temporal
variation resulting from changing interparticle positions as a consequence of the Brownian
motion of particles (Fig. 4.3).

Y

Figure 4.3: Temporal variation of interference pattern and scattering intensity resulting from Brow-
nian motion of solute particles.[324]

The fluctuation of scattering intensity in time is utilized in dynamic light scattering (DLS),
providing a quantitative measure for mobility of particles and determination of their selfd-
iffusion coefficient.

For quantitative analysis, scattering intensity fluctuation measured at a fixed scattering
vector g over a distinct time interval ¢ is expressed as autocorrelation function (I(g,t)I(g,t + 7))
and plotted against the correlation time t (Fig. 4.4).

It)
<A(b(t+o>,

t T

Figure 4.4: Measurement of temporal intensity fluctuations and plotting of the derived autocorre-
lation function against correlation time 7.13%4]
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The main quantity determined by this procedure is the dynamic structure factor F;, alterna-
tively denoted as g;, containing the information about the mobility of scattering particles.
F; and the intensity autocorrelation function are linked through the Siegert relation:

Fi(q,7) = exp(=Dsq’7) = (Es(q, t)Es % (q,t + 7)) = \/ <I(q'<t1)g;’q{)tz>+ D)4 (4.2)

Calculation of Fs for a certain g gives direct access to the selfdiffusion coefficient D; of the
scattering particle. Applying the Stokes-Einstein-equation,

KT _ kT

the corresponding hydrodynamic radius Ry can be obtained. In this case, regardless of
particle shape Ry always corresponds to the radius of an equally sized, solid sphere.

For polydisperse particles the scattering intensity of each particle species i depends on
the species” number density (n;), particle mass (M;), and particle form factor P;(q): I ~
n; - M? - Pi(q). Consequently, F; cannot be described by a single exponential function but by
a superposition of several correlation functions weighted by a distribution function P(Ds)
for the selfdiffusion coefficient.

D,

(4-3)

o

F(,7) = [P(D.) exp(~¢*D.r)dD. (4.4)
0

For samples of small polydispersities (ARy/ (Ry) < 0.2), F5(g,7) can be approximated by a
cumulant analysis based on a series expansion.
2

1
S S (4.5)

1
InF(q,7) = —K1T+ 12T 3

2!
The average selfdiffusion coefficient is thereby derived from the first cumulant x; = (D) g2,
while the second cumulant gives quantitative information about the polydispersity of the
selfdiffusion coefficient.
As already mentioned, for particles larger 20/), scattering intensity and therefore also D;
is angle or g-dependent. The apparent selfdiffusion coefficient Dy, of a sample at a certain
q is correlated to single species properties by

Dapp(q) = L i l<q) :
Y.oni- M7 - Pi(q)
To exclude contributions from particle form factor P and nondiffusional processes like

rotation to Ds, the actual z-average selfdiffusion coefficient (D;), of a particle sample has
to be obtained by from Dgy,(q). According to

(4.6)

1
P(g) =139 +... (47)

for ¢ = 0, Pi(g) gets 1 and does not contribute to D; as depicted in eq. 4.6. Therefore, by
plotting Dy, against q and extrapolating the fit, which for small particles (Ry = 10 - 100
nm) is given as
2\ 2
Dapp(q) = (Ds), (1 +K <Rg>z q ) (4.8)
against zero, (Ds), is obtained as y-axis intercept. Finally, the z-average hydrodynamic ra-
dius <Rﬁ1 >Z of a particle sample can then be calculated from the Stokes-Einstein-equation

(eq. 4.3).
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4.1.1.3 Light Scattering in Plasma

Light scattering measurement performed in blood plasma as solvent is a powerful method-
ology to check if a particle sample induces aggregation of proteins.325 321 [f this is the case,
aggregated proteins are detected as an additional species that can be discriminated from
native proteins and the particle fraction. The dynamic structure factor of native blood pro-
teins in pure plasma (g;,) can be fitted by a triexponential correlation function according

to eq. 4.4.
91,5(T) = a15 - exp (—D1,547T) + ao5 - exp (—D2sq*T) + a3 - exp (—D3,54°T) (4.9)

In contrast, the dynamic structure factor of nanoparticles (g;,) is commonly fitted by a
biexponential correlation function. If both components are mixed and do not interact or
interact only marginally, the correlation function of the mixture g; ,, is constituted by the
sum of the individual correlation functions.

gl,m(T) = fsgl,s(T) +fnpg1,np<T) (4.10)

Therefore, if no aggregation occurs, the experimental data obtained for the mixture should
be perfectly fittable by this function, as for example in the case presented in Fig. 4.5.
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Figure 4.5: Autocorrelation function of PLL-g-PEO,, in human serum as an example for the absence
of aggregation. Red line: fit with eq. 4.10 and the resulting residue, B experimental
data. Example obtained from Rausch et. al.[323]

If, on the other hand, significant interaction between nanoparticles and blood proteins
arises and aggregation is induced, the experimental data cannot be fitted by eq. 4.10 any-
more. Instead, another exponential term has to be added to the correlation function to take
the emerging aggregates into account.

S1m(T) = fs&1,5(T) "’fnpgl,np(T) +fagggl,ugg(T) (4.11)

Only such a modified correlation function gives a realistic extrapolation for the measured
data. Fig. 4.6 shows a case, in which aggregation between nanoparticles and blood proteins
occurs. It is clearly visible that only the correlation function which takes aggregation into
account (red line) is in line with the measured data points.
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Figure 4.6: Autocorrelation function of PLL-¢-PEOg in human serum as an example for the oc-
curence of aggregation. Blue line: fit with eq. 4.10 and the resulting residue, red line: fit
with eq. 4.11 and the resulting residue, B experimental data. Example obtained from
Rausch et. al.13%5]

The additionally introduced term fi4081,44¢(T) allows the calculation of the selfdiffusion
coefficient and hence hydrodynamic radius of the aggregates according to

81,485 (T) = @105 - €XP (—Diage T) (4.12)

Eventually, presence or absence of protein aggregation induced by nanoparticles as well as
the aggregate size can be easily monitored by applying the above outlined procedure and
comparing experimental and theoretically predicted data. Thus light scattering measure-
ments in plasma represents a valuable routine control to check the in vivo applicability of
nanoparticles.

4.1.2 Molecular Dynamics Simulation - Bead Spring Model

Molecular dynamics simulation is a computational method to calculate the time-dependent
physical movement of atoms or molecules. It is commonly applied for modeling dynamics
and thermodynamics of macromolecules within the nanosecond or microsecond regime al-
though millisecond time scales have been reported.!327l Macromolecules like synthetic poly-
mers, proteins or nucleic acids can be simulated using the bead-spring modell3**! originally
proposed by P. E. Rouse.5?9! In this model, a polymer is constituted by N +1 beads which
are connected by N massless springs. A bead represents one or more repeat units, whereas
the springs form the covalent bonds in between. The potential energy of a bead spring
chain is given by

N N
Hi({li}) =CY (i —10)*/2=CY (|Ri — Ri-1| — I0)*/2 (4.13)
i=1 i=1

with R; as the position of each bead in space and /; as the relative distance between the
beads. Beads can be indicated with further attributes such as hydrophilicity /hydrophobic-
ity or charge. Such properties are adjusted by setting the Lenard-Jones interaction between
two beads accordingly.

When applied for computing the complexation process between nucleic acids and cationic
polymers, molecular dynamics simulation with bead spring model enables a theoretical
prediction of the structure and composition of the resulting polyplexes.
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4.1.3 Cryogenic Transmission Electron Microscopy

In contrast to conventional light microscopy, transmission electron microscopy (TEM) ex-
ploits electrons instead of photons for imaging. A TEM image is created from information
about density, phase and periodicity of transmitted electrons following their interaction
with the specimen’s atoms.

In microscopy, the relation between resolution d, wavelength }, refractive index n and the
angle o at which radiation enters the lense is given by

A

= Yisina (4.14)

Due to the much smaller de Broglie wavelenght of electrons compared to photons, the res-
olution of TEM is substantially higher than in light microscopy. For imaging, electrons are
emanated by thermionic emission or field electron emission into a vacuum and accelerated
along an electric potential. The electron beam is then focused onto the sample through
electrostatic and electromagnetic lenses. Eventually, the resulting image is projected on an
imaging device, for example a fluorescent screen. Fig. 4.7 shows the basic setup for TEM.
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Specimen port Objective aperture

Objective lens

. Diffraction lens
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Intermediate lens
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I—

Figure 4.7: Basic components of TEM."

Cryo-electron microscopy is a special form of TEM which allows the observation of vitrified
specimens. It is commonly applied for the analysis of biological samples in their physio-
logical environment, i.e. aqueous solution. Additional manipulations such as staining or
fixation are not required. Moreover, radiation damage of samples is reduced because of the
low temperature during imaging. Cryo-TEM is a valuable method for realistic imaging of

1 Image adopted from https://en.wikipedia.org/wiki/Transmission_electron_microscopy.
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synthetic nanoparticles intended for biomedical application, which like biological macro-
molecules, are usually dispersed in water or buffer. As samples are embedded in vitreous
ice and remain hydrated throughout analysis, collapse, aggregation or surface adsorption
of the sample, which might occur in other imaging techniques, are prevented. Thus, the
natural size and shape of nanoparticles in solution can be investigated.

Before analysis, vitrification of sample solutions is the key step to prevent formation of
ice crystals that would otherwise damage the molecular structure of the specimen. The
rapid freezing required for vitrification of water can be achieved by cryofixation. Samples
are therefore immersed in liquid ethane or propane cooled by liquid nitrogen, providing
the necessary cooling rates.

4.1.4 Gel Electrophoresis

Gel electrophoresis is a quick and easy method to analyze size and conformation of nucleic
acids by exploiting their negative net charge. Moreover, complexation of nucleic acids by
cationic molecules in relation to charge ratio can be visualized. The gel matrix is constituted
of the polysaccharide agarose which forms pores of variable size depending on the applied
concentration. Implementation of an electric field causes migration of nucleic acids along
the voltage gradient towards the positive pole. Smaller molecules thereby migrate faster
than larger ones, leading to a separation according to hydrodynamic diameter. In contrast
to free nucleic acid, polyplexes with a large enough N/P ratio remain stuck in the gel
pockets. Hence, both species and the intermediate steps from one to the other can be
discriminated. To stain nucleic acids, the gel matrix is spiked with intercalating dyes such
as ethidium bromide or GelRed™

Gel electrophoresis also allows assessment of polyplex stability and their capability to
protect nucleic acid against nuclease attack. For instance incubating polyplexes with neg-
atively charged heparin might displace nucleic acid from the complex which can then be
detected as free species in subsequent gel electrophoresis.

4.1.5 Total Internal Reflection Fluorescence Microscopy

Total internal reflection fluorescence microscopy (TIRFM) is a form of fluorescence mi-
croscopy which allows the selective observation of surface-bound fluorescent molecules
within a sample. In contrast to conventional fluorescence microscopy, in TIRFM non-bound
fluorophores in the surrounding volume are not excited due to total internal reflection of
the incident light beam. Hence, background fluorescence is significantly diminished. Total
internal reflection is only possible at interfaces where the refractive index n drops from
the first medium to the second medium. When incoming light encounters such a medium
boundary at a sufficiently high angle it is completely reflected back into the first medium.
The critical angle O, for total internal reflection can be calculated from Snell’s Law

ny-sin®; = n., - sin®; (4.15)

yielding ©, = sinfl(%). In the second medium, an evanescent wave is created adjacent
to the interface. In TIRFM, this evanescent wave is applied for imaging, only exciting the
fluorophores in a small region vicinale to the glass-water interface between coverslip and
specimen (Fig. 4.8). As the electromagnetic field of the evanescent wave decays exponen-
tially from the interface, the penetration depth into the specimen is only around 100 nm
and therefore excitation of fluorophores is restricted.
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Figure 4.8: Optical path in TIRFM.?

Apart from cell imaging, TIRFM can be applied for single molecule analysis of surface-
bound particles. For example, quantitative comparison of fluorescence for different particle
species allows conclusions on particle composition.

4.2 BIOLOGICAL EVALUATION OF POLYPLEXES

4.2.1 Confocal Microscopy

In fluorescence microscopy, imaging of biological specimen is often impaired by light from
out-of-focus planes interfering with the fluorescence signal of structures of interest. Con-
focal microscopes are designed to overcome this problem by filtering the signal of interest
from out-of-focus emission while keeping it strong enough for detection at the same time.

A confocal microscope is a special form of fluorescence microscope operating with two
aperture pinholes, one downstream from the light source and one in front of the detector.
The two pinholes and the point of illumination in the specimen are confocal to each other
(Fig. 4.9). As a consequence of the setup, only a small volume within the sample is
illuminated by the incoming light and, additionally, out-of-focus signal from the specimen
is eliminated.

Beam splitter

Light source

Aperture

Aperture
Light detector
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Figure 4.9: Optical path in confocal microscopy.3

2 Image adopted from  https://en.wikipedia.org/wiki/Total_internal_reflection_fluorescence_

microscope.
3 Image adopted from https://en.wikipedia.org/wiki/Confocal_microscopy.
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Thus, compared to conventional wide-field microscopes background fluorescence from the
surrounding volume is diminished and the optical resolution is significantly increased.
Since a large part of the sample fluorescence is blocked, confocal microscopes are equipped
with light sources of high excitation power like lasers.
A confocal laser scanning microscope (CLSM) generates a 2D image through point-by-
point raster scanning across a sample in the horizontal plane. In addition, 3D images can
be obtained by screening multiple planes along the z-axis. CLSM enable optical sectioning
of a sample in extremely thin planes and detection of structures burried deep within a
specimen. However, the raster scanning technique requires long imaging times for 2D
and all the more for 3D images. Slow imaging of samples together with high-intensity
excitation induce photo-toxicity and are also rather incompatible with investigations of
dynamic processes as for example in living cells. Thus, CLSM are best suited for imaging
of fixed samples where high optical resolution and thin sectioning are desired in particular.
As an alternative to CLSM, spinning disc confocal microscopes are provided with a
rotating disc containing an array of pinholes arranged in a spiral. Compared to CLSM,
this setup allows much more light throughput at the cost of diminished confocality and
thicker optical sectioning. Because multiple pinholes are used in parallel, scanning of a
sample proceeds much faster than in case of CLSM especially allowing imaging of dynamic
processes in living samples. Moreover, each pinhole can focus on a specific specimen region
for a longer time. Thus, lower excitation energy is required for illumination, reducing
photo-toxicity and sample bleaching. Spinning disc confocal microscopes are therefore
particularly suited for live cell imaging and imaging of moving objects over longer time
courses.

4.2.2 Flow Cytometry

Flow cytometry is a widely used spectroscopic method to analyze properties of cell popu-
lations on single cell level. During measurement of a sample, individual cells are consecu-
tively conveyed past a laser. In the process, forward and sideward scattered light as well
as cell-associated fluorescence are collected by different detectors (Fig. 4.10).
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Figure 4.10: Setup of a flow cytometry system.*

4 Image adopted from https://de.wikipedia.org/wiki/Durchflusszytometrie.
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Forward scattered light (FSC) is correlated with the cell volume, while sideward scattered
light (SSC) provides information about cell granularity. These parameters can already be
used to distinguish certain cell populations. The fluorescence detectors further enable quan-
titative measurement of cell-associated fluorophores. For instance, by staining cells with
fluorescently labeled antibodies, which bind to cell type-specific intracellular molecules or
surface structures, a more detailed analysis of different cell populations becomes possi-
ble. The data acquired individually for each cell within a sample is presented in form of
histogramms or dotplots.

4.2.3 Luciferase Assay

The luciferase assay is a straightforward quantitative method for determination of a re-
agent’s transfection efficiency, which allows fast screening approaches due to its simplicity.
It is based on transfection with reporter genes encoding the luciferase enzymes from Renilla
reniformis (sea pansy) or Photinus pyralis (firefly). Firefly luciferase catalyzes the oxidative
decarboxylation of p-luciferin to oxyluciferin to (Fig 4.11).33°] Bioluminescence created
during the reaction (A = 480 nm) can be quanitified with a luminometer. It is directly cor-
related with the amount of luciferase produced by transfected cells, and therefore with the
transfection efficiency of the tested reagent.
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Figure 4.11: Oxidative decarboxylation of p-luciferin and associated emission of light.

4.2.4 Cell viability Assay

MTT and XTT assay are colorimetric tests to assess cell viability. MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) is a yellow, membrane crossing tetrazolium salt,
XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) is another,
closely related reagent. In viable, metabolically active cells MTT or XTT are reduced to wa-
ter insoluble formazan by NADH and NADPH (Fig. 4.12). After cell lysis and solubilization
of the formazan crystalls, formazan-associated absorbance is measured at 570 nm (for MTT)
or 450 nm (for XTT) with a spectrophotometer. MTT/XTT assays, thus, enable quantitative
measurement of metabolic acitivity and thereby indirect assessment of cell viability.?3*
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Figure 4.12: Reduction of MTT by NADH/NADPH.

4.2.5 Enzyme-linked immunosorbent assay (ELISA)

ELISA is a biochemical assay which relies on the combination of antibody binding and
enzymatic reactions for quantitative spectrophotometric detection of a certain substance in
a sample. In a sandwich ELISA (Fig. 4.13)a surface is coated with antibodies specific for
the substance in the sample to be analyzed. In the first step, the sample is added onto the
surface and any present substance binds as antigen to the surface antibody. Following a
washing step, a second substance-specific antibody which binds to another site of the anti-
gen is applied. This primary antibody is either directly linked to an enzyme or a secondary,
enzyme-linked antibody, which binds specifically to the Fc region of the primary antibody,
is added after a washing step. Subsequently, another washing step is carried out. After-
wards, a substrate is added that can be converted by the enzyme yielding a colored product
for absorption or fluorescence measurement. Eventually, the spectrophotometric readout
provides information about the concentration of the antigen in the analyzed sample.
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Figure 4.13: Principle of sandwich ELISA. Blue: antigen, black: enzyme linked to secondary anti-
body.>

4.2.6 T Cell Proliferation Assay

A T cell proliferation assay can be utilized as a functional readout for the transfection
efficiency of the PeptoPlexes developed in this work. In other words, it gives feedback of
their suitability to function as carriers for a pDNA vaccine.

The assay consists of several steps. In general, antigen-presenting cells, i.e. dendritic
cells (DCs), are first pulsed with any given antigen. In the special case of this work, the
cells are transfected with PeptoPlexes carrying a model pDNA antigen encoding ovalbu-
min. Cell lines applied are DC2.4 cells (a murine model for native DCs) and native bone
marrow-derived dendritic cells (BMDCs, generated from murine bone-marrow progenitor
cells). After 24 hours of transfection and accumulation of antigen, cells are stimulated with
an adjuvant such as lipopolysaccharides (LPS) or CpG oligodeoxynucleotides to induce

5 Image adopted from https://en.wikipedia.org/wiki/ELISA.
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maturation and antigen (ovalbumin) presentation. Subsequently, matured dendritic cells
are co-cultured with CD4" or CD8" T cells. In the context of this work, CD8* T cells are
isolated from OT I mice, while CD4" T cells are obtained from OT II mice. The mono-
clonal T cells of these mouse strains exclusively express transgenic T cell receptors (TCR)
recognizing ovalbumin residues 257-264 presented on MHC I (in case of CD8"/OT I) and
ovalbumin residues 323-339 presented on MHC 1II (in case of CD4"/OT II), respectively.
Consequently, during co-culture, clonal expansion of the T cells is only initiated if the DCs
applied present fragments of ovalbumin via MHC I/MHC II. The ovalbumin presentation,
however, depends on the successful transfection of the dendritic cells in the first step. There-
fore, the degree of T cell proliferation directly correlates with the functionality (transfection
efficiency) of the applied PeptoPlexes.

T cell proliferation is measured via a 3H-thymidine proliferation assay. As cells are
cultured in the presence of the radioactive nucleoside 3H-thymidine, it is incorporated
into new strands of chromosomal DNA during mitotic cell division. The extend of 3H-
thymidine incorporation and thus cell proliferation is determined by a scintillation beta-
counter measuring the tritium-associated radioactivity in DNA recovered from the cells.

OVA pDNA T cell from OTI mice

PeptoPlex Dendritic cell T cell proliferation
(®H-thymidine assay)

Figure 4.14: Procedure for T cell proliferation assay as performed in this work.
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The PhD thesis started with the synthesis of PLys-b-PSar diblock copolymers which combine the most
fundamental components for the formation of core-shell type polyplexes: A cationic segment (PLys)
binding the negatively charged nucleic acid and a neutral, hydrophilic segment (PSar) constituting
the shell material. The first generation of PeptoPlexes could be obtained through the combination of
these diblock copolymers and pDNA. The PeptoPlexes were characterized for their physicochemical
properties and compared to free pPDNA. Moreover, first structure-property relationships between
polymer block lenght, transfection efficiency and cytotoxicity in HEK 293T cells were investigated.






INTRODUCING PEPTOPLEXES:
POLYLYSINE-BLOCK-POLYSARCOSINE
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ABSTRACT

A series ofwell-defined polypeptide-polypeptoid block copolymers based on the body’s
own amino acids sarcosine and lysine are prepared by ring opening polymerization of N-
carboxyanhydrides. Block lengths were varied between 200-300 for the shielding polysarco-
sine block and 20-70 for the complexing polylysine block. Dispersity indexes ranged from
1.05 to 1.18. Polylysine is polymerized with benzyloxycarbonyl as well as trifluoroacetyl
protecting groups at the e-amine group and optimized deprotection protocols for both
groups are reported. The obtained block ionomers are used to complex pDNA resulting
in the formation of polyplexes (PeptoPlexes). The PeptoPlexes can be successfully applied
in the transfection of HEK 293T cells and are able to transfect up to 50% of cells in vitro
(FACS assay), while causing no detectable toxicity in an Annexin V assay. These findings
are a first indication that PeptoPlexes may be a suitable alternative to PEG based non-viral
transfection systems.

5.1 INTRODUCTION

Despite a number of challenges gene therapy holds great potential for the treatment of a
plethora of diseases.[33>7335] For example, genetic modification of blood stem cells by retrovi-
ral vectors has rescued children affected by severe combined immunodeficiency.[33! In gen-
eral, therapies in which only a small number of cells need to be genetically reprogrammed
may hold the greatest potential for a successful use of gene delivery systems. In connection
with this, the transcriptional targeting and stimulation of dendritic cells (DC) may offer
new perspectives in cancer immunotherapy,337-33%] as only a small number of dendritic
cells need to be activated to induce a potent immune response against an antigen.3391 In
accordance, as few as approximately 10> DCs transfected with an antigen-encoding plas-
mid DNA (pDNA) were reported to induce a profound antigen-specific immune response
in recipient mice.l3*°] DNA-based vaccines are particularly attractive because they hold sev-
eral advantages over conventional peptide /protein vaccines.34!l For example, they are able
to elicit both, CD4* and CD8* T cell responses.[l' 342] Tn addition, antigen and immune ad-
juvant can be combined with a DC-specific promotor on one plasmid. Nonetheless, both
extracellular and intracellular degradation of pDNA, are major limitations of pDNA-based
immunotherapy. One possibility to protect pPDNA against degradation and mediate its de-
livery is the use of polymeric carriers. Aside from protecting their cargo, polymeric carriers
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designed for in vivo delivery of DNA vaccines should exhibit good transfection efficiency
and especially minimal cytotoxicity.

Accordingly, the development of pDNA carriers itself is often limited by low efficiency, 343!
significant toxicity, 34+ 345! high polymer dispersity and therefore broad size distribution of
polyplexes. In contrast, efficient viral vectors bear various risks (immune response, lack
of control, etc.) leading to major concerns of clinical safety.34°] Consequently, the material
used for transfection is of great importance.

Polymeric transfection systems have been under development for two decades and es-
pecially with a view to in vivo application some common design principles can be derived
from the outstanding contributions of Wagner et al. and Kataoka and co-workers.[>14- 347 3481
In general, block copolymer-based core-shell structures seem to be the most suitable sys-
tems for intravenous applications. In this case a hydrophilic, nonionic block is combined
with a polycationic block. While complexation of oligonucleotides (pDNA, mRNA, siRNA,
etc.) is performed by the polycationic block (polydimethylaminoethyl methacrylate
(PDMEAMA),B4! poly- or oligoethylene imine (PEI),35% 351 poly-L-lysine (PLys),15?! pol-
yarginine or derivatives thereof(353), the non-ionic block forms a hydrophilic corona around
the polyplex. The polymer corona can reduce or completely suppress unspecific inter-
actions with serum proteins caused by hydrophobic or electrostatic interactions, thereby
circulation times are elongated and coagualation is reduced.[35% 3541

Most of the above described polymer systems are based on polyethylene glycol (PEG),[355 351
acrylates with oligo ethylene glycol side chains (POEGMA)357! or polyoxazolinesB5®! as
shielding block. The common feature of these systems is that they are not degradable
in vivo. Many groups are currently investigating degradable and non-degradable alter-
natives to the gold standard PEG.33 Gu et. al, for example, used naturally occurring
hyaluronic acid as hydrophilic component.5%! Another highly desirable alternative are
block copolypeptides. However, the published work on non-ionic, water soluble and pro-
tein resistant polypeptide-based transfection systems is almost exclusively limited to PE-
Gylated derivatives of polylysine.['9> 22°l The naturally occurring amino acid sarcosine -
N-methylglycine - does also provide stealth-like properties but surprisingly the work on
polysarcosine and polysarcosine-based block copolymers is highly restricted.l** 117, 118, 121]
The fact that polysarcosine (PSar) is almost completely overlooked when it comes to stealth-
like polymers is much of a surprise with respect to the fact, that PSar combines proper-
ties of polypeptides with the stealth-like properties of PEG as already demonstrated by
the groups of Langer and Whitesides, who investigated PSar as coating for protein resis-
tant surfaces.3°"3%21 Kimura and co-workers have studied PSar-b-PAla and PSar-b-PLA
copolymers.[10% 16,3931 Aditionally, Zuckermann and co-workers have performed excellent
work on solid phase synthesis of PSar.l3%! But in all these reports sarcosine was kept at
a low degree of polymerization of 20-30. This appears insufficient concerning the work
of Kissel and co-workers who reported that in the case of PEG a low molecular weight
polymer block is not able to effectively shield polyplexes from unspecific aggregation with
erythrocytes.[3%! Recently, Birke et al. have demonstrated the successful synthesis of PSar-
based polypeptoid-polypeptide hybrids with Xn = 200-400 by controlled ring opening poly-
merization of the corresponding NCAs.['55] To derive PSar blocks of this chain length, the
ROP of sarcosine NCAs appears to be the most practical method, since it is relatively simple
to perform in a living manner and easily scalable to multigram or kilogram.

While the ROP of the sarcosine NCA proceeds under living conditions, the polymeriza-
tion of a-amino acid-N-carboxy anhydrides needs to be controlled. During the last decades
various techniques have been introduced to control the polymerization of NCAs. These are
transition metal catalysts,[3°°] hexamethyldisilazane,* ammonium salts,*”! low polymer-
ization temperaturel?! and high vacuum techniques!?®l. For the synthesis of well-defined
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polypeptides with a polymerization degree up to 100 highly pure reaction conditions are
sufficient - as reported by Huesmann et al.3° and Birke et al.l'55]. Therefore, we have ap-
plied the same conditions to the synthesis of PLys-block-PSar copolymers.

In the following article, we would like to introduce the synthesis of PLys-block-PSar
copolymers with respect to protecting group chemistry and describe the formation of
polyplexes of this novel class of polypeptide-polypeptoid block copolymers with pDNA
(pPRLEF10, pEGFP-N1). In order to avoid complex nomenclature we named these systems
PeptoPlexes. Furthermore, we provide first structure-property relationships on transfection
efficiency and cellular toxicity of PeptoPlexes.

5.2 RESULTS AND DISCUSSION

5.2.1 Polymer Synthesis

The synthesis of PLys-b-PSar copolymers was performed by sequential ring opening poly-
merization of corresponding NCAs followed by deprotection of the poly-L-lysine block
(Fig. 5.1). PLys-b-PSar copolymers cannot be directly synthesized by polymerization of
the corresponding NCAs, because the e-amine of lysine interferes during polymerization
and thus needs to be protected during NCA synthesis and polymerization. Therefore, ei-
ther acid or base labile protecting groups can be applied. In this work, we have explored
both methodologies using benzyloxycarbonyl (Z) and trifluoroacetyl (TFA) to protect the
e-amine group in the lysine side chain, because like PEG, PSar is not indefinitely stable
under harsh deprotection conditions.

Formation of the corresponding NCA monomers was performed according to the Fuchs-
Farthing method.[3%”] Monomers were purified by recrystallization until the melting point
was 101 °C for lysine(Z) NCA and 103 °C for lysine(TFA) NCA. The absence of chloride ions
was monitored by the silver nitrate test. The synthesis of sarcosine NCA was carried out
according to Luxenhofer and co-workers!*>!l The crude product could be easily purified by
sublimation at 80-85 °C and <1 x 10> mbar. Sarcosine NCA had a melting point of 102-104
°C, which is in agreement to literature (103-105 °C).[15, 568]
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Figure 5.1: Synthetic pathway to PLys-b-PSar copolymers by sequential ring opening polymeriza-
tion of sarcosine and N-e-benzyloxycarbonyl-L-lysine/ N-e-trifluoroacetyl-L-lysine a-N-
carboxy anhydrides.

The ring opening polymerization of NCAs was performed in absolute dimethylformamide
(DMF) using neopentylamine as initiator according to Birke et al.l'55 In this work we first
synthesized polylysine blocks with degrees of polymerization varying between 20 and 7o.
The synthesis of PLys(Z) as well as of PLys(TFA) was carried out at ambient temperature
of 20 “C. As known from solid phase synthesis, the TFA protecting groups at e-position
are not affected by the free amine present at the propagating chain end or the initiator at
ambient temperature. PLys(Z) and PLys(TFA) homopolymers were used in the next step to
initiate the polymerization of sarcosine NCAs, again at ambient temperature. The degree
of polymerization of the PSar block was varied from about 200 to 300. The final block
copolymers displayed a dispersity (D) index of around 1.1. The GPC analysis showed clear
shifts in the GPC traces from homopolymers used as macroinitiators to block copolymers.
This indicates chain extension and thus successful formation of block copolymers (Fig. 5.2).
The absence of homopolymers was also verified by DOSY NMR experiments (SI, Fig. 5.16).
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Figure 5.2: GPC plots of homo- and block copolymers with varying block lengths in HFIP.

In summary, the synthesis of PLys(Z)-b-PSar as well as PLys(TFA)-b-PSar copolymers can
be performed under controlled conditions at scales from 100 mg to several grams yielding
narrowly distributed block polymers with dispersities of around 1.1.

To yield the desired block ionomers PLys(Z)-b-PSar and PLys(TFA)-b-PSar copolymers
have to be deprotected. As already mentioned in the introduction, different protecting
groups were applied to protect the e-amine of lysine. This was done to study the influ-
ence of basic as well as acidic deprotection conditions on the novel class of polypeptide-
polypeptoid hybrids.

First, the deprotection of PLys(Z)-b-PSar polymers under acidic conditions with a mix-
ture of hydrobromic acid/trifluoracetic acid (HBr/TFA) was investigated. Under such con-
ditions polyethers (e.g., PEG) can be cleaved (inverse Williamson ether synthesis). On the
other hand, HBr/TFA and HBr/glacial acid are standard conditions for the removal of
Z and Bn protecting groups.[369] Thus, we applied these deprotection conditions to the
PLys(Z)-block-PSar copolymers for different reaction times. Additionally, different molar
ratios of HBr to Z groups of the polymer were investigated since HBr acts as cleaving agent.

Results showed that the amount of HBr plays an essential role and needs to be precisely
controlled (Fig. 5.3). To study the influence of deprotection conditions on PSar integrity we
compared the "TH-NMR signal intensity of PSar from 3 to 2.6 ppm with the benzyl protons
using the methyl groups of the initiator (neopentylamine) as internal standard. The use
of 1.5 eq of HBr over a period of 6 hours already leads to a reduction in PSar integrity of
around 20%. Higher amounts of HBr enhance degradation leading to a reduction of 25-30%
in PSar integrity. By the use of 1.05 eq of HBr in TFA and a reaction time of 12 hours at
20 °C we were able to obtain quantitative deprotection of PLys(Z)-block-PSar copolymers
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without detectable polymer degradation within the accuracy of "H-NMR. Notably, we did

not see an effect of lysine block length on the deprotection efficiency.
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Figure 5.3: Effect of deprotection condition with respect to protecting group cleavage and polymer
integrity using acidic mixture of HBr/ TFA. Polymer integrity was calculated from
remaining PSar integral after dialysis.

Deprotection conditions could be adjusted to PLys(Z)-b-PSar copolymers in a way that
quantitative deprotection was achieved without detectable degradation of the PSar back-
bone. Nevertheless, it has to be concluded that acidic deprotection conditions are not ideal
for the synthesis of PLys-b-PSar copolymers. Thus, in the next step block copolypeptides
with TFA protecting group on the e-amine of lysine were investigated. In this case, de-
protection can be achieved under basic conditions, for example, NaOH/ methanoll37°! or
KOH/THFB7']. However, we utilized deprotection with hydrazine hydrate as an alter-
native methodology, since this approach proceeds under mild conditions with respect to
basicity. Reaction times as well as ratios of hydrazine hydrate to trifluoroacetyl groups
were varied. The deprotection reactions were performed for 12 up to 72 hours and ratios
of hydrazine hydrate to Lys(TFA) were set between 1.25:1 and 50:1.
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Figure 5.4: Effect of deprotection conditions with respect to protecting group cleavage using hy-
drazine hydrate in MeOH.

Complete deprotection could be achieved using 10 eq of hydrazine hydrate in methanol
and 72 hours reaction time (Fig. 5.4). In this case, the TFA amide associated signal in
F NMR as well as the amide proton attributed signal in "H NMR vanish completely. In
contrast, lower amounts of hydrazine hydrate did not completely deprotect the samples.
Notably, we did not observe degradation or racemization of polymers even at 1000 times
excess of hydrazine hydrate.

As reported before, the acidic deprotection of Z groups can be accomplished as well, but
it is much more difficult to control the reaction parameters. Thus, we can conclude that the
use of TFA protecting groups with subsequent deprotection using hydrazine hydrate is the
method of choice for the synthesis of PLys-b-PSar copolymers.

Taking into account these findings, we have synthesized a variety of different PLys-b-
PSar copolymers in order to investigate structure property relationships of this novel class
of block ionomers, regarding polyplex formation and stability as well as transfection effi-
ciency and cytotoxicity. The characteristics of the utilized polypeptide-block-polypeptoid
copolymers are displayed in Table 5.1.
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Table 5.1: Characteristics of PLys-block-PSar copolymers.

LYSINE:SARCOSINE My"” P LYSINE CONTENT
UNIT RATIO* (MPprys/Mrorar)
P1 22:225 26.8 1.13 15%
P2 22:334 301 1.12 11%
P3 32:171 27.8  1.14 25%
Py 32:255 28.6 1.18 18%
Ps 41:142 26.0 1.17 34%
pPé6 41:242 30.3 1.11 23%
Py 53:213 27.1  1.07 31%
P8 53:271 30.9 1.11 26%
P9 72:263 30.9 1.05 33%

A as determined by 1H NMR spectroscopy after deprotection

B kg/mol, as determined by GPC with HFIP as solvent and PMMA standards

5.2.2 PeptoPlex Formation and Characterization

PeptoPlexes were formed by addition of PLys-b-PSar copolymers to pDNA. The mixture
was allowed to equilibrate overnight (14 hours). To evaluate the stability of formed Pep-
toPlexes, they were subjected to gel electrophoresis and examined for their capability to
complex pDNA (Fig. 5.5). In general, PeptoPlexes became more stable with increasing
polymer excess. At Mpolymer/MppNa Tatio of 14:1 all polymers investigated were able to
induce full pDNA retardation. Furthermore, it became apparent that particularly at low
Mpolymer/ MpDNA Tatios PeptoPlexes of P1 (PLys,, block) are not as stable as PeptoPlexes
of PLys-b-PSar systems with higher lysine content. This discrepancy was still obvious at
tenfold polymer excess (indicated by red arrows). However, limited complexation capacity
of P1 could be compensated by applying the latter in greater excess (full pPDNA retardation

at 14-fold excess).
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Figure 5.5: Gel electrophoresis at varying mpolymer /mppNa ratios, showing the transition of free
pDNA to stable PeptoPlexes. s = GeneRuler™ 100 bp DNA ladder. Red arrows indicate
Mpolymer/ MpDNA Tatios also used in luciferase assay. Gel concentration: 0.7%.

Of course, the application of 7,,lymer/MppNa ratios does not consider the variation of lysine
content between different polypeptides. This has to be kept in mind when comparing
complexation capacity, transfection efficiency or cytotoxicity of the block copolypeptides.
A valuable method to incorporate differences in lysine content is the usage of N/P ratios -
or mpLys/MppNa Tatios (with mprys being the net weight of the lysine blocks) which directly
correspond to N/P ratios. The translation from mprys/mppna to N/P can be performed as

follows:
D= e : (51)
p MpDNA MLys(monomer) * Nphosphate .

Nphosphate (amount of phosphate groups in 1 pg pPDNA) = 3.07 - 10_9%;1

Comparison of calculated N/P ratios shows that all investigated block copolypeptides
formed stable PeptoPlexes at N/P 4:1-5:1.

Using these N/P ratios, multi angle DLS experiments were carried out in Tris buffer (10
mM). Applying the Stoke-Einstein equation we observed hydrodynamic radii of around 40
nm for the PeptoPlexes with slight angle dependency, which indicates spherical structures
with narrow size distribution (SI, Subsection 5.5.2). In detail, the hydrodynamic radii of
PeptoPlexes were hardly affected by the length of the PLys or PSar block. The PeptoPlexes
based on PLys;,-b-PSar;,; (P3: (R;) = 40.0nm), PLys;,-b-PSar,s; (P4: (R;) = 40.7nm),
PLys,;-b-PSar,,, (P5: (R;) = 40.5nm) and PLys,,-b-PSar.,, (P6: (R;) = 42.7nm) differed
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only marginally in radious indicating that the plasmid itself determines the hydrodynamic
radius and diameter of PeptoPlexes.

However, more detailed light scattering studies on formation kinetics of PeptoPlexes and
their structural dependency on polymer and pDNA properties are warranted and currently
ongoing.

5.2.3 Transfection Studies Using Luciferase Assays

As a first step of biological evaluation of PeptoPlexes luciferase assays were carried out with
all synthesized polymers. This screening gave a quantitative overview over the transfection
efficiencies of the PLys-b-PSar systems compared to jetPEI (linear PEI, mean molecular
weight of 22 kDa;137! Fig. 5.6).
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Figure 5.6: Normalized bioluminescence measured from cell lysates of HEK 293T cells after 24 hour
incubation with PeptoPlexes of different PLys-block-PSar systems. #ipolymer/MpDNA
ratios were varied while keeping mppna constant at 0.5 ng per well. JetPEI was applied
according to manufacturer’s protocol. Plain pDNA and jetPEI function as controls, n =

3.

In general, there are two important requirements for good transfection efficiency[34> 373:
First, the reagent should provide stable complexation of pDNA to prohibit degradation
and facilitate cellular uptake while allowing endosomal translocation and intracellular re-
lease. Second, transfection reagents should induce minimal cytotoxicity at effective concen-
trations, especially with regard to in vivo applications.

Highest transfection efficiencies (around 30 - 50% in relation to jetPEI) were achieved by
polymers with lysine chain lengths of 30 up to 50 units. This result was expected because
on the one hand systems with less lysine content are not capable to form stable complexes
with pDNA - at least at low polymer excess - as discussed above (Fig. 5.5). On the other
hand, polymers with longer lysine blocks as well as jetPEI (with o,5 ng pDNA) exhibit
high cytotoxicity because of membrane disruptive effects and other apoptotic mechanisms,
limiting transfection efficiency.l3#+ 3451 Another finding is also allegeable by considering
stable complexation and cytotoxicity as the limiting parameters for transfection efficiency:
Polymers with high lysine content (Mprys/Mjiotal ratio) showed lower transfection efficiency



at higher polymer excess (cytotoxicity) whereas systems with low lysine content showed

higher transfection efficiency at higher polymer excess (sufficient complexation).
Insufficient complexation and cytotoxicity as limiting parameters for transfection effi-

ciency were confirmed by gel electrophoresis (Fig. 5.5) and MTT assays (SI, Fig. 5.22).

5.2.4 Cytotoxicity Studies Using MTT Assay

MTT assay was carried out to expose the relation between cytotoxicity and transfection
efficiency of PLys-block-PSar systems. For this purpose, polymers with the highest lysine
content were applied using constant mprys/mppna Tatios instead of Mpolymer/MppNA Tatios.
Hereby, the influence of lysine block length could be taken into account (see Subsection
5.2.2). The clear negative correlation between lysine block length and cell viability indicates
that low transfection levels observable at high polymer excess or long lysine blocks (in case
of PLys,,-b-PSar.¢;), indeed can be attributed to block ionomer cytotoxicity. Nevertheless,
all PLys-b-PSar systems except for PLys,,-b-PSar,¢; showed only little cytotoxicity at the
concentration needed for effective transfection compared to jetPEI (SI, Fig. 5.22), thereby
meeting an important requirement for future in vivo applications.

5.2.5 FACS Analysis

The initial screening of PLys-b-PSar systems by luciferase assay, gel electrophoresis and
MTT assay followed a more detailed examination of their in vitro performance on single-
cell level by various FACS assays: Cellular uptake of PeptoPlexes was screened by applying
FITC-labeled polymers and confirmed by confocal microscopy. Transfection ability of poly-
mers could be monitored through detection of eGFP positive cells. In addition, by utilizing
Annexin V to stain apoptotic cells, cytotoxicity measurement via FACS offered a potent
alternative to MTT assays.

A general advantage of FACS analysis over luciferase and MTT assays is the possibility
to screen exactly the same number of cells for every sample. This reduces random errors
deriving from variation of cell densities in culture plates. Furthermore, assessing transfec-
tion efficiency by FACS allows the determination of the actual percentage of transfected
cells in combination with cell-specific protein (eGFP) expression levels. In contrast, mea-
surement of transfection levels by luciferase assay lacks the differentiation between high
copy transfection of a few cells or low copy transfection of many cells.

5.2.5.1 Cellular Uptake of PeptoPlexes

The cell membrane is the first barrier for in vitro transfection. Consequently, the uptake of
PeptoPlexes by HEK 293T cells was investigated by using FITC-labeled PeptoPlexes. Cells
were incubated with PeptoPlexes for various times. A considerable shift of cell-associated
fluorescence can be observed when comparing untreated cells with PeptoPlex-treated ones
(Fig. 5.7). Hence, most cells are associated with PeptoPlexes. In addition, confocal laser
scanning microscopy revealed intracellular localization of PeptoPlexes after 2 hours of incu-
bation. These findings demonstrate that PeptoPlexes are taken up by cells (Fig. figure 5.7).
This suggests that the above mentioned fluorescence shift derives from cellular uptake of
PeptoPlexes by HEK 293T cells.
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Figure 5.7: Cellular uptake of PetoPlexes. Left: Histograms of HEK 293T cells after 24 hour in-
cubation with PeptoPlexes of FITC-labeled PLys,;-b-PSar,,. (green) and of untreated
control (red). PeptoPlexes were applied using constant #,o1ymer/ MppNa ratio of 15/1
and 5 ng pDNA per well. Right: Representative confocal microscopy images confirming
intracellular localization of PeptoPlexes.

5.2.5.2 Transfection Studies Using FACS-Based Methods

Assessing transfection efficiency by FACS allows the determination of the actual percentage
of transfected cells in combination with cell-specific protein (eGFP) expression levels. For
FACS analysis, HEK 293T cells were transfected with different PeptoPlexes (Fig. 5.8). To
reveal the actual influence of lysine and sarcosine block length on transfection efficiency,
all polymers were applied with similar mprys/m,pna Tatios, as already done in the MTT
assays. In general, best transfection levels were achieved when applying mpyys/mypNna
ratios of 2.5 (N/P = 6). A maximum in transfection efficiency was noticed for P3 with P1
following closely behind.
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Figure 5.8: Normalized MFIs after 24 h incubation of HEK 293T cells with PeptoPlexes of different
PLys-b-PSar systems and cultivation for 48 hours. MpLys / mppNA Tatios were varied
while keeping m,pna constant at 5 pg per well. Plain pDNA functions as control, n =

3.

The precise FACS assay enables the determination of detailed structure-property relation-
ships. Polymers with longer PSar block showed a remarkable decline of transfection ef-
ficiency compared to their counterparts with shorter PSar blocks but same lysine block
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length. Apparently, this clear correlation is produced by the shielding properties of PSar,
most likely reducing unspecific interactions of the PLys blocks with lipid membranes or
proteins. In contrast to other pairs, the transfection efficiencies of P7 and P8 approximately
reached the same height. In this case, the increase of sarcosine block length from 213 to 271
(i. e. decrease of lysine content) may be not big enough to cause a significant diminishment
of transfection efficiency.

With regard to the influence of PLys block length on transfection efficiency, only slight
differences were observable for block lengths between 20 and 50 units. The good per-
formance of P1 contrasts the outcome of luciferase assay (Fig. figure 5.6). This can be
explained by the above mentioned shortcomings of the luciferase assay. Accordingly, the
low transfection efficiency of P1 in luciferase assay may not really be attributed to the short
PLys block per se. On the other hand, the poor transfection performance of Pg in FACS
(Fig. figure 5.8) is in close analogy to its low efficiency in luciferase assay and can directly
be attributed to the length of the lysine block and the accompanying cytotoxicity. For all
other PeptoPlexes, the transfection efficiencies determined by luciferase assay and FACS
assay correlated well.

Table 5.2: Percentage of eGFP positive HEK 293T cells after 24 hours incubation with PeptoPlexes
of different PLys-b-PSar systems (mpLys/mppna=2.5/1) and cultivation for 48 hours.

TRANSFECTION REAGENT Mppya/Pg EGFP POSITIVE CELLS/%

pDNA (negative control) 5 2.70
jetPEI (positive control) 5 69.35
P1 5 28.77
P2 5 12.65
P3 5 34.56
P4 5 8.81
Ps5 5 25.77
Ps5 7-5 33.01
Ps 10 48.64
P6 5 12.88
Py 5 27.28
P8 5 26.56
Pg 5 15.22

As already mentioned above the performed FACS assay with eGFP enables the determina-
tion of the actual percentage of transfected cells. When looking at the percentage of eGFP
positive HEK 293T cells after transfection (Table 5.2), virtually the same trend compared
to MFIs is recognizable: PeptoPlexes of P3 transfected around 35% of the cell population,
other polymers with short PSar block, respectively, lay in close reach. The analogues with
long sarcosine block transfected considerably fewer cells, as did P9.

In another experiment we tested if transfection efficiency of P5 - as a representative for
PLys-b-PSar systems - could be enhanced by increasing the total amount of PeptoPlexes
per well. The percentage of eGFP positive cells could be boosted to around 50% when us-
ing PeptoPlexes with 10 ng of pDNA per well (Table 5.2). In addition, further experiments
with the same representative polypeptide showed that eGFP expression level of transfected
cells was considerably higher after 72 hours than after 24 hours (SI, Fig. 5.25). This under-
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lines the capability of PLys-b-PSar systems to maintain high transfection rates over longer
periods of time.

In summary, a PLys block of about 30 units in combination with a PSar block with a de-
gree of polymerization of around 200 leads to the highest levels of eGFP expression (MFI)
in combination with the highest amount of transfected cells. Surprisingly, the PeptoPlexes
based on P3 were not much less effective than the commercial agent jetPEI, which does
not contain a shielding block. Thus, transfection efficiencies of PeptoPlexes based on poly-
mers P3 and P5 may be high enough to make these systems attractive for future in vivo
applications.

5.2.5.3 Cytotoxicity Studies Using FACS-Based Methods

A potent alternative to MTT assay is the staining of apoptotic and necrotic cells by An-
nexin V. Annexin V binds to phosphatidylserine located on the outer surface of apoptotic
or necrotic cells. Due to this binding Annexin V can already label cells in their early
apoptotic phase and it therefore is a very useful marker to tag these cell populations.374]
Assessment of cytotoxicity by Annexin V staining is much more accurate than MTT as-
says because the latter is not indicative for apoptosis and therefore on the one hand may
not cover all apoptotic effects of polymers.345! Instead, MTT assay measures the metabolic
activity of cells which on the other hand can be influenced by a number of factors non-
related to polymer exposure.3# By examining HEK 293T cells after 72 hour incubation
with PeptoPlexes (same conditions as applied for determination of transfection efficiency),
we ensured the absence of apoptotic effects of PeptoPlexes. Cellular toxicities of the poly-
mer with the highest transfection efficiency and the one with the highest lysine content -
P3 and P5 - were monitored by this method in a concentration dependent manner.
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Figure 5.9: Representative histogramms of Annexin V-stained HEK 293T cells after 24 hours incuba-
tion with PeptoPlexes of P3 or P5, polyplexes of jetPEI or plain pDNA and cultivation
for another 48 h. Total amounts of pDNA and polymers were varied while keeping
MmpLys/MppNA Tatios constant at 2.5:1. JetPEIl was applied according to manufacturer’s
protocol.

Histogramms of Annexin V-stained HEK 293T cells incubated with varying amounts of
PeptoPlexes show no observable shifts in fluorescence intensity even at highest amounts
applied (Fig. figure 5.9). This means that cytotoxicity of PeptoPlexes does not increase
when applying them in higher amounts but stays at the same low level as for untreated
cells. In conclusion, increasing the total amount of PeptoPlexes does not compromise cell
viability.
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| INTRODUCING PEPTOPLEXES

Table 5.3: Percentage of Annexin V positive HEK 293T cells after 24 hours incubation with Pepto-
Plexes of different PLys-block-PSar systems (mprys/mppna=2.5/1) and cultivation for 48
hours.

TRANSFECTION REAGENT Mppya/HE ANNEXIN V POSITIVE CELLS/%

pDNA (negative control) 5 7.13
jetPEI (positive control) 5 9.42
jetPEI 7.5 18.43

jetPEI 10 34.88

P3 5 6.04

P3 7.5 6.87

P3 10 7.50

Ps5 5 6.53

Ps5 7-5 6.39

Ps 10 7.39

Peptoplexes based on polymers P3 and P5 did not lead to a higher amount of Annexin V
positive cells compared to the negative control. In contrast, jetPEI lead to detectable toxicity
already at the lowest polyplex concentration. From 7.5 pg pDNA per well, jetPEI causes
severe cellular toxicity. Consequently, in cases where biocompatibility of a transfection
reagent has higher priority than sheer transfection efficiency PLys-b-PSar systems offer a
potent alternative to reagents like jetPEL

5.3 CONCLUSION

In this study, PLys-b-PSar systems with narrow molecular weight distributions and varying
block lengths were synthesized. Both, carboxybenzyl and trifluoroacetate were successfully
used as protecting groups for lysine. However, it was observed that TFA protecting groups
are better compatible with block copolypeptide synthesis and deprotection. Depending on
PLys block lengths, polypeptides were capable to form PeptoPlexes with pDNA, which we
named PeptoPlexes.

PeptoPlexes could be successfully used for transfection of HEK 293T cells, as proven by
luciferase as well as FACS-based assays. In general, transfection efficiencies determined
by luciferase and FACS assays correlated well for most systems. Variations may be due to
the limitations of the luciferase assay. The most effective PeptoPlexes were able to transfect
around 35% of HEK 293T cells. In contrast to jetPEI no cytotoxicity was detected at relevant
PeptoPlex concentrations. These results are a promising first step with regard to future in
vivo applications of PeptoPlexes in the context of gene therapy or DNA vaccines.

5.4 EXPERIMENTAL SECTION

5.4.1 Materials

DMF was purchased from VWR, dried over BaO and subsequently distilled in vacuo onto
pre-dried molecular sieves (3A). THF and hexane were purchased from Sigma-Aldrich and



distilled from Na/K. Diethylether was distilled prior to use to remove the stabilizer. Other
solvents were used as received. Diphosgene was purchased from Alfa Aesar and used as
provided. Neopentylamine was purchased from TCI Europe, dried over NaOH and frac-
tionally distilled. Sarcosine was purchased from Sigma-Aldrich, while all protected amino
acids were purchased from ORPEGEN. Fluorescein isothiocyanate (FITC) was purchased
from Sigma-Aldrich and purified by HPLC. EGFP coding DNA (pEGFP-N1) was purchased
from Clontech (Mountain View, USA) and duplicated in Escherichia Coli Top 10 (Invitrogen).
JetPEI transfection reagent was purchased from Polyplus-Transfection SA (Illkirch, France).
Alexa Fluor 647-conjugated Annexin V was purchased from BioLegend (San Diego, USA).
CellTiter 96 Non-Radioactive Cell Proliferation Assay kit (for MTT assay) was purchased
from Promega (Madison, USA). Coelenterazine h (for luciferase assay) was purchased from
Biotrend (Germany).

5.4.2 Instrumentation

5.4.2.1 Polymer Characterization

300 MHz "H-NMR spectra were recorded on a Bruker AC 300, 400 MHz "H-NMR spectra
were recorded on a Bruker Avance-II 400. All spectra were recorded at room temperature
and analyzed with ACDLabs 6.0 software. Degrees of polymerization as well as molecular
weights were calculated by comparing the integral of the neopentylamine initiator peak ei-
ther with the integrals of benzylic methylene protons of the protecting group (for PLys(Z)),
with the integrals of the e-protons (for PLys(TFA)), or with the average of integrals of
methyl group and o-protons (for PSar) in the 400 MHz 'H-NMR spectra. Attenuated to-
tal reflectance Fourier transformed infrared (ATR-FTIR) spectroscopy was performed on
a FT/IR-4100 (JASCO Corporation) with an ATR sampling accessory (MIRacleTM, Pike
Technologies). IR Spectra were analyzed using Spectra Manager 2.0 (JASCO Corporation).

Melting points were determined using a METTLER FP62 (METTLER WAAGEN GMBH).

Hexafluoroisopropanol (HFIP) gel permeation chromatography (GPC) was performed
with HFIP containing 3 g/L potassium trifluoroacetate as eluent at 40 °C and a flow rate of
0.8 mL . min™. The columns were packed with modified silica (PFG columns; particle size:
7 pm, porosity: 100 & 1000 A). Polymers were detected with a refractive index detector
(G 1362A RID, JASCO) and a UV /Vis Detector (UV-2075 Plus, JASCO). Molecular weights
were calculated using a calibration performed with PMMA standards (Polymer Standards
Services GmbH) and toluene as internal standard. Elution diagrams were analyzed using
the WinGPC UniChrome 8.00 (Build 994) software from Polymer Standards Services.

5.4.2.2 Biological Experiments

(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay measurements
were performed using a Dynex MRX TC Revelation microtiter plate reader (Dynex Tech-
nologies, Chantilly, VA).

Luciferase assay was carried out with a 96 well plate chemoluminescence reader (Centro
LB 960; Berthold Technologies, Bad Wildbad, Germany) using Mikrowin 2000 software.

FACS experiments were executed on a FACS Canto II flow cytometer equipped with BD
FACS Diva software (both from BD Biosciences, San Diego, CA). Data were analyzed using
Flow]Jo software (FLOW]JO, Ashland, OR).

Live cell images were acquired on an inverted confocal microscope TCS SPs5 (Leica, Wet-
zlar, Germany) equiped with an oil-immersion objective (63 magnification; NA 1.4) and
a laser set capable of 405 nm/488 nm/561 nm excitation. Images were recorded at 512 x
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512 8-bit-pixel resolution with a pinhole of 130 um and confocal plane depth of 1.0 um,
resulting in a total image size width and height of 246 um.

Fluorescence images for visualization of eGFP expression were acquired on an inverted
fluorescence microscope BX50 (Olympus, Hamburg, Germany) equipped with an oil-immer-
sion objective (UPlanFl 60x/1.25 Oil Iris Ph3) and a mercury lamp with a filter set capable
of excitation in red/green and UV range. Images were recorded at 2080 x 1544 3x12 bit
resolution (ColorView II Camera; Soft Imaging System, Miinster, Germany).

5.4.3 Methods and Protocols - Preparation of PeptoPlexes

5.4.3.1 Synthesis of N-e-Benzyloxycarbonyl-L-Lysine N-Carboxyanhydride

The Synthesis was adapted from literature and modified.375! In a three necked flask equipped
with a reflux condenser and a septum, 15 g (53.5 mmol) of N-e-Z-protected lysine were sus-
pended in 300 mL of absolute THF under dry nitrogen atmosphere. The condenser outlet
was connected to two gas washing bottles filled with aqueous NaOH, removing excess HCI
and phosgene. Afterwards, 5.2 mL (42.8 mmol) of diphosgene were added slowly via sy-
ringe and the nitrogen stream was reduced. The solution was mildly refluxed yielding a
yellowish clear solution after 2 hours of stirring. Overnight, a steady flow of dry nitrogen
was lead through the solution into the gas washing bottles. The solvent was evaporated
under reduced pressure and absolute THF was added to completely dissolve the crude re-
action product. The solution was precipitated with absolute hexane and stored at 4 °C for 1
hour. The solid was collected by filtration under dry nitrogen atmosphere and washed with
hexane. The crude reaction product was then recrystallized twice with absolute THF/Hex-
ane. 14.3 g of purified reaction product (46.7 mmol; 87% yield; colorless needles) were
transferred into a Schlenk tube and stored at -80 °C. Melting point: 101 °C (lit. 101 °C).["5!
"H-NMR (300 MHz, DMSO-dg): 6 [ppm] = 9.09 (1H, s, -NH-CO-O-CO-), 7.40-7.25 (6H, m,
-C¢H; and -NH-CH, ), 5.01 (2H, s, -O-CH,-C¢H; ), 4.43 (1H, t, 3] HH = 6.0 Hz, -CO-CH-
CH,-), 2.99 (2H, q, 3] yu = 6.3 Hz, -CH,-NH-), 1.74-1.31 (6H, m, -CH-CH,-CH,-CH,-CH,-
NH-).

5.4.3.2 Synthesis of N-e-Trifluoroacetyl-L-Lysine N-Carboxyanhydride

12.5 g (51.6 mmol) of N-e-trifluoroacetyl protected lysine and 300 mL of absolute THF were
added into a three necked flask equipped with a reflux condenser and a septum under a
steady flow of dry nitrogen. The condenser outlet was connected to two gas washing bottles
filled with aqueous NaOH, removing excess HCl and phosgene. Then, 5.50 mL (45.6 mmol)
of diphosgene were added slowly via syringe and the nitrogen stream was reduced. The
colorless suspension was mildly refluxed for 2 hours, yielding a cloudy solution. After
this, a steady flow of dry nitrogen was lead through the solution overnight. The solution
was filtered under dry nitrogen atmosphere. The solvent was evaporated under reduced
pressure and absolute THF was added to completely dissolve the crude reaction product.
Excess absolute hexane was added to the solution. After 1 hour storage at 4 °C, the solid
was collected by filtration under dry nitrogen atmosphere and washed with hexane. The
crude product was recrystallized twice with absolute THF/Hexane. 10.43 g of the purified
product (39,0 mmol; 75% yield; colorless needles, melting point: 101 °C (lit: 92 - 93 °C)l376ly
were obtained and stored in a Schlenk tube at -8o °C.

"H-NMR (300 MHz, DMSO-dg): 6 [ppm] = 9.40 (1H, s, -NH-CO-CF;), 9.09 (1H, s, -NH-
CO-0-CO-), 443 (1H, t, 3] HH = 6.3 Hz, -CO-CH-CH,-), 3.17 (2H, q, 3] HH = 6.3 Hz,
-CH,-NH-), 1.79-1.61 (2H, m, -Cyx-CH,-CH,-CH,-CH,-NH-), 1.53-1.46 (2H, quin, 3] yu =
7.13 Hz, -CH-CH,-CH,-CH2-CH,-NH-), 1.42-1.24 (2H, m, -CH-CH,-CH,-CH,-CH,-NH-).



5.4.3.3 Synthesis of Sarcosine N-Carboxyanhydride

The Synthesis of sarcosine NCA was adapted from literature and modified."*"] 14.92 g
(167.4 mmol) of sarcosine were weighed into a three neck flask and dried in vacuo for 1
hour. 300 mL of absolute THF were added under a steady flow of dry nitrogen and 16.2
mL (134 mmol) of diphosgene were added slowly via syringe and the nitrogen stream
was reduced. The colorless suspension was mildly refluxed for 3 hours yielding a clear
solution. Overnight, a steady flow of dry nitrogen was lead through the solution into two
gas washing bottles filled with aqueous NaOH solution. The solvent was evaporated under
reduced pressure, yielding a brownish oil as crude reaction product. The oil was heated
to 50 °C and dried under reduced pressure (20 mbar, then <10 mbar for 2 h) to obtain
an amorphous solid, free of phosgene and HCl. The crude product was redissolved in 40
mL of absoute THF and precipitated with 300 mL of dry hexane. The solution was cooled
to -18 °C overnight to complete precipitation. The solid was filtered under dry nitrogen
atmosphere and dried under a stream of dry nitrogen for 6o - go minutes and afterwards
in high vacuum for 2 hours in a sublimation apparatus. The crude product was sublimated
at 80 - 85 °C and <1x10™? mbar. The product was collected from the sublimation apparatus
in a glove box on the same day. The 12.64 g of purified product (110 mmol, 65% yield,
colorless crystallites) were stored in a Schlenk tube at -8o °C, only handled in a glove box
and used up quickly. Melting point: 102 - 104 °C (lit: 102 - 105 °C).[*5 368

'H-NMR (300 MHz, CDCl;): & [ppm] = 4.22 (2H, s, -N(CH;)-CH,-CO-), 2.86 (3H, s, -CH,).

5.4.3.4 Synthesis of Poly(N-e-Benzyloxycarbonyl-L-Lysine,)

Under nitrogen counter flow, n eq of lysine(Z) NCA were transferred into a pre-dried
Schlenk tube equipped with a stir bar and dried in high vacuum for 1 hour. Then, lysine(Z)
NCA was dissolved in absolute DMF. 2 eq of neopentylamine were added to 2 mL of dry
DMF in a glass vial flooded with nitrogen and mixed. For initiation, 1 mL of the prepared
stock solution was directly added to the Schlenk tube via syringe (yielding a reaction
solution with 100 mg/mL monomer concentration). The solution was stirred at room
temperature and kept at a constant pressure of 0.25 bar of dry nitrogen via the Schlenk
line to prevent impurities from entering the reaction vessel while allowing CO, to escape.
Completion of the reaction was confirmed by IR spectroscopy (disappearance of the NCA
peaks (1853 and 1786 cm™)). Directly after completion of the reaction the polymer was
precipitated to cold ether and centrifuged (4500 rpm at 4 °C for 15 min). After discarding
the liquid fraction, new ether was added and the polymer was resuspended using a sonic
bath. The suspension was centrifuged again and the procedure was repeated. After DMF
removal by the resuspension steps, the polymer was dissolved in dioxane and lyophilized,
obtaining a stiff, porous mass of polymer. For different chain lengths yields ranged from
73 to 82%.

"H-NMR of PLys(Z);, (400 MHz, DMSO-dg): § [ppm] = 8.50-7.70 (23H (1n), br, -NH-CO-
CH-), 7.50-7.00 (184H (5n), br, -C¢Hs), 5.20-4.70 (63H (2n), br, -O-CH,-C¢H;), 4.35-3.60
(28H (1n), br, -CO-CH-NH), 3.20-2.70 (63H (2n), br, -CH,-NH-), 2.30-0.90 (182H (6n), br,
-CH-CH,-CH,-CH,-CH,-NH.), 0.82 (9H, d, 3] yu =12.5 Hz, (CH;);-C-).

5.4.3.5 Synthesis of Poly(N-e- Trifluoroacetyl-L-Lysine,)

The synthesis of PLys(TFA) homopolymers was carried out similar to PLys(Z). However,
as PLys(TFA) precipitates slowly in ether, the precipitation step was done overnight at
4°C. After centrifugation the liquid fraction was discarded and the precipitate dissolved
in MeOH, diluted 1:5 with Millipore water and instantly lyophilized, obtaining a fluffy
colorless powder. Yields ranged from 62 to 81%.
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"H-NMR of PLys(TFA),4 (400 MHz, DMSO-dg): & [ppm] = 9.65-9.15 (29H (1n), br, -NH-CO-
CF;), 8.84-7.11 (27H (1n), br, -NH-CO-CH-), 4.48-3.55 (28H (1n), br, -CO-CH-NH-), 3.22-2.99
(58H (2n), br, -CH,-NH-), 2.19 -1.01 (172H (6n), br, -CH-CH,-CH,-CH,-CH,-NH-) 0.83 (9gH
(1n), d, 3] yu =8.4 Hz, (CH;);-C-).

5.4.3.6 Synthesis of Poly(N-e-Benzyloxycarbonyl-L-Lysine,-block-Sarcosine,)

1 eq of previously prepared PLys(Z) was transferred into a pre-dried Schlenk tube equipped
with a stir bar, dried in high vacuum for 1 hour and then dissolved in abs. DMF. After 1
hour, m eq of sarcosine NCA were dissolved in absolute DMF and added to PLys(Z) via sy-
ringe (yielding a reaction solution with 100 mg/mL monomer concentration). The solution
was stirred at room temperature and kept at a constant pressure of 0.25 bar of dry nitrogen
via the Schlenk line to prevent impurities from entering the reaction vessel while allowing
CO, to escape. Completion of the reaction was confirmed by IR spectroscopy (disappear-
ance of the NCA peaks (1853 and 1786 cm™)). Directly after completion of the reaction, the
polymer was precipitated to cold ether and centrifuged (4500 rpm at 4°C for 15 min). After
discarding the liquid fraction, new ether was added and the polymer was resuspended
using a sonic bath. The suspension was centrifuged again and the procedure was repeated.
After DMF was removed by the resuspension steps the polymer was dissolved in Millipore
water and lyophilized, obtaining a fluffy powder. For different chain lengths and scales
(100 - 1000 mg), yields ranged from 7o to 95%.

"H-NMR of PLys(Z);,-block-PSar;,; (400 MHz, DMSO-d¢): 6 [ppm] = 8.40-7.64 (8H, br, -
NH-CO-CH-), 7.60-6.63 (174H (6m), br, -C¢H; and -CH,-NH-CO-O-), 5.08-4.83 (57H (2m),
br, -O-CH,-C¢H;), 4.66-3.60 (354H (1m+2n), br, -CO-CH-NH and -N(CH;)-CH,-CO-), 3.14-
2.57 (567H (3n+2m), br, -NCH; and -CH,-NH-), 2.16-0.94 (160H (6m), br, -CH-CH,-CH,-
CH,-CH,-NH-), 0.82 (9H, d, 3] gz =12.86 Hz (CH;);-C-).

5.4.3.7 Synthesis of Poly(N-¢- Trifluoroacteyl-L-Lysine,-block-Sarcosine,)

The synthesis of PLys(TFA)-block-PSar was carried out under the same conditions reported
for PLys(Z)-b-PSar.

'"H-NMR of PLys(TFA),y-block-PSar.,;, (400 MHz, DMSO-d¢): 6 [ppm] = 9.60-9.10 (50H
(1n), br, -NH-CO-CF;), 8.75-7.10 (44H (1n), br, -NH-CO-CH2-), 4.65-3.60 (468H (1n+2m), br,
-CO-CH-NH and -NCH;-CH,-CO-), 3.22-3.05 (98H (2n), br, -CH,-NH-CO-CF;), 3.02-2.65
(648H (3m), br, -NCH,;), 2.15-1.02 (278H (6n), br, -CH-CH,-CH,-CH,-CH,-NH-), 0.83 (9 H,
br, (CH;);-C-).

5.4.3.8 Deprotection of Poly(N-e-Benzyloxycarbonyl-L-Lysine,-block-Sarcosine,,) with
HBr/ TFA

In a round bottomed flask, the polymer was dissolved in TFA at a concentration of 30
mg/mL and the desired amount of eq (1.05 to 4.0 fold excess with regard to the (Z)-group)
of HBr in acetic acid (33% w/w) were added with an Eppendorf pipette. The solution
was stirred for 12 hours, diluted with Millipore water and neutralized with NaHCO;. The
solution was dialyzed with a Spectra/Por (Roth) membrane with a nominal molecular
weight cut-off (NMWCO) of 3500 g/mol for 3 - 5 days with regular substitution of water
and then lyophilized to yield the deprotected polymer as a fluffy, colorless powder. Yields
ranged from 32% (4 eq) - 90% (1.05 eq). "H-NMR is provided for PLys(Z);,-block-PSar;;
deprotected with 1.05 eq of HBr for 12 hours.

"H-NMR (400 MHz, D,0O) § [ppm] = 7.40-7.08 (26H (6n), br, -C¢Hs), 5.05-4.85 (8H (2n), br,
-O-CH,-CgHs), 4.60-3.73 (364H (1n+2m), br, -CO-CH-NH and -NCH;-CH,-CO-), 3.22-2.46



(578H (2n+3m), br, -CH,-NH,, NCH;), 1.85-0.95 (202H (6n), br, -CH-CH,-CH,-CH,-CH.-
NH-)/ 0.75 (9 H/ brl (CH3)3-C-)'

5.4.3.9 Deprotection of Poly(N-¢-Trifluoroacteyl-L-Lysine,-block-Sarcosiney,)

In a round bottomed flask, the polymer was dissolved in MeOH at a concentration of 30-50
mg/mL and 10 eq of Hydrazine-hydrate (with regard to the (TFA)-group) were added with
an Eppendorf pipette. The solution was stirred for 72 hours and diluted with Millipore wa-
ter. Afterwards, the solution was dialyzed with a Spectra/Por (Roth) membrane with a
nominal molecular weight cut-off (NMWCO) of 3500 g/mol for 3-5 days with regular sub-
stitution of water and then lyophilized to yield the deprotected polymer as a fluffy, colorless
powder. Yields ranged from 75-87%. "H-NMR is provided for PLyse;-block-PSar.g,.
'H-NMR (400 MHz, D,0) 6 [ppm] = 4.45-3.90 (550H (1n+2m), br, -CO-CH-NH- and -NCHj5-
CH,-CO-), 3.15-2.55 (870H (2n+3m), br, -CH,-NH, and NCH,;), 1.85-1.00 (306H (6n), br,
-CH-CH,-CH,-CH,-CH,-NH), 0.73 (9H, s, (CH;);-C-).

5.4.3.10 Labeling of Block Copolypeptides with Fluorescein Isothiocyanate

10.0 mg of polymer were dissolved in 1.5 mL DMSO and 3 eq (with regard to the terminal
amino group) of fluorescein isothiocyanate (FITC) were added. The solution was stirred
for 72 h at 8o °C. Afterwards, labeled block copolypeptides were separated from excess dye
by SEC using water as eluent.

5.4.3.11 Formation of PeptoPlexes

Block copolymers were dissolved in sterile water to obtain solutions with final concentra-
tions of 1 pg/pL. PeptoPlex solutions were prepared by dilution of the desired amount of
plasmid DNA in 10 mM TRIS HCI buffer and subsequent addition of polymer at amounts
indicated. The obtained PeptoPlex solutions were mixed by frequent pipetting and were
allowed to stand overnight at room temperature. The final volume of the PeptoPlex solu-
tions totaled up to 12 pL for gel electrophoresis, 20 pL for luciferase and MTT assay and
200 pL for FACS analysis. Polyplex solutions of jetPEI (Polyplus-transfection SA, Illkirch,
France) and plasmid DNA were prepared according to manufacturer’s protocol.

5.4.4 Methods and Protocols - Physicochemical Characterization of PeptoPlexes

5.4.4.1 Characterization of PeptoPlexes by Agarose Gel Electrophoresis

Gel electrophoresis was performed to monitor polyplex formation. For this, 500 ng of
plasmid DNA and the desired amount of polymer were premixed as indicated above and
were loaded into slots of 0.7% agarose gels (90 V, 150 mA). GelRed was used for pDNA
and PeptoPlex staining.

5.4.4.2 Characterization of PeptoPlexes by Dynamic Light Scattering Experiment

Solutions of PeptoPlexes with 10 ng pDNA and varying amounts of polymer (depending
on applied polymer and mppys/mppna ratio) in TRIS HCI buffer were prepared. After
transfer to a dust free flow box, all samples were filtered (Millex HV 0.45pm) into dust
free cylindrical scattering cells (Suprasil, 20 mm diameter, Hellma, Miihlheim, Germany).
Dynamic light scattering measurements (DLS) were performed using a Uniphase He/Ne
Laser ([=632.8 nm, 22 mW), a ALV-SP125 Goniometer, a ALV/High QE APD-Avalanche
photo-diode with fibre optical detection, a ALV 5000/E/PClI-correlator and a Lauda RC-6
thermostat unit at 20 °C. Angular dependent measurements of typically 15° steps were
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carried out in the range 30° < g < 150°. For data evaluation experimental intensity
correlation functions were transformed into amplitude correlation functions applying the
Siegert relation extended to include negative values after baseline subtraction by calcula-
tion g1(t) = SIGN(G2(t)) « SQRT(ABS((G2(t) — A)/A). All field correlation functions
usually showed monomodal decay and were fitted by a sum of two exponentials g1(t) =
a.exp(—t/b) +c.exp(—t/d) to take polydispersity into account. Average apparent diffu-
sion coefficients Dy, were calculated by applying %+ Dapp = (a.b—1+c.d—1)/(a+c)
resulting in an angular-dependent diffusion coefficient Dy, or reciprocal hydrodynamic
radius (1/Ry,) appr according to formal application of Stokes Einstein law. By extrapola-
tion of (1/Ry),,, to 4 = 0 z-average hydrodynamic radii R, = (1/Rj),1 were obtained
(uncorrected for c-dependency).

5.4.5 Methods and Protocols - Biological Characterization of PeptoPlexes

5.4.5.1 Cell Culture

HEK 293T cells were grown in DMEM, supplemented with 10% FBS, 4 mM L-glutamine, 0.1
pM 2-mercaptoethanol, 100 unitsxmL™ penicillin, and 100 ugxmL™ streptomycin. Cells
were maintained in a 37 °C humidified atmosphere with 5% CO, and were handled under
sterile conditions.

5.4.5.2 Determination of Cellular Toxicity of PeptoPlexes in HEK 293T Cells by MTT
Assay

Cytotoxicity of PeptoPlexes was assessed by MTT assay using the “CellTiter g6® Non-
Radioactive Cell Proliferation Assay” kit (Promega, Madison, USA) according to manufac-
turer’s protocol. On day 1, HEK 293T cells were seeded onto g6-well culture plates at a
concentration of 1.5 x 10* cells per 100 pL per well. Medium was changed after 3 hours.
On the following day, cells were incubated in triplicates with plain pDNA (0.5 ng per well)
or PeptoPlexes (formed with 0.5 pg pDNA and the desired amounts of polymers, respec-
tively) as indicated. On day 3, 30 pL of MTT substrate solution were added to each well,
and cells were cultured for another 4 h. Subsequently, 100 pL of mixed solubilization/stop
solution were added to each well. After 1 h, the absorbance at 570 nm was measured.

5.4.5.3 Determination of Cellular Toxicity of PeptoPlexes in HEK 293T Cells by Flow
Cytometry

To assess apoptotic effects on single cell level, HEK 293T cells were seeded onto wells of
12 well cell culture plates (each 1.5 x 105 cells in 1 mL). On the following day, pDNA
(5 ng per well) or PeptoPlexes (formed with 5 ng pDNA and the desired amounts of
polymers, respectively) were added as indicated. After another 3 days, cells were harvested
(PBS/2mM EDTA). Cells were resuspended in HBSS buffer and were coincubated with
Alexa Fluor 647-conjugated Annexin V to identify apoptotic cells, and 7-AAD to gate out
necrotic cells. Both agents were purchased from BioLegend (San Diego, CA). Samples
were analyzed by flow cytometry using a FACS Canto II flow cytometer equipped with BD
FACS Diva software (both from BD Biosciences, San Diego, CA). Data were analyzed using
Flow]Jo software (FLOW]JO, Ashland, OR).

5.4.5.4 Quantitative Assessment of Transfection Efficiencies in HEK 293T Cells

For quantiative detection of transfection efficiencies, a reporter vector encoding Renilla reni-
formis luciferase under control of the human EF1a gene promoter (pRL-EF1a; Bros et al.,



2003) was used. HEK 293T cells were seeded onto wells of a 96 well cell culture plate
(each 1.5 x 10* cells in 100 puL). Medium was changed after 3 hours. On the following
day, cells were incubated in triplicates with naked pDNA (0.5 pg per well) or PeptoPlexes
(formed with 0.5 ng pDNA and the desired amounts of polymers, respectively) as indi-
cated. Medium was changed the next day. 24 h after the onset of transfection, medium was
removed and cells were lyzed (Renilla luciferase assay lysis buffer; Promega, Heidelberg,
Germany). Lysates were assayed for Renilla luciferase activities. Bioluminescence was de-
termined according to the following procedure: addition of 100 puL substrate solution per
well, 3 s equilibration, 10 s measurement.

5.4.5.5 Determination of Transfection Efficiency of PeptoPlexes in HEK 293T Cells by
Flow Cytometry

To assess transfection efficiencies on single cell level, an eGFP-coding reporter vector (pEGFP-
N1; Clontech, Mountain View, CA) was used. For this, HEK 293T cells were seeded onto
wells of 12 well cell culture plates (each 1.5 x 105 cells in 1 mL). One day later, culture
medium was changed and cells were incubated with naked pDNA (5 pg per well) or Pep-
toPlexes (formed with 5 ug pDNA and the desired amounts of polymers, respectively)
as indicated. The following day, medium was replenished. Three days after the onset of
transfection, cells were harvested (PBS/2 mM EDTA), and samples were analyzed by flow
cytometry (see above) for frequencies of eGFP positive cells.

5.4.5.6 Confocal Microscopy Studies in HEK 293T Cells

Cells were seeded on p-slide (chambered coverslip) with 8 wells from Ibidi at a density of
2 x 10° cell/mL. After 24 h of incubation at 37 °C, the medium was removed, replaced with
OptiMEM and cells were treated with PeptoPlex solution. Afterwards the 8-well plate was
moved to the confocal microscope equipped with a live cell unit. Images were captured
with a confocal Leica microscope.
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5.5 SUPPORTING INFORMATION

5.6.1 NMR Spectra
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Figure 5.10: "H-NMR spectrum of N-e-benzyloxycarbonyl-L-lysine N-carboxyanhydride.
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Figure 5.12: "TH-NMR spectrum of sarcosine N-carboxyanhydride.
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Figure 5.17: "TH-NMR spectrum of PLys,-b-PSarm.

5.5.2 Multi Angle Dynamic Light Scattering

0.04 -

0.035 -
® 1/R;; R =40.0 nm

£0.025 .
0.02 -

0.015 -

0.01 " 1 " 1 " I N 1 " | " 1 " |
0.0x10° 1.0x10'° 2.0x10'° 3.0x10' 4.0x10'° 5.0x10'° 6.0x10'° 7.0x10"

q2

Figure 5.18: DLS angle dependency of (Rj,) (raw data points and coresponding linear fit) of
PeptoPlexes based on eGFP-N1 and P3. PeptoPlexes were applied using constant
mpLys/mMppNA ratio of 2.5/1 and 10 ng pDNA in 3 mL of 10 mM Tris buffer.



5.5 SUPPORTING INFORMATION |

0.04 -
0.03 -
gzo,ozs— L) .
0.02

0.015 -

0.01 . 1 . 1 L I L 1 . L s 1 L |
0.0x10° 1.0x10'° 2.0x10"° 3.0x10"° 4.0x10"° 5.0x10'° 6.0x10'° 7.0x10"

q2

Figure 5.19: DLS angle dependency of (R;) (raw data points and coresponding linear fit) of
PeptoPlexes based on eGFP-N1 and P4. PeptoPlexes were applied using constant
mpLys/mMppNA ratio of 2.5/1 and 10 ng pDNA in 3 mL of 10 mM Tris buffer.
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Figure 5.20: DLS angle dependency of (R;) (raw data points and coresponding linear fit) of
PeptoPlexes based on eGFP-N1 and P5. PeptoPlexes were applied using constant
mplys / mppNA ratio of 2.5/1 and 10 ug pDNA in 3 mL of 10 mM Tris buffer.
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Figure 5.21: DLS angle dependency of (R;) (raw data points and coresponding linear fit) of
PeptoPlexes based on eGFP-N1 and P6. PeptoPlexes were applied using constant
mpLys/mMppNA ratio of 2.5/1 and 10 ng pDNA in 3 mL of 10 mM Tris buffer.

5.5.3 MTT Assay
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Figure 5.22: Normalized viability of HEK 293T cells after 24 hours incubation with Peptoplexes
of different PLys-block-PSar systems. All peptoplexes were applied using constant
mpLys/MppNA ratio of 2.5/1 and 0.5 pg pDNA per well. JetPEI was used according to
manufacturer’s protocol. DMSO and plain pDNA function as controls, n = 3.
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5.23: Dotplots showing HEK 293T cells after 24 h incubation with PeptoPlexes of different
PLys-block-PSar systems and cultivation for 48 h. mprys/mppNa ratios were set at
2.5/1, mpDNA was kept at 5 ng per well. Plain pDNA functions as control.
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at 2.5/1, mpDNA was kept at 5 pg per well. Plain pDNA functions as control.
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5.5.5 Fluorescence Microscopy

Figure 5.26: Representative fluorescence image showing eGFP expression in HEK 293T cells after
24 h incubation with PeptoPlexes of P1 and cultivation for 24 h. mprys/mppna ratios
were set at 2.5/1, mpDNA was kept at 5 ug per well.



QUANTIFICATION OF PDNA MOLECULES
PER PEPTOPLEX BY TIRF MICROSCOPY

6.1 INTRODUCTION

Knowing the composition of polyplexes, i.e. the number of pDNA molecules within one
complex, is of fundamental interest, since it helps to understand the complexation behavior
of different types of polymers or polymer architectures. In a more practical context, it
allows calculation of the amount of polyplexes a defined amount of pDNA will yield after
comlexation and thus provides the basis for a realistic estimation of the absolute number
of particles (polyplexes) applied in a certain in vitro or in vivo experiment.

With respect to solely cationic homopolymers, such as polyethyleneimine (PEI) or PLys,
Lai and Zanten demonstrated that the rapid formation of primary single-pDNA polyplexes
was followed by aggregation into larger secondary multi-pDNA structures over time.[3771
The obvious explanation for this lies in the fact that without interference by a non-charged
segment, polycationic compounds may induce bridging of multiple pPDNA molecules. Con-
sidering block copolymers with a cationic and a neutral shielding segment, like the PLys-
b-PSar system introduced in this work, on the other hand, it is reasonable to expect the
formation of stable, single-pDNA complexes with core-shell architecture. In this case the
shielding block should prevent the bridging of multiple pPDNA copies by the cationic block.
Consequently, aggregation of primary complexes into multi-pDNA structures is blocked.

0.2 RESULTS AND DISCUSSION

The fact that according to DLS PeptoPlexes are smaller in size than the corresponding free
pPDNA (~40 nm vs ~9o nm, see Chapter 5) indeed suggests that on average one PeptoPlex
contains one plasmid. Nevertheless, to substantiate this assumption, quantitative fluores-
cence spectroscopy provides a complementary method. More specifically, total reflection
fluorescence (TIRF) microscopy was applied to image single molecules of DAPI-labeled
pDNA or single PeptoPlexes containing DAPI-labeled pDNA. DAPI is an intercalating dye
commonly used for DNA staining in fluorescence microscopy. When quantified and com-
pared for free pPDNA and PeptoPlexes, the DAPI-associated fluorescence intensity provides
a measure for the number of pPDNA copies per PeptoPlex. To vary the investigated pDNA
in size, experiments were conducted with the pUC19 cloning vector (2686 bp) as well as
with pEGFP-N1 DNA (4733 bp). In both cases, a PLys-b-PSar diblock copolymer was ap-
plied at N/P 4 for polyplex formation. As first step of the experimental procedure, pPDNA
or polyplexes were incubated with DAPI. Subsequently, the stained samples were flushed
onto specifically prepared coverslips using a microfluidic system. After a washing step,
the remaining surface-bound pDNA or PeptoPlexes were imaged with a costum-built TIRF
microscope.
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QUANTIFICATION OF PDNA MOLECULES PER PEPTOPLEX BY TIRF MICROSCOPY

(a) puC19 DNA (b) pUC19 Polyplex

% pUC19 DNA X pEGFP-N1DNA

X pUC19 Polyplex ) X pEGFP-N1 Polyplex
03 03
g g
S $ 0.2
> =]
o o
Q Q
[ -

0,1 1

4 AP % NPV 2 H 3 ’ K RIKIEEERBEOOE
05 1 15 2 25 3 35 4 45 05 1 15 2 25 3 35 4 45 5 55
Normalized Fluorescence Intensity Normalized Fluorescence Intensity

Figure 6.1: TIRF microscopy for quantitative fluorescence detection. (a) Representative fluorescence
image of single pUC19 DNA molecules. (b) Representative fluorescence image of single
pUC19 DNA containing polyplexes. (c) Fluorescence intensity distribution for pUC19
DNA (blue) and pUC19 DNA containing PeptoPlexes (red). (c) Fluorescence intensity
distribution for pEGFP-N1 DNA (blue) and pEGFP-N1 DNA containing polyplexes
(red).

In Fig. 6.1 (a) and (b) each fluorescing point corresponds to a single pDNA molecule or
PeptoPlex, respectively. The qualitative data already indicates a comparable fluorescence
intensity for both species. For quantification, the raw fluorescence intensity of each point
was analyzed with mathlab software drawing on algorithms written in the group of Prof.
Kirchhausen. As a result, free pPDNA and polyplex showed a similar fluorescence intensity
distribution with the respective maxima lying in the same range, indicating one copy of
pDNA per PeptoPlex on average.

Of course, some limitations of the method have to be considered. pDNA located within
a polyplex is in a more condensed state than free pDNA. Thus, in case of complexed
pDNA, the DNA-bound DAPI molecules are closer to each other and quenching of the
DAPI-associated fluorescence may occur. On the other hand intercalation of DAPI into
pPDNA might be impaired per se in case of polyplexes because the complexed pDNA is
less accessible than free pDNA. Fluorescence quenching or impaired intercalation might
explain the slight shift of the fluorescence maximum between free pEGFP-N1 and the cor-
responding polyplex (Fig. 6.1 (d)). Nevertheless, it is unlikely that these effects are large



6.2 RESULTS AND DISCUSSION |

enough to alter the measured fluorescence intensity substantially. For instance, in case of
pUC1g, intensity distribution of free pPDNA and polyplex are well aligned.

In summary, results from TIRF microscopy support the suggestion from DLS experi-
ments, i.e. formation of single-pDNA polyplexes. Within the context of this work, single-
pDNA polyplexes, as experimentally confirmed by two independent methods to this point,
are an important prerequisite for the validity of the simulations described in Chapter 9.
In future experiments, static light scattering, another complementary method, will further
elucidate PeptoPlex composition, also providing an estimation for the number of polymers

per polyplex.
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Part III

MANNOSE-MODIFIED PEPTOMICELLES






Active targeting of cells can increase transfection efficiency of non-viral vectors. Thus, in a side
project within the PhD thesis mannose was investigated as a targeting ligand for dendritic cells.
In order to assess the effect of mannose functionalization on cellular uptake, micelles derived from
amphiphilic Mannose-PSar-b-PGlu(OBn) diblock copolymers were utilized as a model system. The

studies conducted in this part provided the groundwork for the later functionalization of PeptoPlexes
with mannose.






DIRECTED INTERACTIONS OF BLOCK
COPOLYPEPT(O)IDES WITH MANNOSE-
BINDING RECEPTORS: PEPTOMICELLES
TARGETED TO CELLS OF THE INNATE
IMMUNE SYSTEM

P. Heller, N. Mohr, A. Birke, B. Weber, A. Reske-Kunz, M. Bros, M. Barz, Macromolecular
Bioscience, 2015, 15, 63-73

ABSTRACT

Core-shell structures based on polypept(o)ides combine stealth-like properties of the corona
material polysarcosine with adjustable functionalities of the polypeptidic core. Mannose-
bearing block copolypept(o)ides (PSar-b-PGlu(OBn)) have been synthesized using 11-amino-
3,6,9-trioxa-undecyl-2,3,4,6-tetra-O-acetyl-O-a-D-mannopyranoside as initiator in the sequen-
tial ring-opening polymerization of a-amino acid N-carboxyanhydrides. These amphiphilic
block copolypept(o)ides self-assemble into multivalent PeptoMicelles and bind to mannose-
binding receptors as expressed by dendritic cells. Mannosylated micelles showed enhanced
cell uptake in DC 2.4 cells and in bone marrow-derived dendritic cells (BMDCs) and there-
fore appear to be a suitable platform for immune modulation.

7.1 INTRODUCTION

In nature, glycoproteins are involved in a multitude of essential biological processes, which
range from phagocytosis and inflammation to cell-cell interactions and signal transduct-
ion.l'% 3781 Many researchers have investigated multivalent binding of carbohydrates pre-
sented on polymers, polymeric micelles, polymersomes or inorganic nanoparticles to cy-
tosolic, extracellular or trans-membrane proteins.[379‘385] In general, the interaction between
a single carbohydrate moiety and its receptor is comparatively weak (nM to mM affinities).
Thus, to enhance the binding strength of carbohydrates for directed interaction (drug tar-
geting) multivalence turned out to be of particular importance. This phenomenon is known
as the cluster glycoside effect!3®] and has been studied in depth for decades.

Besides binding to model proteins like concavalin AB%! or inhibition of hemagglutina-
tion (HIA),B79-3%1 glycoside functionalization of nanoparticles can be used to direct their
binding to transmembrane proteins and to trigger specific internalization; prominent ex-
amples involve the targeting of the transferrin receptor'3®7- 3% and mannose-binding recep-
tors (e.g., MMR family, DC-SIGN).3%] Activation of cellular uptake pathways like clathrin-
mediated endocytosis by targeting transmembrane proteins is of major interest to enhance
internalization and to alter intracellular distribution, as clearly demonstrated in studies on
uptake kinetics, pathway specificity and intracellular distribution of viruses.[39% 3911

In this context, mannose-functionalized nanoparticles have been investigated to target
dendritic cells (DCs) as well as macrophages.[3% 3921 Both cell types play important roles
in the first line of immune defence and are interesting cellular targets to induce/alter im-
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mune responses. In case of DCs, especially vaccination with mannose-modified carriers
against various model antigens or diseases has been studied.!3'7- 39373951 Macrophages, on
the other hand, are potential targets for the delivery of drugs, e.g., against tuberculosis3%°!
or leishmaniasis!37- 3981, While after i.v. injection ending up in macrophages is likely to be
the fate of mannosylated nanoparticles, subcutaneous administration has already demon-
strated that macrophage uptake can be minimized because transfer to the lymphatic system
occurs rapidly and therefore exposes particles almost exclusively to dendritic cells.>9°]

Nearly all targeted delivery systems have a common feature: a directed interaction
of a recognition structure on the particle corona with a cellular transmembrane protein.
Therefore, the recognition structure needs to be exposed on the particle surface. The self-
assembly of amphiphilic block copolymers in a block-selective solvent offers a versatile
route to the formation of core-shell structures. Provided that the amphiphilic polymers al-
ready contain the recognition structure, micelles that present these structures on the corona
can be directly obtained through this process.[399! Therefore, the targeting moiety - for ex-
ample, peptide or glycoside - needs to be attached to the hydrophilic block by conjugation
to the side chain or the end group. BIND Therapeutics is currently investigating the con-
cept of end group modification for block copolymer-based nanoparticles containing the
chemotherapeutic docetaxel in clinical trials. These nanoparticles are decorated with a
small molecule ligand (ACUPA) targeting a prostate cancer specific antigen as expressed
specifically by prostate cancer cells.[+°]

While functionalization of the polymer side chains can be achieved by polymer-analogous
reactions, 4" 421 functional end groups are accessible by the use of appropriate initia-
tors for polymerization. The ring-opening polymerization of N-substituted a-amino acid
N-carboxyanhydrides, e.g., sarcosine NCA, leads to polymers with high end group in-
tegrity in one step. Thus, the use of bioactive initiators represents a straight forward
approach for the synthesis of end group-functionalized polypept(o)ides such as glycosy-
lated polypept(o)ides presented in this work. Other strategies for the synthesis of gly-
copolypeptides involve the polymerization of glycosylated NCAs or postpolymerization
glycosylation.[19 385 403-406]

Almost 40 years after the first report on the living polymerization of the polypeptoide
polysarcosine (PSar),l''7! scientists have rediscovered this type of polymer as a very inter-
esting material being - amongst others!339]- a potential alternative to PEG for biomedical ap-
plications. Polysarcosine is a typical example for a material, which behaves accordingly to
the Whitesides rules for protein-resistant surfaces,3° 47! since it is non-ionic, hydrophilic
and a weak hydrogen bond acceptor. Therefore, it is not much of a surprise, that PSar
has already demonstrated protein-resistant properties’3°" 3% as well as non-immunogenic
properties!'®4 and thus meets the requirements for biocompatibility. While Guo and Zhang
used PSar for the synthesis of cyclic polypeptoides,#4 the group of Luxenhofer applied
it for the synthesis of block copolypeptoides.'*"] Sun and Zuckerman derived monodis-
perse PSar by solid phase synthesis.l3%! Surprisingly, so far only the groups of Kimura and
Barz used PSar as substitute of PEG in amphiphilic di-['55] and tri-block!"5®! copolymers
designed for biomedical applications: for example Lactosomes,['% 1971 microspheres,[1%?!
Nanosheets, '] PeptoMicelles!'55] and PeptoPlexes!*5°].

7.2 RESULTS AND DISCUSSION

As mentioned above, PSar as well as various other polypept(o)ides are accessible by nu-
cleophilic ring-opening polymerization of a-amino acid N-carboxyanhydrides (NCAs) as
well as N-Thiocarboxyanhydrides (NTAs). In this approach functional amines can be em-
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ployed as long as they do not interfere with the polymerization itself. Therefore, we have
synthesized an acetylated mannose derivative, in which a primary amine is linked with a
glycol spacer to the cyclic hexose moiety by an o-glycosidic bond. The o-glycosidic linkage
is known to be of major importance for any biorecognition process.[**® During synthesis,
the neigboring group effect ensures the formation of the o-glycosidic linkage, which can
be clearly seen in the coupled HSQC measurement (SI, Fig. 7.15). In the next step, the pri-
mary amine of the mannose derivative was used to initiate the sequential polymerization
of sarcosine (Sar), lysine(TFA) (Lys(TFA)) and glutamic acid(OBn) (Glu(OBn)) NCAs (Fig.

7.1).
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Figure 7.1: Synthesis of mannose-functionalized PSar-block-PGlu(OBn) or PSar-block-PLys(TFA)
block copolypept(o)ides, selective deprotection of mannose end groups and self-
assembly of Man-PSar-block-PGlu(OBn) coplymers into PeptoMicelles targeting
mannose-binding receptors.

The polymerizations proceeded in a well-controlled manner yielding block copolypept(o)ides
with narrow monomodal molecular weight distributions and low dispersities between 1.13-
1.17 (Table 7.1).
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Table 7.1: Characteristics of synthesized block copolymers and micelles.

POLYMER CALCULATED BLOCK My® PP Ry w°
BLOCK RATIO RATIO*

P1  Man-PSar-b-PGlu(OBn) 300:30 277:28 46.2 1.13 63.7 0.13
P2 PSar-b-PGlu(OBn) 300:30 309:25 40.7 112 728 0.15
P3  Man-PSar-b-PLys(TFA) 300:30 319:29 494 117 nd nd

A as determined by "H-NMR spectroscopy in DMSO-d6
B kg/mol, as determined by GPC with HFIP as solvent and PMMA standards
€ nm, as determined by DLS in PBS buffer, ¢ = 0.0667 g/L

The "H-NMR signal of the acetyl protecting groups can be easily integrated and related
to the polysarcosine backbone protons enabling precise determination of the degree of
polymerization.

Diffusion-ordered spectroscopy (DOSY) NMR experiments displayed only one diffusing
species, which reflects the absence of free initiators or low molecular weight polymers (Fig.

7.2).
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Figure 7.2: Characterization of mannose-containing block copolypept(o)ides. (A) 400 MHz "H-
NMR of Man-PSar,;,-block-PGlu(OBn),g (P1) showing mannose end group-derived sig-
nals, (B) DOSY NMR of Man-PSar.,-block-PGlu(OBn),g proving the linkage between
mannose end group and polymer, (C) GPC plot of Man-PSar,,,-block-PGlu(OBn),g
showing unimodal weight distribution.

Polymer-analogous reactions such as labelling of polymers with dyes (see Subsection 7.4.4)
are easy to conduct by using the terminal amino groups of the protected polypeptide blocks.
In case of Man-PSar-b-PGlu(OBn), the chosen protecting groups enable the stepwise depro-
tection of glycoside and polymer using NaOH,q), pH 9. Specificity of these deprotection
conditions was verified by relating the benzyl ester-derived "H NMR signals before and
after deprotection of the mannose end group (SI, Fig. 7.18 and 7.20). In case of Man-PSar-
b-PLys(TFA) the simultaneous deprotection of glycoside and polymer is feasible by using
hydrazine hydrate (SI, Fig. 7.19 and 7.21). Therefore, this versatile synthetic pathway can
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be used for the generation of labeled mannose-functionalized PeptoMicelles as well as of
PeptoPlexes.

For preparation of PeptoMicelles labeled block copolymers P1 or P2 were diluted in
DMSO and the solvent was gradually switched to H,O (Fig. 7.1). Characterization of mi-
celles by dynamic light scattering in both cases revealed a minor angle-dependency which
is most likely related to dispersity of the micelles (Fig 7.3). Hydrodynamic radii were 63.7
nm for P1 and 75.8 nm for P2. These particle sizes are still likely to allow entering cells by
clathrin-mediated endocytosis.[4*]
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Figure 7.3: Dynamic light scattering of PeptoMicelles P1 (Rj, = 63.7 nm) and P2 (R;, = 75.8 nm).

After DLS measurements PeptoMicelles were subjected to biological evaluation. Initially,
the cellular uptake of mannose-functionalized PeptoMicelles was investigated using DC 2.4
cells. This cell line is well established as model for DCs and is known to express mannose-
binding receptors (MRs).[#°l Consequently, it has been utilized for uptake studies with
mannose-modified nanoparticles in many publications.[4'0414]

MTT assay performed with DC 2.4 cells did not display any decrease in cell viability
related to the presence of PeptoMicelles at concentrations up to 0.5 mg/mL (SI, Fig. 7.27),
which appears well above suitable concentrations for modulation of DC-function in vivo.
MR binding of mannose-functionalized PeptoMicelles and subsequent MR-mediated endo-
cytosis were verified with a dual strategy. DC 2.4 cells were preincubated with mannan to
saturate MRs and therefore intercept binding and endocytosis of functionalized PeptoMi-
celles on receptor level. To interrupt endocytosis on a more downstream level, cells were
preincubated with dynasore-OH which does not interfere with MR binding of PeptoMi-
celles but prevents scission of endocytic vesicles by targeting dynamin-1 and dynamin-
214151 Experiments for cells pretreated in this manner were conducted with mannosy-
lated PeptoMicelles (P1) and with ovalbumin (OVA) as model protein for MR-mediated
uptakel#®l (Fig. 7.4 (A) and SI, Fig. 7.25). Blocking with mannan led to a slight decrease
of binding/uptake for OVA (approx. 25%), while binding/uptake of P1 was lowered to
around 50% of starting level. The still existing binding/uptake of OVA and P1 may be re-
lated to incomplete saturation of MRs, mannan-triggered recruitment/recycling47- 48] of
additional MRs to the cell surface and action of alternative uptake pathways like macropino-
cytosis and phagocytosis. In line, binding/uptake of OVA and P1 was not reduced any
further by higher mannan concentrations but increased again (data not shown), also sug-
gesting recruitment of additional MRs. After preincubation of cells with dynasore-OH, the
uptake of OVA and P1 was diminished by 80% and 60%, respectively. This finding confirms
that P1 - like OVA - is mainly taken up via clathrin-mediated endocytosis which is known
to be the endocytic mechanism behind MR-driven uptake.[47l As in case of mannan, the
still existing uptake of OVA and P1 after pretreatment of cells with dynasore-OH may be
attributable to alternative uptake routes.
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After confirmation of MR-governed uptake of P1 we investigated its performance in re-
lation to non-mannosylated PeptoMicelles (P2). In addition to DC 2.4 cells, bone marrow-
derived dendritic cells (BMDCs) were used as representative of MR-expressing DCs derived
from primary progenitors. As expected, P1 showed a significantly higher cellular interac-
tion compared to P2 in case of DC 2.4 cells (Fig. 7.4 (B)) and BMDCs (Fig. 7.4 (C)). In both
cell types the binding/uptake of P1 exceeded the binding/uptake of P2 by approx. 70%.
Furthermore, the uptake ratio between P1 and P2 was comparable to that between P1 with
and P1 without mannan/dynasore-OH preincubation.
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Figure 7.4: Uptake studies with P1 and Pz. (A) Blocking experiment with DC 2.4 cells. (B) Compar-
ison of uptake efficiency with DC 2.4 cells. (C) Comparison of uptake efficiency with
bone marrow-derived dendritic cells (BMDCs). (n = 3)

All these findings point to an enhancement of uptake of P1 by interaction with MRs in com-
parison with P2. Unspecific mechanisms such as macropinocytosis contribute considerably
to the uptake of PeptoMicelles, irrespective of their mannosylation. These results are in line
to reports of other groups which also describe mannosylation-related increase in uptake
of - in this case - PLGA or dextran particles yet also observing unspecific uptake.[31% 4121
Though, mannosylation of PeptoMicelles induces a substantial increase in cellular uptake,
which may enable targeting of MR-expressing cells like DCs or macrophages.

7.3 CONCLUSION

In this work we demonstrated a versatile synthetic pathway to block copolypept(o)ides with
bioactive end groups. The derived block copolymers possess low dispersity indices around
1.1 ensuring well-controlled polymerization. The reported pathway enables the synthesis of
amphiphilic block copolymers or block ionomers with mannose end groups using different
protecting groups (orthogonally or simultaneously cleavable). These polymers can self-
assemble into polymeric core-shell structures, e.g., micelles, which were successfully used



to enhance cellular uptake in DC 2.4 as well as BMDCs. Our findings provide first evidence
that mannosylated PeptoMicelles possess the potential to target MRs on cells of the innate
immune system.

7.4 EXPERIMENTAL SECTION

7.4.1 Materials

DMF was purchased from VWR, dried over BaO and subsequently distilled in vacuo onto
pre-dried molecular sieves (3 A). THF and hexane were purchased from Sigma-Aldrich and
distilled from Na/K. Diethylether was distilled prior to use to remove the stabilizer. Other
solvents were used as received. Diphosgene was purchased from Alfa Aesar and used as
provided. Neopentylamine was purchased from TCI Europe, dried over NaOH and frac-
tionally distilled. Sarcosine was purchased from Sigma-Aldrich, all protected amino Acids
were purchased from ORPEGEN. Oregon Green 488-X, Succinimidyl Ester, 6-isomer was
purchased from Life Technologies. Cell culture media were bought from Lonza. CellTiter 96
Non-Radioactive Cell Proliferation Assay kit (for MTT assay) was purchased from Promega
(Madison, USA). Mannan from Saccharomyces Cerevisiae was purchased from Sigma-Aldrich.
Dynasore-OH was kindly provided by Prof. T. Kirchhausen from Harvard Medical School,
Boston.

7.4.2 Instrumentation

7.4.2.1 Polymer Characterization

400 MHz "H-NMR spectra were recorded on a Bruker Avance II 400. HSQC and DOSY
NMR measurements were performed on a Bruker Avance III HD 4o00. All spectra were
recorded at room temperature and analyzed with MestReNova software. Degrees of poly-
merization as well as molecular weights were calculated by comparing the integrals of the
neopentylamine initiator peak or the mannose initiator acetyl peaks either with the inte-
grals of the side chain amide protons (for PLys(TFA)), with the protective group protons
(for PGlu(OBn)) or with the average of integrals of methyl group and a-protons (for PSar)
in the 400 MHz "H-NMR spectra.

Attenuated total reflectance Fourier transformed infrared (ATR-FTIR) spectroscopy was
performed on an FT/IR-4100 (JASCO) with an ATR sampling accessory (MIRacleTM, Pike
Technologies). IR Spectra were analyzed using Spectra Manager 2.0 (JASCO).

Melting points were determined using a METTLER FP62 (METTLER WAAGEN GMBH).

Hexafluoroisopropanol (HFIP) gel permeation chromatography (GPC) was performed
with HFIP containing 3 g/L potassium trifluoroacetate as eluent at 40 °C and a flow rate of
0.8 mL/min. The columns were packed with modified silica (PFG columns; particle size:
7 mm, porosity: 100 and 1000 A). Polymer was detected with a refractive index detector
(G 1362A RID, JASCO) and a UV /Vis Detector (UV-2075 Plus, JASCO). Molecular weights
were calculated using a calibration performed with PMMA standards (Polymer Standards
Services GmbH) and toluene as internal standard. Elution diagrams were analyzed using
WinGPC UniChrome 8.00 (Build 994) software from Polymer Standards Services.

Preparative reverse phase-HPLC was performed with a Knauer HPLC-System (Berlin,
Germany), consisting of two HPLC pumps (Smartline 1000), an UV /Vis-detector (Smartline
2500), a RI-detector (Smartline 2400) and a Phenomenex (Torrance, U.S.A.) Luna-column
(10 um, C18(2), 100 A, 250 x 30 mm?) run at a flow of 10.0 mL/min and loaded with a 2 mL
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injection loop. The system was operated and samples analyzed with D-7000 HPLC-System-
Manager software (version 4.1). For the preparative runs a mixture of THF and Millipore
water with a gradient from 40/60 to 9o/10 (THF/water) over 50 min was utilized. The
UV /Vis-detector was set to a wavelength of 488 nm.

Labeling efficiency for polymers was determined by measuring the Oregon Green 488-
related absorbance at 488 nm with a Nanodrop® ND-1000.

7.4.2.2 Biological Experiments

(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay measurements
were performed using a Dynex MRX TC Revelation microtiter plate reader (Dynex Tech-
nologies, Chantilly, VA).

FACS experiments were executed on a FACS Canto II flow cytometer equipped with BD
FACS Diva software (both from BD Biosciences, San Diego, CA). Data were analyzed using
Flow]Jo software (FLOWJO, Ashland, OR).

7.4.3 Methods and Protocols - Preparation of Mannose Initiator

7.4.3.1 Tetraethylene Glycol Monotosylate

To a mixture of 4.11 g (103 mmol) sodium hydroxide in 23 mL of water and 23 mL THF
tetraethylene glycol was added. The solution was cooled to o °C and a mixture of 12.15 g (65
mmol) p-toluenesulfonic acid in 100 mL THF was added dropwise. The reaction mixture
was stirred for 2 hours at o °C. After stirring 2 hours at room temperature the mixture
was poured into ice-cold water and extracted with dichloromethane (4 x 150 mL). The
organic layers were washed with water (275 mL) and dried over magnesium sulfate. Rotary
evaporation gave a pale yellow oil which was used in the next reaction step without further
purification. Yield: 22 g (63 mmol, 97%), Lit.: 90%I419], R = 0.24 (cyclohexane/EtOAc 1:4).

"H NMR (300 MHz, CDCLy): 6 [ppm] = 7.77 (2H, d, ] = 8.5 Hz, -50,-0-Ar-H), 7.32 (2H, d, ] =
8.5 Hz, -SO,-m-Ar-H), 4.14 (2H, t, ] = 4.5 Hz, -CH,-OTos), 3.71-3.51 (14H, m, -CH,-CH,-O-),
2.42 (3H, s, -CH,).

ESI-MS: (m/z) = 371.13 ([M + Na]*, calc.: 371.11). C;5H,,0,S (348.41 g » mol™)

7.4.3.2 N-(11-hydroxy-3,6,9-trioxaundecyl)phthalimide

A mixture of 22 g (63 mmol) of tetraethylene glycol monotosylate, 14 g (76 mmol) potassi-
umphthalimide and 3 g molecular sieve (3 A)in 160 mL dimethylformamide was stirred for
10 hours at 150 °C and 8 hours at room temperature. The suspension was filtered through
Celite and washed with DMF. The solvent was evaporated using high vacuum. The crude
product was co-distilled with toluene (470 mL) and purified by column chromatography
(eluent: EtOAc) to obtain a pale yellow oil. Yield: 18.2 g (56 mmol, 89%), Lit.: 57%!49]. Ry
= 0.34 (EtOAC0).

'H NMR (300 MHz, CDCl;): & [ppm] = 7.85-7.81 (2H, m, Ar-H), 7.72-7.68 (2H, m, Ar-H),
3.88 (2H, d, ] = 5.5 Hz, NPhth-CH,-CH,-O-), 3.73 (2H, t, ] = 5.8 Hz, NPhth-CH,-CH,-O-),
3.75-3.52 (12H, m, -CH,-CH,-O-).

ESI-MS: (m/z) = 346.14 (IM + Na]", calc.: 346.13). C;6H,:NOg (348.41 g . mol™)

7.4.3.3 1-Amino-11-hydroxy-3,6,9-trioxaundecan

To a solution of 18.2 g (56 mmol) N-(11-hydroxy-3,6,9-trioxaundecyl) phthalimide in 100
mL ethanol 3.5 mL (110 mmol) hydrazine hydrate was added and stirred for 2.5 h at 8o
°C. A colorless solid precipitates and after cooling to room temperature 1.0 M HCI was



added until pH = 1 was achieved. The solvent was evaporated under vacuum and the
residue was taken up in 200 mL of water. After filtration through Celite sodium hydroxide
solution was added until a pH of 11 was reached. The basic filtrate was stirred for 20 min
at room temperature and the water was removed by rotary evaporation. The crude product
was dissolved in 300 mL chloroform, dried over MgSO, and filtrated through Celite. The
solvent was removed by rotary evaporation to obtain an orange oil, which was used in the
next reaction step without further purification. Yield: 7.8 g (40 mmol, 71%).

"H NMR (300 MHz, CDCl,): 6 [ppm] = 3.71-3.50 (14H, m, -CH,-CH,-O-), 2.87-2.84 (2H, t, ]
= 4.2 Hz, -CH,-NH,).

ESI-MS: (m/z) = 195.14 ([M + H]*, calc.: 194.14). CgH,(NO, (193.24 g . mol™)

7.4.3.4 1-(Benzoyloxycarbonylamino-11-hydroxy-3,6,9- trioxa) undecanl>%‘]

To a solution of 7.8 g (40 mmol) 1-amino-11-hydroxy-3,6,9-trioxaundecan in 270 mL water
6.7 g (8o mmol) NaHCO; was dissolved and the mixture was stirred at o °C. 8.6 mL (60
mmol) of benzyl chloroformate were dissolved in 50 mL dioxan at 5 °C and added dropwise
to the reaction mixture. The solution was stirred for 2 hours at o °C and overnight at room
temperature. 50 mL water was added and the water phase was extracted with ethyl acetate
(2 x 150 mL). The organic layers were collected and extracted with saturated NaHCO,
solution (2 x 150 mL).The aqueous layers were acidified by 1.0 M HCI to pH = 1 and
extracted with ethyl acetate (3 x 100 mL). The organic layers were collected, dried over
MgSO,, filtrated, and the solvent was removed by rotary evaporation. The yellow oil was
purified by column chromatography (eluent: EtOAc). Yield: 8.5 g (26 mmol, 65%). Ry =
0.29 (EtOAC).

'H NMR (300 MHz, CDCly): § [ppm] = 7.35-7.29 (5H, m, Ar-H), 5.10 (2H, s, -O-CH,-Ar),
3.66-3.53 (14H, m, -CH,-CH,-O-), 3.35 (2H, t, ] = 9.5 Hz, -NH-CH,-CH,-O-).

ESI-MS: (m/z) = 350.17 ([M + Na]*, calc.: 350.22). C;6H,5NOg (327.24 g » mol™)

7.4.3.5 1,2 3,4,6-Penta-0-acetyl-D-mannopyranoside

To a solution of 5 g (27.7 mmol) p-mannose in 200 mL pyridine 39 mL (415 mmol) acetic
anhydride was added and stirring was continued overnight at room temperature. After
co-evaporation with toluene (3 x 40 mL), the residue was taken up in 200 mL ethyl acetate,
washed with 2 n HCI (3 x 50 mL), water (1 x 40 mL), saturated sodium bicarbonate (3
x 50 mL), and brine (1 x 40 mL). The organic layers were dried with Na,SO, and rotary
evaporation gave an o,3 mixture as a pale yellow oil, which was used in the next reaction
without further purification. Yield 10 g (25.6 mmol, 92%). Lit.: 100%.[42°] Ry = 0.57 (n-
hexane/EtOAc 1:1).

"H NMR (300 MHz, CDCly): 6 [ppm] = 6.06 (1H, d, ] = 1.8 Hz, 10), 5.84 (1H, d, ] = 1.2 Hz,
18), 5.46 (1H, dd, ] = 1.1 Hz, 3.3 Hz, 28), 5.24-5.34 (3H, m, 2a, 30, 42), 5.12 (1H, dd, ] = 3.3
Hz, 9.9 Hz, 30), 4.23-4.32 (2H, m, 4B, 5%), 4.12-4.02 (4H, m, 6aa, 630, 60, 633), 3.78 (1H, ddd,
J = 2.4 Hz, 5.3 Hz, 9.8 Hz, 50), 2.19-1.94 (5s, 15H, -CH;).

ESI-MS: (m/z) = 413.52 (M + Na]l*, calc.: 413.11), 803.242 ([M + Na]l*, calc.: 803.23).
C16H2,04:1 (390.12 g . mol™)

7.4.3.6 2,3,4,6-Tetra-O-acteyl-D-mannopyranosyl bromide

10 g (25.6 mmol) 1,2,3,4,6-Penta-O-acetyl-pD-mannopyranoside was dissolved in 25 mL di-
chloromethane and stirred at room temperature under argon. 20 mL of 33% HBr/acetic
acid was added via syringe and the reaction was stirred at room temperature for 2 hours.
100 mL of dichloromethane was added and the reaction mixture was extracted with ice-cold
water (3 x 200 mL). The organic layer was neutralized by a saturated sodium bicarbonate
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solution, washed with brine, dried over sodium sulfate and concentrated under reduced
pressure to give a yellow oil which was used in the next reaction without further purifica-
tion. Yield 9.8 g (24 mmol, 93%). Lit.: 81%.[4>°] Rf = 0.30 (n-hexane/EtOAc 6:4).

"H NMR (300 MHz, CDCl,): 6 [ppm] = 6.26 (1H, d, ] = 1.1 Hz, 1), 5.67 (1H, dd, ] = 3.4 Hz,
10.2 Hz, 3), 5.40 (1H, dd, ] = 1.6 Hz, 3.4 Hz, 2), 5.31 (1H, t, ] = 10.1 Hz, 4), 4.29 (1H, dd, ] =
4.8 Hz, 12.4 Hz, 5), 4.18 (1H, ddd, ] = 1.9 Hz, 4.9 Hz, 10.1 Hz, 6a), 4.09 (1H, dd, ] = 2.1 Hz,
12.4 Hz, 6b), 2.23-2.03 (12H, 4s, -CH,).

ESI-MS: (m/z) = 412.16 (IM + H]*, calc.: 412.20). C;,H;;O5Br (411.20 g . mol™)

7.4.3.7 1-Benzyloxycarbonylamino-3,6,9-trioxaundecan-2,3,4,6-tetra-O-acetyl-B-D-manno-
pyranoside

2.4 g (5.9 mmol) 1,2,3,4,6-Penta-O-acetyl-D-mannopyranosyl bromide and 2.9 g (8.9 mmol)
1-(benzoyloxycarbonylamino-11-hydroxy-3,6,9-trioxa) undecan were dissolved in 100 mL
dichloromethane. 3 g molecular sieve (3 A) was added and the reaction mixture was
stirred for 30 min at -20 °C and under argon atmosphere in the absence of light. 1.9 g
(7.5 mmol) silver trifluoromethane sulfonate was added and the reaction was stirred at
room temperature overnight. After neutralizing with triethylamine (pH = 8) the mixture
was filtered through Celite, washed with dichloromethane, and dried over MgSO,. The
solvent was removed by rotary evaporation and the crude product was purified by column
chromatography to obtain a pale yellow oil. Yield 2.7 g (4.1 mmol, 70%). Ry = 0.60 (EtOAc).
"H NMR (300 MHz, CDCL;): 6 [ppm] = 7.34 (5H, m, Ar-H), 5.34 (1H, dd, ] = 3.2 Hz,10 Hz,
4), 528 (1H, d, ] = 9.6 Hz, 3), 5.25 (1H, t, ] = 1.6 Hz, 2), 5.08 (2H, s, -O-CH,-Ar), 4.85 (1H, d,
J=1.6, 1), 428 (1H, dd, ] = 5.2 Hz, 12 Hz, 5), 4.18 (1H, t, ] = 4.4 Hz, 6a), 4.06 (1H, m, 6b),
3.63-3.53 (14H, m, -CH,-CH,-O-), 3.38 (2H, q, ] = 5.2 Hz, -CH,-O-man), 2.13 (3H, s, -CHj;),
2.08 (3H, s, -CHj;), 2.02 (3H, s, -CHj;), 1.97 (3H, s, -CHj;).

ESI-MS: (m/z) = 680.28 ([M + Na]*, calc.: 680.64). C30H,;3NO;5 (657.66 g . mol™)

7.4.3.8 11-Amino-3,6,9-trioxa-undecyl-2,3,4,6-tetra-O-acetyl-O-a-D-mannopyranoside

0.5 g (0.76mmol) 1-Benzyloxycarbonylamino-3,6,9-trioxaundecan- 2,3,4,6-tetra-O-acetyl-3-
D-mannopyranoside was dissolved in 10 mL methanol. Acetic acid was added until a pH
of 4-5 was reached and the reaction mixture was degassed by a slight vacuum. The reaction
vessel was flushed with argon and approximately 0.5 g of Pd(OH), /C (20%) as catalystwere
added in counterflow. After degassing with a slight vacuum the reaction vessel was flooded
with H, and the mixture was stirred at room temperature overnight. The H, atmosphere
was changed into an argon atmosphere and the catalyst was removed by filtration. The
mixture was neutralized by saturated NaHCO; solution until a pH value of 8. The solution
was concentrated by rotary evaporation. Water was added and lyophilization yielded a pale
yellow oil. Yield: 0.4 g (0.76mmol, 100%). Rf = 0.20 (cyclohexane/EtOH/TEA 2:3:0.15).

'H NMR (400 MHz, CDCL,): & [ppm] = 6.61 (br, -NH,), 5.34 (1H, dd, J = 3.2 Hz, 10 Hz,
4), 5.28 (1H, d, ] = 9.6 Hz, 3), 5.25 (1H, t, ] = 1.6 Hz, 2), 4.87 (1H, d, ] = 1.6, 1), 4.28 (1H,
dd, ] = 5.2 Hz, 12 Hz, 5), 4.22 (1H, t, ] = 4.4 Hz, 6a), 4.10 (1H, m, 6b), 3.63-3.53 (14H, m,
CH,-CH,-0O-), 3.05 (2H, m, -CH,-NH.), 2.15 (3H, s, -CH;), 2.09 (3H,s, -CHj;), 2.03 (3H, s,
-CH;), 1.98 (3H,s, -CH,;).

ESI-MS: (m/z) = 524.65 (IM + H]", calc.: 524.23), 546.20 ([M + Na]", calc.: 546.21). C;,H;,NO,;
(523.23 g . mol™)



7.4.4 Methods and Protocols - Preparation of Micelles

7.4.4.1 Synthesis of Sarcosine N-Carboxyanhydride

The Synthesis of sarcosine NCA was adapted from literature and modified."*"] 14.92 g
(167.4 mmol) of sarcosine were weighed into a three neck flask and dried in vacuo for 1
hour. 300 mL of absolute THF were added under a steady flow of dry nitrogen and 16.2
mL (134 mmol) of diphosgene were added slowly via syringe and the nitrogen stream
was reduced. The colorless suspension was mildly refluxed for 3 hours yielding a clear
solution. Overnight, a steady flow of dry nitrogen was lead through the solution into two
gas washing bottles filled with aqueous NaOH solution. The solvent was evaporated under
reduced pressure, yielding a brownish oil as crude reaction product. The oil was heated
to 50 °C and dried under reduced pressure (20 mbar, then <10 mbar for 2 h) to obtain
an amorphous solid, free of phosgene and HCI. The crude product was redissolved in 40
mL of absoute THF and precipitated with 300 mL of dry hexane. The solution was cooled
to -18 °C overnight to complete precipitation. The solid was filtered under dry nitrogen
atmosphere and dried under a stream of dry nitrogen for 60 - go minutes and afterwards
in high vacuum for 2 hours in a sublimation apparatus. The crude product was sublimated
at 8o - 85 °C and <1x10™ mbar. The product was collected from the sublimation apparatus
in a glove box on the same day. The 12.64 g of purified product (110 mmol, 65% yield,
colorless crystallites) were stored in a Schlenk tube at -80 °C, only handled in a glove box
and used up quickly. Melting point: 102 - 104 °C (lit: 102 - 105 °C).['5 3]

"H-NMR (300 MHz, CDCl;): 6 [ppm] = 4.22 (2H, s, -N(CH;)-CH,-CO-), 2.86 (3H, s, -CH,).

7.4.4.2 Synthesis of N-e-Trifluoroacetyl-L-Lysine N-Carboxyanhydride

12.5 g (51.6 mmol) of N-e-trifluoroacetyl protected lysine and 300 mL of absolute THF were
added into a three necked flask equipped with a reflux condenser and a septum under a
steady flow of dry nitrogen. The condenser outlet was connected to two gas washing bottles
filled with aqueous NaOH, removing excess HCl and phosgene. Then, 5.50 mL (45.6 mmol)
of diphosgene were added slowly via syringe and the nitrogen stream was reduced. The
colorless suspension was mildly refluxed for 2 hours, yielding a cloudy solution. After
this, a steady flow of dry nitrogen was lead through the solution overnight. The solution
was filtered under dry nitrogen atmosphere. The solvent was evaporated under reduced
pressure and absolute THF was added to completely dissolve the crude reaction product.
Excess absolute hexane was added to the solution. After 1 hour storage at 4 °C, the solid
was collected by filtration under dry nitrogen atmosphere and washed with hexane. The
crude product was recrystallized twice with absolute THF/Hexane. 10.43 g of the purified
product (39,0 mmol; 75% yield; colorless needles, melting point: 101 °C (lit: 92 - 93 °C)[37°])
were obtained and stored in a Schlenk tube at -8o °C.

'H-NMR (300 MHz, DMSO-d¢): & [ppm] = 9.40 (1H, s, -NH-CO-CF;), 9.09 (1H, s, -NH-
CO-O-CO-), 4.43 (1H, t, 3] HH = 6.3 Hz, -CO-CH-CH.,-), 3.17 (2H, q, 3] HH = 6.3 Hz,
-CH,-NH-), 1.79-1.61 (2H, m, -Cy-CH,-CH,-CH,-CH,-NH-), 1.53-1.46 (2H, quin, 3] gg =
7.13 Hz, -CH-CH,-CH,-CH2-CH,-NH-), 1.42-1.24 (2H, m, -CH-CH,-CH,-CH,-CH,-NH-).

7.4.4.3 Synthesis of r-Benzyl-L-Glutamate N-Carboxyanhydride

The synthesis was adapted from literature and modified.37! 10.01 g (42.1 mmol) of benzyl-
ester protected glutamine were weighed into a three-neck flask and dried under vacuum
for 1 hour. The solid was suspended in 200 mL of absolute THF under a steady flow of
nitrogen. Then 4.07 mL (33.7 mmol) of diphosgene were added slowly via syringe and
the nitrogen stream was reduced. The colorless suspension was mildly refluxed for 1.5 h,
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yielding a yellowish solution. After the last particles were dissolved a steady flow of dry
nitrogen was lead throw the solution for 3 h. The condenser outlet was connected to two
gas washing bottles filled with aqueous NaOH, removing excess HCl and phosgene.

The remaining solvent was evaporated under reduced pressure and absolute THF was
added to completely dissolve the reaction product. Excess absolute hexane was added to
the solution and the latter kept at 4 °C overnight to crystallize. The solid was filtered under
dry nitrogen atmosphere and the crude product was recrystallized from THF /hexane twice,
washed with hexane, dried in a dry nitrogen flow, and finally in high vacuum. A total of
10.52 g of the purified product (40 mmol; 95% yield; colorless needles; melting point: 93 —
94 °C (lit: 93 — 94 °C)[*5]) was obtained and stored in a Schlenk tube at -8o °C.

"H-NMR (300 MHz, CDCl3): & [ppm] = 9.11 (1H, s, -NH-), 7.42-7.20 (5H, m, -C¢H;), 5.10
(2H, s, -CH,-C¢Hs), 4.52-4.42 (1H, dd, 3]y u = 7.9), 5.5 Hz, -CO-CH-NH-), 2.52-2.48 (2H, t,
3Jau = 7.9 Hz, BnO-CO-CH,-), 2.15-1.85 (2H, m, -CH,-CH-).

7.4.4.4 Synthesis of (Man)-PSar,

N eq of PSar NCA were weighed into a Schlenk tube, dried under vacuum for 1 hour and
dissolved in absolute DMF. A stock solution of either mannose initiator or neopentylamine
in absolute DMF was prepared in a separate Schlenk tube. Both solutions were joined via
syringe to yield a final monomer concentration of 0.1 g/mL. The polymerization solution
was stirred at room temperature for 3 days and kept at a constant pressure of 1.25 bar of dry
nitrogen via the Schlenk line to prevent impurities from entering the reaction vessel while
allowing CO, to escape. Completion of the reaction was confirmed by IR spectroscopy
(disappearance of the NCA peaks (1853 and 1786 cm™)). Directly after completion of the
reaction the polymer was precipitated into cold diethyl ether and centrifuged (4500 rpm
at 4 °C for 15 min). After discarding the liquid fraction, new ether was added and the
polymer was resuspended using a sonic bath. The suspension was centrifuged again and
the procedure was repeated. After DMF removal by the resuspension steps, the polymer
was dissolved in water and lyophilized to obtain a stiff, porous, colorless solid. Yield:
88.9%.

"H-NMR of Man-PSary, (400 MHz, D,0O): 8 [ppm] = 5.65 (1H, d, 3Jy.u = 2.29 Hz, man.ini),
5.35 (1H, dd, 3]y = 4.17 Hz, 3]y = 5.87 Hz, man.ini), 5.10 (1H, t, 3Jg.g = 10.16 Hz,
man.ini), 4.52-3.95 (2nH, br, -NCH;-CH,-CO-), 3.70-3.47 (14H, br, man.ini), 3.19-2.60 ((3n+2)H,
br, -NCHj;- and man.ini), 2.10-1.95 (12H, br, -CO-CH; of man.ini).

7.4.4.5 Synthesis of (Man)-PSar,-b-PGlu(OBn),,

1 eq of previously prepared homopolymer was weighed into a Schlenk tube, dried under
vacuum for 1 h and dissolved in absolute DMF (0.1 g/mL). In a separate Schlenk tube m
eq of Glu(OBn)NCA were dried under vacuum and dissolved in absolute DMF (0.1 g/mL).
Both solutions were joined via syringe. Polymerization was carried out for 3 d at o °C under
dry nitrogen atmosphere. Completion of the reaction was monitored by IR spectroscopy
(disappearance of the NCA peaks (1853 and 1786 cm™)). Directly after completion of the
reaction the polymer was precipitated into cold diethyl ether and centrifuged (4500 rpm
at 4 °C for 15 min). After discarding the liquid fraction, new ether was added and the
polymer was resuspended using a sonic bath. The suspension was centrifuged again and
the procedure was repeated. After DMF removal by the resuspension steps, the polymer
was suspended in water and lyophilized to obtain a stiff, porous, colorless solid. Yield:
93.7%.

"H-NMR of Man-PSar,-b-PGlu(OBn)y, (400 MHz, DMSO-dg): 6 [ppm] = 7.41-7.07 (5mH, br,
-CsH;), 5.65 (1H, d, 3Jy.1 = 2.31 Hz, man.ini), 5.34 (1H, dd, 3Jy.x = 3.90 Hz, 3]y = 6.11 Hz,
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man.ini), 5.16-4.85 ((2m+1)H, br, -CH,-CsH; and man.ini), 4.60-3.65 ((2n+1m)H, br, -NCHj;-
CH,-CO- and -CO-CH-NH-), 3.54-3.47 (14H, br, man.ini), 3.17-2.62 ((3n+2)H, br, -NCHj;-
and man.ini), 2.31-1.66 ((4m+12)H, br, -CH,-CH,-COOBn and -CO-CH; of man.ini).

7.4.4.6 Synthesis of (Man)-PSar,-b-PLys(TFA),

(Man)-PSar,-b-PLys(TFA),, was prepared similarly to the synthesis of (Man)-PSar,-b-
PGlu(OBn)y, by using Lys(TFA) NCA instead of Glu(OBn) NCA. Yield: 90.0%.

"H-NMR of Man-PSar,-b-PLys(TFA)m (400 MHz, DMSO-de): & [ppm] = 9.49-9.21 (1mH,
br, -NH-CO-CF;), 5.65 (1H, d, 3Jy.y = 2.29 Hz, man.ini), 5.35 (1H, dd, 3Jy.n = 3.94 Hz,
3Jg.p = 6.07 Hz, man.ini), 5.05 (1H, t, 3Jg.g = 9.92 Hz, man.ini), 4.72-3.62 ((2n+1m)H, br,
-NCH;-CH,-CO- and -CO-CH-NH-), 3.50 (14H, br, man.ini), 3.23-3.05 (2mH, br, -CH,-NH-
CO-CF;), 3.04-2.56 ((3n+2)H, br, -NCHj;- and man.ini), 2.15-0.90 ((6m+12)H, br, -CH-CH,-
CH,-CH,-CH,-NH- and -CO-CHj; of man.ini).

7.4.4.7 End Group Labeling of (Man)-PSar,-b-PGlu(OBn),, with Oregon Green 488

In a glass vial, 42.06 mg of Man-PSar,,,-b-PGlu(OBn).g were dissolved in 1 mL of DMSO
under dry nitrogen atmosphere. 1.2 eq of Oregon Green 488 NHS ester (with respect to
the terminal amino group of the polymer) dissolved in DMSO were added via syringe.
The solution was protected from light and stirred for 3 days at 40 °C under dry nitrogen
atmosphere. After that, the labeled polymer was directly subjected to dialysis against water
for 3 days. Subsequent lyophilization yielded 41 mg (yield: 95.6%) of labeled polymer as
fluffy, yellow solid.

7.4.4.8 Selective Deprotection of the Mannose Group of Labeled Man-PSar,-b-PGlu(OBn),

30.3 mg of Oregon Green 488-labeled polymer were suspended in 1 mL NaOH(aq) solu-
tion adjusted to pH 9. The suspension was stirred for 18 hours at room temperature and
subsequently subjected to dialysis against Millipore water for 3 days. To remove traces of
free dye remaining from the labeling reaction the lyophilized polymer was further puri-
fied by reverse phase HPLC. Subsequent lyophilization yielded 19.04 mg (yield: 63.2%) of
selectively deprotected polymer as fluffy, yellow solid.

"H-NMR of Mangep,-PSary-b-PGlu(OBn)m (400 MHz, DMSO-dg): 6 [ppm] = 7.56-7.05 (5mH,
br, -C¢Hs), 6.91 (d, 3Ju.u = 7.64 Hz, OG 488), 6.59 (dd, 3Jy.n = 2.37 Hz, 3Jgn = 11.30 Hz,
OG 488), 5.62 (1H, man.ini), 5.23-4.84 (2mH, br, -CH,-C¢Hs;), 4.65-3.67 ((2n+1m+3)H, br,
-NCH;-CH,-CO- and -CO-CH-NH- and man.ini), 3.54-3.47 (14H, br, man.ini), 3.10-2.62
((3n+2)H, br, -NCH;- and man.ini), 2.41-1.60 ((4m)H, br, -CH,-CH,-COOBn), 1.61-0.98 (br,
OG 488), 0.91-0.74 (br, OG 488).

7.4.4.9 Full Deprotection of Man-PSar,-b-PLys(TFA),

In a glass vial, 30 mg of diblock copolymer were dissolved in 1 mL of Methanol. 10 eq of hy-
drazine hydrate (with respect to acetyl and TFA groups) were added and the solution was
stirred for 3 days at room temperature. After that, the deprotected polymer was directly
subjected to dialysis, first against NaHCO;(aq), then against millipore water. Subsequent
lyophilization yielded the labeled polymer as fluffy, colorless solid. Yield: 81.3%.

"H-NMR of Mangep,-PSarn-b-PLysm, (400 MHz, D,0): 5 [ppm] =5.50 (1H, d, 3Jy.5 = 1.89 Hz,
man.ini), 4.58-3.88 ((an+1m)H, br, -NCH;-CH,-CO- and -CO-CH-NH-), 3.73-3.46 (14H, br,
man.ini), 3.24-2.50 ((3n+2m+2)H, br, -NCHj;- and -CH,-NH, and man.ini), 1.96-1.00 (6mH,
br, -CH-CH,-CH,-CH,-CH,-NH,).
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7.4.4.10 Formation of Micelles

8.54 mg of (Man)-PSar,-b-PGlu(OBn),, were dissolved in 2.2 mL of DMSO. Under constant
stirring 7.8 mL of Millipore water were added slowly via a syringe pump (0.5 mL/min).
The micelle solution was dialyzed against Millipore water for 3 days. After lyophilization
micelle solutions with a final concentration of 2 mg/mL were prepared by dissolving the
micelles in the appropriate amount of PBS bulffer.

7.4.5 Methods and Protocols - Physicochemical Characterization of Micelles

7.4.5.1 Characterization of PeptoMicelles by Dynamic Light Scattering

For dynamic light scattering experiments micelle solutions were prepared with concen-
trations as described. After transfer to a dust free flow box, all samples were filtered
(Millex HV 0.45 pm) into dust free cylindrical scattering cells (Suprasil, 20 mm diameter,
Hellma, Miihlheim, Germany). Then, dynamic light scattering (DLS) measurements were
performed using a Uniphase He/Ne Laser (1 = 632.8 nm, 22 mW), a ALV-SP125 Goniome-
ter, a ALV/High QE APD-Avalanche photo-diode with fibre optical detection, an ALV
5000/E/PCI- correlator and a Lauda RC-6 thermostat unit at 20 °C. Angular dependent
measurements of typically 15° steps were carried out in the range 30° < q < 150°. For data
evaluation experimental intensity correlation functions were transformed into amplitude
correlation functions applying the Siegert relation extended to include negative values af-
ter baseline subtraction by calculation g1(t) = SIGN(G2(t)) . SQRT(ABS((G2(t) — A)/ A).
All field correlation functions usually showed monomodal decay and were fitted by a
sum of two exponentials ¢1(f) = a.exp(—t/b) + c.exp(—t/d) to take polydispersity
into account. Average apparent diffusion coefficients D,,, were calculated by applying
7%+ Dapp = (a.b—1+c.d —1)/(a + c) resulting in an angular-dependent diffusion coeffi-
cient Dypp or reciprocal hydrodynamic radius (1/Rp),,,,, according to formal application of
Stokes Einstein law. By extrapolation of (1/R;,) app t0 g = 0 z-average hydrodynamic radii
Ry, = (1/Rh), ., were obtained (uncorrected for c-dependency).

7.4.6 Methods and Protocols - Biological Characterization of Micelles

7.4.6.1 Cell Culture

DC 2.4 cells**'] were cultivated at 37 °C, 5% CO, atmosphere in RPMI medium supple-
mented with 10% FCS (PAA, Colbe, Germany), 2 mM L-glutamine (Biochrom AG, Berlin,
Germany), 100 U/mL penicillin, 100 pg/mL streptomycin (Gibco, Paisly, UK) and 50 uM
B-mercaptoethanol (Roth, Karlsruhe, Germany). Medium was changed regularly.

Bone marrow-derived DCs (BMDCs) were differentiated from bone marrow progenitors
of C57BL/6 mice as first described by Scheicher et al.l42? and modified by Gisch and co-
workers.[#3] DC culture medium (IMDM with 5 Vol.% FCS [PAA, Colbe, Germany], 2
mM L-glutamine [Biochrom AG, Berlin, Germany], 100 U/mL penicillin, 100 pg/mL strep-
tomycin [Gibco, Paisly, UK]) and 50 pM [-mercaptoethanol [Roth, Karlsruhe, Germany],
supplemented with 5% of GM-CSF containing cell culture supernatant [Zal ef al., 1994,[4>4]
a kind gift by Dr. B. Stockinger, MRC National Institute for Medical Research, Mill Hill,
London]) was replenished on days 3 and 6 of culture. BM cells were seeded on 100 mm?
bacterial dishes (2 x 10° cells/10 ml) and cultivated at 37 °C, 10% CO, atmosphere. Aliquots
of non-adherent and loosely adherent immature BMDCs were harvested on days 6 or 7 of
culture and were reseeded (10° cells/ml) on wells of six well tissue-culture plates (StarLab,
Hamburg, Germany).



7.4.6.2 Cellular Uptake of Micelles

On day one, 150.000 DC 2.4 cells or BMDCs in 500 pL of medium were seeded onto a
24 well plate, respectively. The next day, 20 ng of micelles per well were added. After
one hour, cells were harvested with PBS EDTA buffer (DC 2.4) or by frequent pipetting
(BMDCs). Subsequently, cells were washed two times with PBS EDTA buffer, fixed with
PBS buffer containing 0.7% PFA and subjected to FACS analysis.

7.4.6.3 Determination of Cellular Toxicity of PeptoMicelles in DC 2.4 Cells by MTT
Assay

Cytotoxicity of PeptoMicelles was assessed by MTT assay using the “CellTiter 9g6® Non-
Radioactive Cell Proliferation Assay” kit (Promega, Madison, USA) according to manufac-
turer’s protocol. DC 2.4 cells were seeded onto g96-well culture plates at a concentration of
5 x 10* cells per well. Cells were incubated with 10/50 pg micelles of P2 in a final volume
of 100 pL (hexaplicates) for 24 hours. The next day, 30 pL of MTT substrate solution were
added to each well and cells were cultured for another 4 h. Subsequently, 100 uL of “sol-
ubilization solution/stop mix” were added to each well. After 1 h, the absorbance at 570
nm was measured.

7.4.6.4 Blocking Studies with Mannan and Dynasore-OH

On day one, DC2.4 cells were seeded out as indicated above. The next day, cells were
incubated with mannan (0.2 or 2 mg/mL) for 2 hours or with dynasore-OH (20 uM) for
30 minutes. Cells were washed four times with medium and micelles (50 pg per well) or
ovalbumine (20 ng per well) were added. After one hour cells were harvested as indicated
above, fixed with PBS buffer containing 0.7% PFA and subjected to FACS analysis.
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SUPPORTING INFORMATION
7.5.1 NMR Spectra

7.5.1.1 Synthesis of Mannose Initiator
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Figure 7.5: "H-NMR spectrum of tetraethylene glycol monotosylate.
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Figure 7.6: "H-NMR spectrum of N-(11-hydroxy-3,6,9-trioxaundecyl)phthalimide.
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Figure 7.7: "H-NMR spectrum of 1-amino-11-hydroxy-3,6,9-trioxaundecan.
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Figure 7.8: "H-NMR spectrum of 1-(benzoyloxycarbonylamino-11-hydroxy-3,6,9- trioxa) undecan.
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Figure 7.9: "H-NMR spectrum of 1,2,3,4,6-Penta-O-acetyl-D-mannopyranoside.
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Figure 7.10: "H-NMR spectrum of 2,3,4,6-Tetra-O-acteyl-D-mannopyranosyl bromide.
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Figure 7.11: "TH-NMR spectrum of 1-Benzyloxycarbonylamino-3,6,9-trioxaundecan-2,3,4,6-tetra-O-
acetyl-3-pD-mannopyranoside.
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