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Abstract

In order to design the next generation polypephidsed biomaterials, novel
synthetic strategies and materials with well-defirstructures as well as selective
responsiveness are needed. The aim of this Phzgbreyas to develop novel
synthetic stimuli-responsive polypeptides (so-chltemart” polypeptides), which
can selectively bind to biomolecules and/or respnénvironmental changes for
applications in drug delivery and tissue enginagrifhe synthetic strategies were
versatile amino-acid N-carboxyanhydride (NCA) poémsation and precise
orthogonal conjugation chemistries. Two differefdtforms have been developed
including biologically active glycopolypeptides ang@sponsive tyrosine-based
polypeptide hydrogels.

Platform 1: Biologically active glycopolypeptides:Propargylglycine without any
potentially hydrolytically unstable ester bond wasdized to prepare glycopeptides
by the combination of NCA polymerisation and quitive Huisgen [3+2]
cycloaddition click reaction with azide-functionadid galactose. Highly selective
bioactivity of the glycosylated poly(DL-propargyWgine) was demonstrated by
galactose specific lectin recognition experimerite Bynthetic concept also offered
a facile route to bioactive polymersomes fully lwhse glycopeptides. Poly
benzyl-L-glutamatds-galactosylated propargylglycine) copolymers wereppsed
as candidates to prepare glycopeptidic vesicled wectin binding galactose
presented at the polymersome surface. In this grhile block copolymer design,
carbohydrates were introduced on the side chainteohydrophilic segment that
fulfill a dual function by promoting self-assemtdynd specific binding. Depending
on the block copolymer composition and the seléaddy protocol, the
morphology of the self-assembly could be contrglleghging from (wormlike)
micelles to polymersomes.

Platform 2: Responsive tyrosine-based polypeptide ylrogels: Within this
project new PEGylated amphiphilic tyrosine-basetypeptides were obtained by
NCA polymerisation. In this concept, tyrosine binlgl blocks are able to display
multiple interactions triggering self-assembly intbe hydrogel matrix. Most



interestingly, PEGylated tyrosine-based polypegtidan undergo unusual sol-gel
transition at a low polymer concentration range 25-3.0 wt% when the
temperature increases. A preliminanyvitro application confirmed the hydrogels
are biocompatible and biodegradable, and producsustained release of a small-
molecule drug. Moreover, tyrosine-based amphiphtpolypeptides poly(L-
glutamateb-L-tyrosine) were explored as salt-triggered hyetogaterials. Upon
the addition of the salt (i.e. Cafzlamphiphiles at certain concentration (typically
1.0-4.0 wt%) can be triggered to form hydrogelshygrophobic interaction and
electrostatic interaction. Furthermore, the ampieghcan also spontaneously self-
assemble into macroscopic transparent membraneddgregates in the salty

medium.

Keywords:

-amino acid N-carboxyanhydride (NCA), ring-openpolymerisation, synthetic
polypeptides, stimuli-responsive, glycopolypeptidepropargylglycine, click
chemistry, self-assembly, polymersomes, hydrogebsine
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Chapter 1 "Smart” polypeptides

Chapter 1

“Smart” polypeptides

Abstract

By the combination of NCA polymerisation and vas@aynthetic chemistries, well-
defined synthetic stimuli-responsive polypeptidésm@art” polypeptides) with
incorporated different functionalities have beemeasgively explored over the past
decades. These novel materials have potential cpjoins in biomedicine and
biotechnology including tissue engineering, drudiveéey and biodiagnostics.
“Smart” polypeptides are capable of undergoing conétional changes and phase
transition accompanied by variations in the chehgral physical changes of the
polypeptides in response to an external stimulush sas biologically relevant
species (i.e. enzyme, biomarker), the environmeémt temperature, pH), the
irradiation with light or exposure to an magnetaid. In this chapter, we review the
recent developments including synthetic strategied applications of synthetic

stimuli-responsive homo- and block polypeptides.
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This chapter was published in
Huang, J.; Heise, A. Chem. Soc. Rev. 2013, DOI: 10.1039/C3CS60063G.
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1.1 Synthetic polypeptides

Synthetic polypeptides (i.e. poly(amino acids)) afayreat interest because of the
potential applications in biomedicine and biotedbgyg such as tissue engineering,
drug delivery, and as therapeutid®epending on the amino acid side chain they
can adopt certain ordered conformations (e.g. églisheet and turns) and self-
assemble into precisely defined biomimic structurdsough non-covalent
interactions such as hydrogen bonding, van der $Vemtes and - stacking?
Traditionally solid phase peptide synthesis (SPR&) been employed to prepare
polypeptides with precisely controlled amino acédjsences on laboratory scéle.
While SPPS is widely accepted as a routine and stobechnique, the labour-
intensive step-by-step amino acid coupling invalvideprotection/coupling steps
and the limitation of achievable maximum chain kngf around 50 amino acid
residues can be restricting factis. contrast, the ring-opening polymerisation of
amino acid N-carboxyanhydrides (NCA), while lackitige ability to synthesize
specific sequences, is a highly versatile techniquehe fast preparation of higher
molecular weight synthetic polypeptide&Thanks to the continuous progress in
NCA polymerisation in the last decades, synthettypeptides with controllable
(high) molecule weight, narrow polydispersity, smicate polymeric architectures
and unaffected chirality can be prepared in higidyand large quantity®®°This
progress in NCA polymerisation combined with adwxhc orthogonal
functionalization techniques as well as the integna with other controlled
polymerisation techniques significantly widens swope of polypeptide building
blocks in a variety of material designs:'? Targeted applications for novel
polypeptide hybrid materials are often sought ionieédicine and biotechnology
including tissue engineering, drug delivery anddmgnostics. Particularly, stimuli-
responsive polypeptides (so-called “smart” polyms) have been extensively
explored. “Smart” polypeptides are capable of ugdierg conformational changes
and/or phase transition accompanied by variationghe chemical and physical
changes of the polypeptides in response to anrettstimuli such as biologically

relevant species (i.e. enzyme, biomarker), therenment (i.e. temperature, pH),
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the irradiation with light or exposure to an magméeld (Figure 1.1)-* This paper
will review the recent developments in this acfiredd including synthetic strategies
and applications of synthetic “smart” homo- andckl@olypeptides derived from

NCA polymerisation.

$30
T.
= AARA -

“Smart” Biological
nght pelypeptides
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Thermal

Chemical
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Electrlcal

Figure 1.1: The range of stimuli-responsive synthetic polykys.

1.2 Ring-opening polymerisation of -amino acid N-
carboxyanhydride (NCA)

The synthesis and polymerisations of NCAs was fepbrted by Hermann Leuchs
in 1906 After 1921, Curtiu¥, Wessely’ and their coworkers used NCAs with
water, alcohol or primary amines as initiatorsha ting-opening polymerisation for
the first time to prepare high molecule weight pelgtides. NCAs can be
synthesized either by the reaction of N-alkyloxypoaryl-amino acids with
halogenating agents (Leuchs methpcbr the treatment of -amino acids with
phosgene (Fuchs-Farthing metfiydcheme 1.1). Triphosgene, diphosgene and di-
tert.-butyltricarbonate have been used as phosgd@nsitutes, allowing phosgene to
form gradually during NCA synthesiS.Mostly recrystallization but also flash
chromatography can be applied for the purificatbiNCAs to remove by-products
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generated during NCA synthesis including HCI, H@l#ao acid salts and 2-
isocyanatoacyl chlorides as these electrophiliptpducts can inhibit or quench the

propagation of the polymer chain and thus affeetsynthesis of polypeptidés.

0 o]
0
)k "
R cl al nucleophne or base
OH ——— N o)
HN\< T hco,

NH,
o
amino acid NCA polypeptlde
Scheme 1.1: General reaction pathway for synthesis ofamino acid N-

carboxyanhydrides (NCA) and their ring-opening padyisation.

1.2.1 Mechanism of NCA polymerisation
NCA ring-opening polymerisation can be initiated dyange of nucleophiles and

bases such as amines and metal alkoxides (Schéiyfé The two widely accepted
pathways for the polymerisation of NCAs are therfnal amine” (NAM) and the
“activated monomer” (AMM) mechanisnt. Initiators for the latter typically
include bases (i.e. tertiary amines) and alkoxidésch abstract the proton from the
NCA nitrogen (3-N) resulting in the formation of &ICA anion. The deprotonated
NCA anion can initiate the NCA polymerisation anebrpote the propagation by
attacking the 5-CO of another NCA thereby creatingew anion under the release
of CO, (Scheme 1.2). Polymerisations following the AMM agenerally fully
uncontrolled and thus less favoured in the synshefswell-defined polypeptides.
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Scheme 1.2: Activated Monomer Mechanism for NCA polymerisati

The NAM is generally observed for NCA polymerisasoinitiated by nonionic
initiators bearing at least a mobile hydrogen atgmh as primary and secondary
amines, alcohol and water. The initiation stepasda on the nucleophilic attack on
the carbonyl (5-CO) of the NCA ring (Scheme F¥#%Jhe ring is opened and the
unstable intermediate carbamic acid is formed loygor transfer. The carbamic acid
subsequently decarboxylates by the elimination @, @nd the newly-formed
primary amine promotes the propagation of the pelysation. The NAM offers
control over the molecular weight and end-grouplftg. However, due to a variety
of possible side reactions such as the terminatithe end grous or the formation
of cyclic structure¥ caused by impurities in the NCAs or the reactiolvent, or

the presence of water, the reaction control casigrgficantly restricted®
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Scheme 1.3:Normal Amine Mechanism for NCA polymerisation.

1.2.2 “Living” NCA polymerisation
Deming was the first to introduce the concept ofifig” NCA polymerisation using

transition metal catalysts (Scheme PABy using zerovalent nickel and cobalt
initiators’” (i.e., (PMe)4Co, and bpyNi(COD), bpy=2,2"-bipyridine and COD=1,5
cyclooctadiene) to avoid side reactions, homo- dhock polypeptides with
excellent control over the molecular weight wittwlgolydispersity index (PDI)
were obtained. In this approach the formation of tthelating metallacyclic
intermediates by the transition metal complex a@ANs necessary for living NCA
polymerisation. However, introducing end-group fimeality through the initiator
is tedious and has only been reported in one tilezaexample using a bifunctional
initiator containing an activated bromide group fétom Transfer Radical
Polymerisation (ATRP) and a Ni amido amidate compléor NCA
polymerisatiorf® Sequential nickel initiated polymerisation ebenzyl-L-glutamate
(BLG) NCA and ATRP of methyl methacrylate yieldedrad—coil block hybrid
copolymer poly(-benzyl-L-glutamatd>-methyl methacrylate).
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Primary amine initiated NCA polymerisation is thssll the most widely used
technique and different experimental techniqueseh&een investigated and
optimized to give well-defined polypeptides. Haljistidis and co-workers showed
that using highly purified chemicals and high vaoutechniques, homo- and block
polypeptides with high and controlled molecular gietican be preparéd. In this
approach, the highly purified polymerisation solvand initiator, the suppression of
the carbamic aicd-CQequilibrium after the efficient removal of G&s well as the
side reaction between DMF and the end-group of ggapng polymer chain were
accounted for the polymerisation control. The adwges of the high vacuum
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technique for the preparation of well-defined pepypdes were also demonstrated
by Messman and coworkef8.Using Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS), Na-assisted laser
desorption/ionization time-of-flight mass spectram&NALDI-TOF MS), and**C
NMR spectroscopy they demonstrated that the highuwa polymerisation
proceeded exclusively by the NAM with minimal temaiion. In 2004 another
innovative approach to eliminate side reactionshim NAM NCA polymerisation
was reported by Vayaboury and cowork&rhe group systematically investigated
the hexylamine initiated polymerisation of {iifluoroacetyl-L-lysine NCA in
DMF at different temperatures. The living amine inokends as analyzed by size
exclusion chromatography (SEC) and non-aqueoudlagpelectrophoresis (NACE)
increased dramatically from 22% to 99% when the/mpekisation temperature was
lowered from 20 to 0°C. The elimination of the t@wation reactions at low
temperature was attributed to higher activationrgiee of the side reactions than
that of chain propagatioff.However, an obvious drawback of the polymerisatibn
0°C is the long reaction times. Very recently, ldeand Habraken investigated NCA
polymerisation of a range of different NCAs to optie the NAM by combining the
high-vacuum and the low-temperature technigtiehe combination of two
different approaches not only promoted the NCA pwyisation in the controllable
manner but also significantly shortened the polysa¢ion time. A tetrablock
copolymer with low PDI and high structural contcdmprising poly(-benzyl-L-
glutamate), poly(L-alanine), poly(Noenzyloxycarbonyl-L-lysine) and poly
benzyl-L-aspartate) blocks was synthesized via dbmbination of the optimal
parameters of temperature and pressure. In 20@éyel organosilicon-meditated
NCA polymerisation approach was reported by Chend aoworkers® The
synthesis of homo- and hybrid polypeptides withirdef composition and narrow
molecular weight distribution could be achievedly use of organo-silicon amines
such as hexamethyldisilazane (HMDS) &httimethylsilyl (TMS) amines as the
initiator. A mechanistic study of the polymerisaticevealed that the N-terminus of
the polymer contains an unexpected trimethylsilgtbamate (TMS-CBM) end
group in both the initiation and the propagatiorepst Importantly, nearly

guantitative polymerisation with the degree of podyisation (DP) of 300 could be
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completed within 24 hours or less at ambient teaipee® In 2011, a library of
rare earth complexes were first introduced by Lamg coworkers to initiate NCA
polymerisation of -benzyl-L-glutamate NCA and L-alanine NCA includimgre
earth isopropoxide (RE(OIR}) rare earth tris(2,6-di-tert-butyl-4-methylphesuiei)
(RE(OAr)), rare earth tris(borohydride) (RE(BB(THF)3), rare earth
tris[bis(trimethylsilyl)amide] (RE(NTMS) and rare earth
trifluoromethanesulfonat® Homo-, random and block copolymers were prepared
in high yield with expected molecular weights aethtively low PDIs (~ 1.1-1.6),
thereby showing the livingness of the polymerisatidccording to the proposed
mechanism investigated by MALDI-TOF MS analysisttbblAM and AMM were
involved in the NCA polymerisation since nucleoghiattack by the rare earth
catalysts on the 5-CO of NCA and deprotonation -0f-8 of NCA simultaneously

occurred in the initiation process.

1.3 Biologically responsive polypeptides

Synthetic polypeptides offer an interesting and aatlggeous platform for the
development of biomaterials for controlled drug iy, biosensor or
biodiagnostics and smart matrices for tissue ermging. The polypeptides can be
engineered with (bio)functionalities or conjugatedh other biomolecules, which
are able to respond to a stimulus inherently piteserelevant biological systems
such as enzymatic degradation and cell-surfacepteceecognitiort> Due to their
nature, polypeptide chains can be selectively ddaw hydrolyzed by proteolytic
enzymes in some cases with high specifititiRecently, much attention has been
drawn to the synthesis and application of glycdasgaolypeptides due to the fact
that natural glycoproteins are involved in many ptex biological responsive
processes as diverse as signal transmission,ietitin, inflammation, protein
folding and many moré® The bioresponsiveness of synthetic glycopeptides i
usually assessed with lectins, which is class gasiinding proteins. Lectins are
highly sugar (glycan) specific and typically displeultivalent binding, meaning
that in the case of polymeric glycomaterials pusitbinding can be demonstrated

by precipitation or turbidity measurements.
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Two different approaches have been employed for thnthesis of
glycopolypeptides: (1) the direct ring-opening pogrisation of glycosylated NCA
monomer and (2) the post-polymerisation modificatad polypeptide side chains
(Scheme 1.5). Following the synthesis of O-linkégcg-serine NCAs by Rude et
al*!, Okada and coworkers were the first to utilizeied glyco-serine NCA
numbers refer to the polymer structures in Schemé) 1o prepare
glycopolypeptides in a controlled manfféHowever, the monomer synthesis was
tedious and only low degrees of polymerisation wa&ined attributed to steric
effects and hydrogen bonding interaction betweenstigar residue and NCA ring.
Recently, using a stable glycosyl donor and a coroiaéy available protected
lysine, a series of O-linked glyco-lysine NCAB) (including O-benzoylated-D-
glyco-L-lysine carbamate NCA and O-acetylated-Degh.-lysine were efficiently
prepared by Sen Gupta and coworkéBoth glycosylated NCAs bearing protected
mannose, galactose and lactose were easily polyedeto yield well-controlled
high molecular weight homo- and block glycopolypees. The deprotection of
acetyl groups from the sugar moieties of glycopeptiles was more accessible
than the deprotection of benzoate to give fully roggrted water-soluble
glycopeptides. The biological responsive behavidr tloe glycopeptides was
evaluated by specific carbohydrate-lectin intemctiusing precipitation and
hemagglutination assays as well as isothermatititracalorimetry (ITC). The lectin
binding results indicated that the glycopolypepig®oly( -mannose-O-Lys) can
bind specifically to the lectin Concanavalin A (Céi. Interestingly, the binding
affinity between glycopolypeptides having a nonidal structure and the
corresponding polypeptide adopting aihelical structure, was proven to be nearly
the same. Wenz and coworkers also synthesized defiled O-glycosylated
polylysine upon polymerizing NCAs of O-glycosylatdgsine derivatives 3)
bearing peracetylated sugars (glucose, mannosagtgag) via a thiourea linké&.
The significant biological interactions between gatactosylated polypeptides with
the human T cells were demonstrated by flow cytoyneind fluorescence
microscopy and it was found that the galactosylgietymers were specifically

incorporated into human T lymphocytes af@7#or 6 hours.
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The synthesis of glycopolypeptides via polymermatnf C-linked glycosylated-L-
lysine NCA monomers4 using transition metal initiator (PM@Co was first
reported by Deming and Kram&rWell-defined homo-glycopolypeptides as well as
block and statistical glycocopolypeptides with 100§kycosylation and high
molecular weights (>100 000Da) were obtained todpece a highly -helical
conformation. Very recently, the same group alspleged glycosylated L-cysteine
NCA (5) for the preparation of conformation-switchablgagipolypeptide4® Those
NCA monomers were prepared by thiol-ene click clstryi between alkene-
terminated C-linked glycosides of D-galactose orglDecose and L-cysteine,
followed by their conversion to the correspondihgecgsylated NCAs. Interestingly,
the oxidation of the side-chain thioether linkagesthese glycopolypeptides to
sulfone groups can make the conformation of theagpglypeptides undergo helix-

to-coil transitions without loss of water solubylit
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(a) glycopeptides obtained by polymerisation of glycosylated NCAs
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Scheme 1.5Glycopolypeptides prepared via polymerisation lytgsylated NCA

monomef?“*and via post-polymerisation approach&¥

To omit the demanding and labour-intensive synthesi glycosylated NCA
monomers, the synthesis of glycopeptides by véesatiost-polymerisation
modification approaches has been proposed (Scheb)e The challenge in this
approach is to achieve complete glycosylation. d@esithe coupling of -D-
galactosylamine to poly(glutamic acid) in the piotdy Kiick et a'’ and D-
gluconolactone or lactobionolactone to poly(L-lysiby Feng et &, in the last few
years facile orthogonal conjugation chemistrieduiding copper-catalysed azide-

alkyne cycloaddition reactior6{8), thiol-ene 9) and thiol-yne 10) click reaction
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have been reported for the synthesis of biologicadkponsive glycopolypeptides.
These approaches employ a variety of new NCAs mhgdiclickable” side-chain
functional groups. These new “clickable” NCAs imbtu -propargyl-L-glutamate
NCA by Chen et &7, DL-propargylglycine NCA by Heise et®8] -3-chloropropyl-
L-glutamate NCA by Zhang et’aland DL-allylglycine NCA by Schlaad etal

Chen and coworkers found the mannose epitope geoisihe glycopolypeptides
bearing different sugars could significantly infhee the rate of multivalent ligand-
lectin clustering in the selective lectin recogmitiexperiment? In contrast to NCAs
of -propargyl-L-glutamate and-3-chloropropyl-L-glutamate with hydrolytically
unstable ester linkage in the side chains, DL-pigydglycine without any ester
bond was also used for the preparation of staldadbive glycosylated poly(DL-
propargylglycine) via Huisgens cycloaddition clidaction. The latter allows (ester)
deprotection chemistry of comonomers likbenzyl-L-glutamate for the design of
more complex biomimic structuré$Selective lectin binding experiments revealed
that the glycopeptides could be used for bioredagniapplication. No adverse

effect of the triazole ring on the lectin bindingsvobserved.
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Figure 1.2: Synthesis of polytbenzyl-L-glutamatds-glycosylated
propargylglycine) glycopeptides block copolymersd atheir self-assembly into

polymersomes (vesicled).
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Using sequential NCA polymerisation of-benzyl-L-glutamate and DL-
propargylglycine and further glycosylation by cyatflition click reaction, a library
of well-defined amphiphilic galactose-containingodk copolypeptides were
prepared to investigate the self-assembly behaviouraqueous solutiorn®
Depending on the block copolymer composition ane thanoprecipitation
conditions, the morphology of the self-assemblyl@édae controlled, ranging from
(wormlike) micelles to polymersomes (Figure 1.2)eTbiological responsiveness of
these structures was proven by selective RgW&ctin recognition. Self-assembled
supramolecular structures such as nanorods, nscelled organogels, reported by
Sen Gupta and coworkers, were achieved based ohipimilc glycopolypeptide-
oligo(ethylene glycol)-dendron conjugafésihe self-assembly was affected by the
generation of the dendron, the length of the glptgpeptide segment, the protected
or unprotected form of sugar residue, and the éx€ehelicity of the polypeptide
backbone. The bioactivity of these assemblies wlas demonstrated by the
selective interaction of mannose-functionalizedarads with Con A. Very recently,
Deming et al. reported block copolypeptides comtgimoly(L-leucine) as -helical
hydrophobic segment and eithethelical poly( -D-galactopyranosyl-L-lysine) or
disordered poly(-D-galactopyranosyl-L-cysteine sulfone) as hydrbptsegments.
Interestingly, different conformations of galactleégd hydrophilic domains
significantly affect the assembly morphologies bfcgsylated amphiphilic block
copolypeptide. The polypeptides with disorderedyfpoeD-galactopyranosyl-L-
cysteine sulfone) segments favour the formatioweasiicles, and proven by lectin
binding experiment, the galactose residues presehe vesicle can selectively bind
to RCA120.>°

Other specific biologically responsive polypeptideke a glucose-responsive
polypeptide was reported by Chen and coworkersghwvholds promise for potential
applications in glucose sensing and insulin dejivThe glucose-sensitive group
phenylboronic acid was engineered into the pendanboxyl group of ploy(L-
glutamic acid) to synthesize poly(ethylene glydsbely(L-glutamic acid-cdN-3-
L-glutamylamidophenylboronic acid) (mPBGP(GA-co-GPBA)). The

phenylboronic acid functionalized amphiphilic blockpolymers self-assembled
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into glucose-responsive micelles, and the reledsncapsulated insulin from the
micelles was triggered by the addition of glucosprg/siological pH.

1.4 Temperature responsive polypeptides

Temperature has been used as a useful externallgsirfor the design of stimuli-
responsive polypeptides owing to its physiologisihnificance®’ In the last few
years a variety of novel well-defined polypeptitiese been synthesized to respond
to temperature variatiot. Typically, thermoresponsive polypeptides can ugdex
hydration-to-dehydration transition or conformafbrchanges upon temperature
changes, resulting in the changes of assembliesrarghologies in an aqueous
solution. The thermoresponsivity of the polypemidsn potentially be used in
various applications involving thermoresponsive araactors and drug delivery
systems?

A range of thermoresponsive polymers, displayirigreable lower critical solution
temperature (LCST), were utilized as building b®dk temperature responsive
polypeptides. The thermosensitive polymers wereallysuemployed as the
macroinitiator for NCA polymerisation including pgN-isopropylacrylamidey’
(PNIPAM), poly(2-isopropyl-2-oxazoline)®* , Jeffamine ®* and poly(N-
isopropylacrylamideso-N-hydroxy-methyl-acrylamide)®® . Post-polymerisation
modification (i.e. chemical coupling or “click” chmastry) with thermoresponsive
building blocks such as poly(N-isopropylacrylamid&} and poly[2-
(dimethylamino)ethyl methacrylate] were also repdrtby Lecommandoux and
coworkers®® These polymers were able to self-assemble intcelfaiz and then
underwent subsequent switching of corona and cor®orim reversed structures
upon applying a temperature stimulus.

Recently, great interest in thermogelling polypegsi has emerged because of their
potential applications in drug delivery and tisstegeneration. Using amine-
functionalized poly(ethylene glycol) (PEG) as theaamvinitiator for NCA
polymerisation, Jeong and coworkers explored aseai amphiphilic hybrid block
copolymers as reverse thermogelling polypeptidekiding PEGb-poly(alanine),

PEGb-poly(phenylalanine) and PEBpoly(alanineeo-phenylalanine)®® These
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materials underwent sol-to-gel transition at adgpconcentration range of 3.0-14.0
wt% in aqueous solution when the temperature waeased. The dehydration of
PEG and inter-micellar aggregation either by higt@rcentration of the polymer in
deionized (DI) water or by a conformational chasgeh as strengthening of the
secondary structure were suggested to be the drifance of the sol-to-gel
transition®” Most importantly,in vitro and in vivo drug release, and enzymatic
degradation experiments revealed the potential lobsd thermoreponsive
polypeptides in the field of tissue engineeringll teerapy, and drug deliveR}.
Very recently, novel thermoresponsive tyrosine-bdagelypeptide hydrogels was
reported (Figure 1.3). The gel formation was atitieldl to the precise hydrophobic
interaction between PEG and tyrosine building béoak well as the unique feature
of the tyrosine that is hydrophobic but containpadar phenol group in the side
chain. The hydrogelation profile is highly sengdtito the polymer composition.
Interestingly, PEGylated tyrosine-based polypeptidan undergo sol-to-gel
transition at a low polymer concentration range 25-3.0 wi% when the
temperature increases, which is rarely observesh@s gels melt with increasing

temperaturé’

Figure 1.3: Temperature-responsive hydrogel from PEGylatedsipe-based
polypeptide and the morphology of the hydrogel &50wt% as observed in
cryogenic transmission electron microscopy, TEM: @hale bar presents 200 rith).

Chen and coworkers prepared a series of novel tettype responsive polypeptides

via click reaction between polypropargyl-L-glutamate) (PPLG) and 1-(2-
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methoxyethoxy)-2-azidoethane (ME®3) or 1-(2-(2-methoxyethoxy)ethoxy)-2-
azidoethane (ME®N3).”° Sharp thermal phase transitions were demonsttayed
PPLGg-MEO with LCSTs depending on the chain length of théypeptide
backbone and MEQn the side chain, polymer concentration and cailicentration.
Moreover, the drug release from the temperatureisem amphiphilic
nanoparticles could be greatly accelerated by asing the temperatures above
their LCSTs, which suggested thermoresponsive ppiyges hold promise as
potential candidates for drug delivery. Very rebgnia new thermosensitive
polypeptide poly(L-glutamatg-2-(2-methoxyethoxy)ethyl methacrylate) (Plgs-
PMEO,MA) was synthesized by ATRP of 2-(2-methoxyethogihyl methacrylate
using the poly(-2-chloroethyl-L-glutamate) as the macroinitiatbbifferent from
the post-modification approach, a series of noveEGiated L-glutamic acid
(EGGIu) NCA monomers were developed by Li et al. tepgare well-controlled
thermoresponsive homopolypeptide using Deming’'slgst Ni(COD)depe as an
initiator (Figure 1.4Y? Depending on the length of oligo(ethylene glyc@EG)
units, these polypeptides adopted different seagnsi@uctures and demonstrated
different thermoresponsive behaviors. The LCSTthef(co)polypeptides could be
modulated by varying OEG length and the ratioshef tomonomers. Interestingly,
the chirality of the polypeptide can significantffect the LCST behaviour and it
was proven that racemic poly(2-(2-(2-Methoxyethoxy)ethoxy)ethoxy)esteryl-L-
glutamate) (poly(rac-E£&slu)) adopting a random coil conformation did nbow
any LCST up to 70C. Most recently, Dong and coworkers also foundt th
thermosensitive poly(L-E&&slu) can self-assemble into nanostructures in aggieo
solution, and upon increasing chain length theirphologies altered from spherical

micelles to worm-like micelles, then to fiber mies"®
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Figure 1.4: Synthetic routes to poly(L-E&GIlu) homopolypeptides and the plots of
transmittance as a function of temperature for agsesolutions (2 mg.mb) of
poly(L-EG,Glu) and poly(L-EGGIu) (Solid line: heating; dashed line: coolirfg).

1.5 pH responsive polypeptides

Compared to the normal physiological pH of 7.4he human body, extracellular
pH in tumoral tissues can be as acidic as 5.7 ¢than average it is 6.8-7.6).
Even the pH of the extracellular environment (pH)7s different from the one in
intracellular compartments such as the endosomésymosomes (pH 4.5-6.5j.
The synthesis of pH responsive polypeptides fogdtelivery systems, which can
be exploited to trigger the release of a drug frarmarrier system (i.e. micelles,
vesicles) in a pH-responsive fashion, has beencasfoecent decadé$Upon a
variation in pH of the surrounding environment t®rmote the protonation and
deprotonation of the polypeptides containing annenair carboxylic acid in the side
chains, these polypeptides might undergo a reMersibnsitions in conformation
and self-assembly behaviour, and further affect sb&ubility and aggregation.
Polyelectrolytes such as poly(glutamic aciflland poly(lysine)® have been
considerably employed as the building blocks far gneparation of pH-sensitive
synthetic polypeptides due to pH-driven solubiiityresponse to pH around their
pKa. Moreover, by introducing hydrophilic thermosiive building blocks

including  poly(N-isopropylacrylamideY® and poly(propylene oxidef° as
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macroinitiators in NCA polymerisations, thermo goid dual responsive micelles
bearing polyelectrolyte have been developed. Typicaipon varying pH and
temperature, the micelles were able to undergoesuent switching of corona and
core to form the reversed structufsThe preparation of vesicles from pH
responsive amphiphilic block polypeptides has bsignificantly highlighted” In
2005, Lecommandoux and coworkers utilized the astembly of poly(L-glutamic
acid)s-b-poly(L-lysine)s for the formation of pH-sensitive vesicles (Figur&)®2?
The polypeptide is dispersed as soluble chains wh@h building blocks are
charged at near neural pH (5< pH< 9). At pH < 4, gbly(L-lysine) segment is still
in a coil confirmation while the poly(L-glutamic id¢ block is neutralized and
prone to adopt -helical conformation, which induced vesicle forioat with
insoluble poly(L-glutamic acid) as the membranestagnd poly(L-lysine) block as
the corona. At pH >10, poly(L-glutamic acid) isancoil confirmation and poly(L-
lysine) becomes-helical and insoluble, forming vesicles with pdlyglutamic acid)

as corona and poly(L-lysine) as membrane.

acid pH (<4) basic pH (>10)
Neutral pH (5<pH<9)

P ( o

ApH

Figure 1.5: Schematic representation of the self-assembly u@sicles of the
diblock copolymer poly(L-glutamic acig}b-poly(L-lysine)s in different pH

solutions®®

Deming’s group developed a pH-responsive vesicleubing poly(N-2-[2-(2-
methoxyethoxy) ethoxy] acetyl-L-lysingy-b-poly(L-leucing s-co-L-lysiney 7)4o
(KP16o(Lo.9Ko.7)40).2* The formation of pH responsive vesicles with aropthobic
P(Lo.9Ko7)aolayer and hydrophilic Keoinner and outer shells was demonstrated in
the presence of Fura-2 dye at pH 10.6. As the pbBl mwduced by the addition of
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acid, the vesicle membranes were disrupted raprdbulting in the release of the
encapsulated Fura-2 dye. pH-responsive vesicleslsarbe prepared from a variety
of block copolypeptides including poly(L-lysing)poly( -benzyl-L-glutamate)s-

poly(L-lysine), &°
poly(L-glycine) ®” and poly(L-glutamic acidp-poly-(L-phenylalaninef® . The

poly(L-lysine)b-poly(L-phenylalanine)®® , poly(L-lysine)b-

concept of pH responsive poly(glutamic acid) hasoabeen employed for pH
responsive polypeptide core-shell nanopartiéle$o improve the efficiency in
targeting various solid tumors with a lower extthgar pH than normal tissugs
poly(histidine) (polyHis) has been explored by Bael coworkers for the design of
smart pH-sensitive tumor-targeted nanocarriers. (mecelles, nanogels). The
imidazole ring of poly(histidine) with a pKa of 6has lone pairs of electrons on
the unsaturated nitrogen that endow pH dependemhaieric properties® For
example, when the virus-like infectious nanogelststmg of a hydrophobic core
[poly(histidineco-phenylalanine)] and two layers of hydrophilic $8gPEG and
bovine serum albumin (BSA)] were exposed to eanhgosomal pH of 6.4,
attributed to the protonation of polyHis, the naglogbruptly swelled to release a
significant amount of incorporated DOX to kill themor cells in a pH-dependent
manner’?

Very recently, a post-modification approach haslbesed for the synthesis of novel
pH responsive polypeptides. As illustrated in Schein6, Hammond and co-
workers® developed a library of pH-responsive polypeptidissthe click reaction
between poly(-propargyl-L-glutamate) and amino azides includangnary amine,
secondary amine, dimethylethanamine, dimethylprapane, diethylamine, and
diisopropylamine. It was found that all of theseirmerfunctionalized polypeptides
had strong buffering capacity in the pH range 6B.35, which is identical to the
pH range of typical extracellular tissue to latel@omal pH. The potential use of
these materials for systemic drug and gene deliway demonstrated by reversible
micellisation with block copolymers of the polypelets and nucleic acid

encapsulation in different pH mediums.
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Scheme 1.6:Functionalization of polytpropargyl-L-glutamate) by the alkyne-
azide cycloaddition click reaction and the pH resiee side group®

A dual responsiveness of polypeptides with the &mapre and pH dependent
solubility, was also demonstrated through the tytilof poly( -propargyl-L-
glutamate) grafted with a combination of short o{gthylene glycol) side chains
that yield a thermoresponsive highly tuneable peptle and tertiary amine groups
that confer pH sensitivity in a biologically relexaange’”

Kataoka et al synthesized poly(aspartic acid)-bg#édesponsive polypeptide by
the aminolysis reaction of polypenzyl-L-aspartate) with ethylenediamine (EDA),
diethylenetriamine (DET), triethylenetetramine (TEDr tetraethylenepentamine
(TEP)?® A distinctive odd-even effect was observed intthéering capacity of the
polypeptides between pH 7.4 and 5.5 as well asesulent gene transfection
profiles. Demonstrated b vivo investigation, poly(-benzyl-L-glutamate) with
pH-labile hydrazone linkag® and poly(-benzyl-L-aspartate) incorporated with N,
N’-diisopropylaminoethyl group into the side chawere also reported for the

preparation of pH-controlled cancer-targeted drelivdry.®’
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1.6 Photo responsive polypeptides

Triggered by an external light stimulus at an appede wavelength, photochromic
compounds are capable of conformational changds asiceversible isomerization
or dimerization or even a phase transitidiThe incorporation of photochromic
molecules into polypeptides towards novel photeactmaterials was achieved
using different synthetic approaches includingy&ng photoresponsive species as
the initiator of NCA polymerisation, (2) synthesiginew NCA monomers bearing
light-responsive groups in the side chain, or (@)joducing photochromic moieties
into the side chain of polypeptide by post-modifica. Common photoresponsive
species that have been incorporated into syntpetipeptide include azobenzenes,
spiropyrans, coumarin and 2-nitroben2¥11°° Using bifunctional photochromic
amine initiators, di[(mercaptoethylamine)-methylpaoamide]azobenzene
(DMMPAB) and diaminoazobenzene (DAAB), Gupta andlifms investigated the
effect of the photochromic hinge on the dielectna photoisomerization behavior
of poly( -benzyl-L-glutamate)'®* Structural characterization revealed that the
basicity of the initiator played an important rahedetermining the hinged structure
of poly( -benzyl-L-glutamate) while the photoisomerizatiorf the hinged
polypeptides by DMMPAB and DAAB showed a negligiblgfluence on the
dielectric behavior. Minoura et '8f synthesized photoresponsive poipgethyl-L-
glutamate) using the corresponding NCA and amifigbtionalised azobenzene as
the initiator. After the subsequent selective degmtion by the monolayer reaction
method, the amphiphilic poly[{methyl-L-glutamateko-(L-glutamic acid)] was
able to self-assemble into micelles. Upon UV radmt the photoinduced
isomerization of azobenzene groups in the centsultedl in changes in the
assembly structures of helical polypeptide rodshsag the disaggregation of the
micelles or the destabilisation of the transmeméranondle. Employing polyf¢
benzyl-L-glutamate) as a functional linker and chophores coumarin 1 and
coumarin 343 as a donor and an acceptor at tha ehdls, respectively, an effective
photo-induced energy transfer system was builtkirAaad coworkers demonstrated
that this polymer could be switched on and off biyetix-coil secondary transition

of the oligopeptide linket’® The photochromic behaviour of different photochiom
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polypeptides with incoprated azobenzene and spiampgroups in the side chains
of various polypeptides such as poly(L-phenylalajiff, poly(L-aspartate)™,

197 " poly(L-ornithine)'®®, and other poly(L-

poly(L-glutamate}®®, poly(L-lysine)
lysine) analogue$® have been well described in the literatures. Weeposed to
light at the given wavelength, those photochromatypeptides underwent the
conformational and structural changes accompanjegabiations of the physical
and chemical properties such as the transitionsdset random coil and-helix,
photo-triggered aggregation/disaggregation prosgsseversible changes of
viscosity and solubility*® Recently, Mezzenga and coworkers designed ampigiphi
polypeptide block copolymers bearing spiropyran)(fBRhe side chain of poly(L-
glutamic acid). The SP-decorated amphiphilic pobtjakes were able to go through
a reversible aggregation-dissolution-aggregatiamtess in water in response to UV
exposure, which might potentially be applied forofhtriggered drug control-

release process or light-controlled biomedical impgibns (Figure 1.6
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Figure 1.6: Schematic illustration of photoresponsive micatiisn/dissolution
process for spiropyran-decorated poly(glutamic aigoly(ethylene glycol)
(PLGASPbH-PEO) block copolymet*!

Owing to cycloaddition reactions between coumarioigties in the side chains

upon irradiation, a series of novel photoresponsirass-linked gels prepared by
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coumarin-containing polypeptides were reported tam#moto et ai'? Different
from Yamamto’s post-modification strategy where twmumaryloxyacetyl group
was coupled to the side chains of the polypeptiftes photodimerization, -
cinnamyl-L-glutamate N-carboxyanhydride was regendmployed for NCA
polymerisation. An amphiphilic block copolymer comnsng a hydrophobic poly¢
cinnamyl-L-glutamate) core was self-assembled mtoelles in aqueous solution.
13 The cross-linked micelles formed by UV-irradiatioat 254 nm via
photodimerisation of the cinnamyl pendant groupswsdd a slow drug release in
comparison with the non-cross-linked micelles irclPaxel-loading and release
experiment.*** Most recently, photocleavable moieties such asrofab-7-
hydroxycoumarin-4-ylmethyt®> and 2-nitrobenzyt® groups (Figure 1.7)vere also
introduced for the preparation of light sensitiv@ypeptides to trigger drug-release
from the self-assembly of amphiphilic polypeptidés. micelles) upon light
irradiation as the removal of the photocleavableugs can destabilize the self-

assembly of amphiphilic polypeptides in aqueoustsmh.

-  ®- DOX sl 2A e
) o
PNBC-b-PEO .s"g 521- .

Phototriggered drug-release

DOX-loaded micelle

Figure 1.7: Photoresponsive self-assembly and phototriggened)-cklease of
amphiphilic poly(S-(o-nitrobenzyl)-L-cysteind®ypoly(ethylene glycol) (PNB®-
PEO) block copolymers in aqueous solutith.
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1.7 Redox responsive polypeptides

In recent years much interest has been focuseleoddsign and synthesis of redox
(reduction-oxidation) responsive polypeptides, \Whigsually possess disulfide
linkages in the main chain, at the side chainnahe cross-linket!” The disulfide
bonds can be readily and rapidly cleaved undedactere environment such as the
presence of the most abundant intracellular reduiolecule Glutathione (GSH, c-
glutamyl—cysteinyl—glycine)!® The high stability in extracellular physiological
conditions and their selective disulfide cleavagekes these types of redox
responsive polypeptides promising candidates ferdi#velopment of sophisticated
delivery systems including DNA, siRNA, antisensdgohucleotide (asODN),
proteins, anti-cancer drugs® Using PEG bearing disulfide linkage as a
macroinitiator of NCA polymerisation, the novel cedsensitive peptides PEG-SS-
poly[[N-(2-aminoethyl)-2-aminoethyl]-, -aspartamide] and PEG-SS-poly(-
aspartic acid) were first prepared as PEG-detaehalgbtem by Kataoka and
coworkers'® These materials not only showed substantially érigtnansfection
efficiency against cultured cells but it was alsandnstrated that the reduction of
disulfide bonds could be used to induce morphokigtcansitions of the self-
assembly of the block copolymers in solutiti.As revealed in Figure 1.8,
polymeric micelles with polyions as the core andsAEked by disulfide bonds (SS)
as the corona can assemble in a vesicular strueftee the PEG segments were
detached from the micelles in the presence ofdaitineitol (DTT). The innovative
“self-templating” approach to the formation of wdes has many potential

applications in drug delivery and gene therapy.
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“Self-templating” strategy
for hollow nanocapsule
preparation
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Figure 1.8: Schematic illustration of the preparation of hallmanocapsules by

self-templating strategy. Upon addition of reducigent DTT into hetero-PEG-

detachable PICmicelle A solution, a morphology s$iion occurred?®

Recently, PEG-SS-polybenzyloxycarbonyl-L-lysinéf?, PEG-SS-poly(-benzyl-
L-glutamate}**, PEG-SS-poly(phenylalaning€f and PEG-SS-poly(rac-leucirtéj
were synthesized as redox-sensitive nanocarrieicelles) for drug delivery, and
upon reduction by GSH or DTT, the cleavage of tisalltide-linked PEG triggered
micellar rearrangement associated with the rapidase of the encapsulated
(DOX). Rather 3,3-dithhis
(sulfosuccinimidylpropionate) (DTSSP) as disulficEataining cross-linkers for the

doxorubicin than utilizing

preparation of redox triggered polypeptide-basedceites consisting of

poly(ethylene glycol}-poly(L-lysine)b-poly(L-phenylalanine):?°

Kataoka et al
also employed thiolated PEG-poly(L-lysine) to desayseries of polyion complex
(PIC) micelles with a reversible disulfide crosskied core as vehicles for the
targeted-delivery of DNA and siRNA’ Remarkably, different thiolation reagents
resulted in different cationic charge densities REG-poly(L-lysine) and the
different linkages, which significantly affectecetsensitivity of polyion complex to
a reductive environment, micelle formation behaviand stability,in vitro andin
vivo performancé? Owing to self-crosslinking by the oxidation of dhigroups in

the air, recently NCAs of cysteine derivatives heen used for the synthesis of
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redox-responsive block polypeptidE.Typically, those polypeptide-based block
copolymers can self-assemble into reversible stieslinked micelles in aqueous
solutions by control over the addition of reducagent, which can greatly prevent
the loss of the loaded drug and further trigger dhey release under a reductive
environment*® Very recently, a novel difunctional NCA monomef Locystine
NCA bearing two NCA rings and a disulfide bond waported by Qiao and
coworkers to prepare core cross-linked star (CCS8lypeptides composed
exclusively of poly(L-lysine) or poly(L-glutamic &) as the arm and poly(L-
cystine) as the core in one pot (Figure 1¥)he star polypeptides, with a variety
of functionalities spanning from the core, the amrnsl the periphery, were easily
achieved via the combination of this facile “armsfi approach” and different
chemistries such as click chemistry. Importanthg tisulfide bonds in the core of
the CCS polypeptides can be readily cleaved irptesence of excessive DTT.
Reduction-responsive PEGylated polypeptide nanegtd cross-linked disulfide
core were also prepared via one-step ring operohgnerisation of L-cystine NCA
with other hydrophobic amino acid NCAs, which shdvggeat potential to control
the release of the drug from the delivery systemrdsponse to the reducing

environment:>?
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Figure 1.9: Synthesis of amino acid-based core crosslinked (&&€S) polymers

having hierarchical functionalities via a one-ponéirst strategy>*

1.8 Miscellaneous responsive polypeptides

Metal ions have great potential as a chemical éngg drug delivery systems as
metal ions can be used to induce a conformatioaakition from an unfolded to a
folded state via the binding interaction with medahsitive moieties in the
polypeptide, for example, the imidazole ring of tidime.**® In 1993, metal

responsive polytbenzyl-L-glutamate) having a benzo-15-crown-5hat ¢énd of the

polypeptide main chain was first prepared via NCAlymerisation using

aminobenzo-15-crown-5 as the initiator, and theypeptide with a terminal crown
ether was able to respond to the alkali metal i@@K") to form sandwich type

complex (helix head-to-head association) in 1, Moimethané>*

Due to potential applications in separation andfigation of biochemical products,
magnetic resonance imaging contrast agents, targdtag delivery labeling,

enzyme immobilization and hyperthermia treatmemtceas, magnetic responsive
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polypeptide-based hybrid materials have been dpeeloecently>* Peptide brush-
magnetic microspheres were obtained through surfaitiated polymerisation of

alanine NCA from the amine functionalizeds6g*%°

Revealed by the saturation
magnetization experiment and the drug loading/seldéast, the microspheres have a
strong magnetic core with a hydrophobic poly-L-atenchain exterior, and exhibit
strong hydrophobic interactions with hydrophobic lecales. Soon after, well-
defined magnetic RO;-silica-poly( -benzyl-L-glutamate) hybrid microspheres
with a diameter of 340 nm were also prepared viaAN®lymerisation**” The
magnetic polypepetide microspheres could be seghrguickly by using an
external magnetic field (Figure 1.10), showing ghhsaturation magnetization of

34.1 emu.g and the expected rapid magnetic responsivity.

NH,

1
HaNy /NH;
TEOS APTES
_— —_— H N —NH,
stirred,12h N,,stirred,24h b, 4
HN' | NH,
Fey0, Fe;0,@si0, NH,
F8304@5|02-NH2
1 PBLG chains
BLG-NCA: PBLG:
BLG-NCA o R " "
Nastirred,72h T HN{C“‘;’NHIQANHz
‘\<° R
Fe;0,@S10,@PBLG R: CH,CH,COOCH,CgHs

Figure 1.10: Schematic illustration of the synthesis of ;6g@SIG@PBLG
composite microspheres, and separability ofCz@SIO.@PBLG by placing an

external magnetic fiel&’
Hybrid polypeptide grafted magnetic nanoparticlas be also obtained via ring-

opening polymerisation of -benzyl-L-glutamate NCA initiated from a natural

adhesive (dopamine) strongly attached to the mégnsirface:>® Very recently,
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using NCA ring-opening polymerisation to graft dlkyae-functionalized peptide
from the particle surface followed by glycosylatitmough click chemistry, novel
glycopeptide-grafted superparamagnetigdzenanoparticles have been synthesized
(Figure 1.11)"*° The 10 nm size particles have a high sugar densipyimal
dispersion and ijFweighted MRI properties. Moreover, Bio-responsessn was
demonstrated by lectin binding which classifiessthenaterials as possessing dual

responsiveness.

Figure 1.11: Structure of glycopeptide-grafted magnetic nanbgas (ca. 10 nm)

and transmission electron micrograph of the narimbes°
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1.9 Conclusions

Many polymerisation techniques have experiencedastoafter controlled or living
techniques have been discovered. Probably the proshinent example is the
discovery of controlled radical polymerisation thadw allows researchers to
combine vinyl monomers in unprecedented compostard polymer architectures.
While fundamentally different in the nature of im®@nomers, NCA polymerisation
follows a similar development. It was the increasedderstanding of the
polymerisation fundamentals and eventually the kgmeent of controlled NCA
ring-opening polymerisation that opened up an exgiplatform for the design and
synthesis of new functional biomaterials. Polypagsi with controllable molecular
weight, well-defined structure, end-group fideliwyd narrow molecular weight
distribution can now be obtained. Combined with lyedeveloped selective and
highly efficient conjugation chemistries the pod#{p of manipulating the
polypeptide structures and consequently their pta@sehas significantly increased.
As summarized in this review paper, researchere laken advantage of these
opportunities and developed a range of stimuliwaspe polypeptides capable of
responding to external triggers including biomolesu pH, temperature, and light
in a “smart” manner. What can be observed is thasd materials get more
sophisticated in terms of their polymer structutagt also in their response
behaviour, which certainly will be necessary toetdke step from academic to
applicable materials. Future materials will oftee bequired to fulfil several
functions, for example to carry a drug and resptmdtimuli or to combine a
response with a diagnostic function. It is thuginseg to already see a number of
polypeptide materials with dual responsivenessigidighted in this review article.
Overall, stimuli-responsive polypeptides have tbeeptial to significantly facilitate
the development of the next generation biomatersticularly new biomedical

and pharmaceutical materials.
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1.10 Aim and outline of the thesis

The aim of this thesis was the development of neyethetic stimuli-responsive
polypeptides, which can selectively bind to bioncales and/or respond to
environmental changes for applications in drugvaeli and tissue engineering. The
synthetic approach was the combination of amind-abiCA ring-opening
polymerisation and orthogonal conjugation chenestriwhile being a “chemistry
project”, translational biomedical data were soutereafter to advance the chain
of knowledge from synthesis to application.

In Chapter 1, recent developments of NCA polymerisation techegy as well as
synthetic strategies and applications of stimupnsive homo- and block
polypeptides via NCA polymerisation were reviewed.

The design and preparation of novel biologicallyp@nsive glycopolypeptides was
described inChapter 2 andChapter 3. The synthesis of galactosylated poly(DL-
propargylglycine) by the combination of NCA polynsation and Huisgen [3+2]
cycloaddition click reaction was focusedGhapter 2, and the selective bioactivity
of the glycopeptide was demonstrated by lectin gatmn experiment as well.
Inspired by the developed chemistry fr@hapter 2, a versatile route to bioactive
polymersomes fully based on glycopeptides was dsaiinChapter 3.

Chapter 4 andChapter 5 presented two different stimuli-responsive tyresbased
polypeptide hydrogels. InChapter 4, a new PEGylated tyrosine-based
thermoresponsive polypeptide poly(ethylene glyeaHyrosine) obtained by facile
NCA polymerisation was developed. The thermo-hydlatipon mechanism, as well
as the preliminary biological application of thednggel was also explored.
Chapter 5 described a novel salt-triggered hydrogel matefiam amphiphilic
poly(L-glutamateb-L-tyrosine).

Chapter 6 highlighted the key results, conclusions and akidrom the work

presented in the thesis.
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Chapter 2

Hydrolytically stable bioactive synthetic
glycopeptide by combination of NCA polymerisation
and click reaction

Abstract

The synthesis of poly(DL-propargylglycine) and goipenzyl-L-glutamateeo-
DL-propargylglycine) was performed by NCA polymeatien at O °C to yield well-
defined polypeptides with polydispersity indicesawe1.3. FTIR results confirm-
sheet and -helical conformation of the homopolymer and copady, respectively.
The subsequent glycosylation was achieved by Hoi$g8e2] cylcoaddition click
reaction with azide-functionalized galactose. FTNMR, SEC and MALDI-TOF
analyses verify the successful glycosylation angigest a high efficiency of the
click reaction. The homo-glycopeptide was foundéwater-soluble and to form
aggregates in water above a critical concentraiio®.079 mg/mL. Selective lectin
binding experiments confirm that the glycopeptidas be used in biorecognition
applications. Moreover, the selective hydrolysistlté benzyl ester groups in the
copolymer was achieved without loss of the galactos

0H

o L“HH——U“J ]

e

- aggregation Ieclm binding

This chapter was published in
Huang, J.; Habraken, G.; Audouin, F.; Heise, A. Macromolecules 2010,
43, 6050.
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2.1 Introduction

Carbohydrates are important in many complex bialalgprocesses as diverse as
signal transmission, fertilization, inflammatiorrotein folding and many more. In
particular, glycoproteins are seen to play a kég mothese processes and in the last
decade many efforts were directed towards theithegis® Well-defined artificial
glycoconjugates are an interesting alternative {gcaproteins (biomimetic
analogues). Glycopolymers, i.e. sugar-conjugatetthgyic macromolecules, are
nowadays synthetically well accessible, and oftemnsbiological activity useful in
biomedical applications. Not least the advancesomtrolled radical polymerisation
techniques and highly efficient coupling reactitiase accelerated the development
of synthetic glycopolymers® While the majority of the reported glycopolymers a
acrylate-based, it is desirable to develop systents a higher resemblance to
natural glycopeptides by employing synthetic poptmes. Useful in that respect
are recently developed techniques for the ring-oygepolymerisation of amino acid
N-carboxy-anhydrides (NCA) allowing a high leveladntrol over the polypeptide
structures Availability of a versatile synthetic protocol ghycopeptides derived
from NCAs would give access to a promising clasdiomimetic analogues and
open new application areas owing to their struttsirailarity to natural peptides.
However, up to now only a very limited number ofamples of synthetic
polypeptide-sugar conjugates were reported. Thigimarily due to the inability to
readily synthesize glycopolypeptides in a contmlimanner. For example, the
polymerisation of sugar-functional NCA has beencdesd, but the monomer
synthesis is challenging and requires the use atepted sugar®: >’ The polymer
analogous glycosylation of polypeptides offers agiae alternative. It is widely
applied for the glycosylation of individual amina@ids in natural proteins by
reaction of functional and in some cases activatgghrs with an asparagine (N-
linkage) or with a serine or threonine (O-linkagé)the polypetidé. While both
strategies make use of the functionalities of treural amino acids in the
polypeptide and could also be applied for the giytation of synthetic

polypeptides, they have two major drawbacks. Firstiey would require protection
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of the amino acids before NCA synthesis, and sdgptite nature of the glycosidic
linkage between the saccharide and the peptidegsnidkprone to chemical and
enzymatic hydrolysis.

“Click’-type reactions address both drawbacks arel ideally suited for peptide
glycosylylation due to their high efficienc¢§'° Reactions such as the Huisgen [3 +
2] cycloaddition between organic azides and acegdehave already proven to be
highly versatile for the glycosylation of synthepiolyacrylate$. However, reports
on the application of this reaction in peptide nficdiion and more specifically in
the synthesis of glycopeptides are still rare. @#d mutagenesis was, for example,
used to replace a natural amino acid in a definesitipn of the amino acid
sequence of peptides with a non-natural azide kynal functional amino acid.
Selective glycosylation of these individual amirada was then achieved by click
reaction with the corresponding alkyne or azideasdj?’ For synthetic NCA-
derived polypeptides Lecommandoux described théhegis of amphiphilic block
copolymers including the coupling of oligosacchasidy Huisgen cycloaddition to
polypeptide end-groupS ?° A few recent publications report on the side-chain
modification of NCA-derived polypeptides. Thiol-eneupling was used by us for
the modification of a cystein containing copolypeet’ and Schlaad applied the
same technique to couple thiol functional sugarsptdy(DL-allylglycine).?®
Hammond first described azide-alkyne click reactitor the modification of NCA-
derived polypeptide® Poly(ethylene glycol) (PEG) azide was coupledrtabyne
functional homopolypeptide synthesized frgrpropargyl-L-glutamate NCA. Very
recently, Xuesi Chen reported the application afkcreactions to synthesize a
mannose functional polypeptide using the same {@Ad Donghui Zhang applied
the same technique to click alkyne functional sug@aran azide functional
polypeptidé’. The latter was obtained by a multi-step synthasis a final azide-
halogen exchange on poly8-chloropropanyl-L-glutamate). All azide-alkyne
systems reported so far rely on glutamic acid ssteereby introducing a potentially
hydrolytically unstable ester bond between the aayldrate and the polypeptide.
This could have disadvantages in a biological emvitent as enzymatic ester

cleavage could result in reduced activity. It hasrbsuggested that the use of non-
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natural amino acid with the amino acid side channected to the sugar unit via an
isosteric linkage may lead to a chemically and in&ieally more stable analogue
while retaining biological activity”* Moreover, ester linkages potentially limit the
possibilities to combine this approach with comndeprotection techniques applied
in synthetic polypeptide chemistry and thus thespmisty to design more complex
polypeptides. We therefore investigated the apbiitp of the commercial non-
natural alkyne functional amino acid DL-propargylghe for the synthesis of
glycopeptides. In this paper we report on the msithand characterization of
homo- and copolymers with benzyl glutamate andrtpbicosylation by Huisgen
click reactions. We show that a high degree of wgaijion can be achieved by this
method and investigate the influence of the glytaigyn on the peptide
conformation. Furthermore, we provide first eviderfor the bioactivity of the

glycopeptides and their stability under selectiseeedeprotection conditions.

2.2 Experimental section

Materials

All chemicals were purchased from Sigma-Aldrich amkd as received unless
otherwise noted.-Benzyl-L-glutamate and DL-propargylglycine werepplied by
Bachem. Diethylether was purchased from VWR. AnbydrDMF, DMSO, ethyl
acetate, THF, methanol were used directly fromlibile under an inert and dry
atmosphereRicinus communigcastor bean) Agglutinin RGAy (10 mg/mL in
buffered aqueous solution) and Concanavalin A (@onType IV, lyophilized
powder) from Canavalia ensiformis (Jack bean) wenehased from Aldrich and
used as received. 0.01 M Phosphate- buffered s@hB8&) at pH 7.4 was prepared
by dissolving one tablet of PBS (Sigma-Aldrich)ar200 mL of distilled water.-
Benzyl-L-glutamate NCA was synthesized followinditarature procedur& 1- -
Azido-2,3,4,6-tetraacetyl-D-galactose was syntlegbizfollowing a literature

procedure” The spectroscopic data were in agreement wittatitee data.
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Methods

'H and**C NMR spectra were recorded at room temperaturie avBruker Avance
400 (400 MHz) and a Bruker Avance Ultrashield 6600 MHz). DMSO-§, CDCl,
Acetone-§ and DO were used as solvents and signals were refasrégtsignal of
residual protonated solvent signals. TMS was usedara internal standard for
DMSO-d® and CDC}. ATR-FTIR spectra were collected on a Perkin Elmer
Spectrum 100 in the spectral region of 650-4000" @nd were obtained from 4
scans with a resolution of 2 €mA background measurement was taken before the
sample was loaded onto the ATR unit for measuresne&SEC analysis using
Hexafluoroisopropanol (HFIP, Biosolve, AR-S frompglier or redistilled) as
eluent was carried out using a Shimadzu LC-10AD p(fiow rate 0.8 mL/min)
and a WATERS 2414 differential refractive indexesgor (at 35 °C) calibrated with
poly(methyl methacrylate) standard (range 10000@0P00 g/mol). Two PSS PFG-
lin-XL (7 pm, 8*300 mm) columns at 40 °C were uséyections were done by a
Spark Holland MIDAS injector using a 50 pL injectiovolume. Before SEC
analysis was performed, the samples were filteéneaigh a 0.2 m PTFE filter (13
mm, PP housing, AlltechMatrix assisted laser desorption / ionization -eimf
flight - mass spectroscopy (MALDI-ToF) analysis weesried out on a Voyager
DE-STR from Applied Biosystems (laser frequencyHX) 337 nm and a voltage of
25 kV). The matrix material used was trans-2-[3€#-Butylphenyl)-2-methyl-2-
propenylidene] malononitrile (DCTB; 40 mg/mL). Psdaum trifluoroacetic acid
(KTFA) was added as cationic ionization agent (5mig. The polymer sample
was dissolved in HFIP (Img/mL), to which the maimaterial and the ionization
agent were added (5:1:5), and the mixture was glacethe target plate. Samples
were precipitated from the reaction medium in drkdther, filtered and placed in a
freezer before measurinlylelting points were measured by Differential scaugni
calorimetry (DSC) on a TA DSC Q200 calorimetry itragen at a heating rate of
10 °C/min and a cooling rate of 5 °C/min in thegarirom -20 °C to 200 °C. TEM
images were obtained using a JEOL 2100 TEM scarument (at an accelerating
voltage of 200 kV) for samples deposited on carboated (400 mesh) copper grids.
The preparation of samples for TEM analysis invdldepositing a drop (15L) of

the glycopeptide solution, which was dissolved ihviater onto the grids and
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allowing water to evaporate prior to imaging. Tthebidity assay of the lectin with
different concentrations of glycopeptides was mare at 450 nm in Varian Cary
50 by UV quartz cuvette. The dynamic light scatigriDLS) experiments of
glycopeptides in DI water solution were performé@a°C on a Zetasizer Nano ZS
particle analyzer (Malvern Instruments, WorcestieesbK) using a detection angle
of 173° and a 4 mW He-Ne laser operating at a vesagth of 633 nmEmission
spectra for the critical aggregation concentratimre recorded on a Varian Cary
Eclipse fluorescence spectrophotometer at an dixitavavelength of 340 nm
using a 1 cm optical path length quartz cuvettee $pectra were averaged from
triplicate recorded spectra. CD spectroscopy wagopeed on a Jasco J-815

spectrometer with 0.0045 mM solution of the pepiiddemineralized water.

Synthesis of DL-propargylglycine NCA (2DL-propargylglycinel (2.5 g, 22.1
mmol) and -pinene (14.88 g, 109 mmol) were dissolved in 60anbydrous THF
in a three-neck round-bottom flask. The reactiowtare was heated to 50 °C under
nitrogen and then triphosgene (4.92 g, 16.6 mmolR0 mL THF was added
dropwise over a period of 1 hour. The reaction s@stinued for 4 hours until the
mixture became clear gradually. The mixture wasceatrated under reduced
pressure and the NCA precipitated by addition d ffl. n-heptane. The mixture
was then placed in a freezer overnight. After diibn, the crude product was
dissolved in dry THF, and re-crystallized twice hgdition of n-heptane. The
obtained solid was washed with n-heptane, yieldifgvhite crystals in 75% yield.
'H-NMR (400 MHz, Acetone-§ , ppm): 2.62 (t, J=2.5 Hz, 1HCH,), 2.84 (dd,
J=4.5, 2.5 Hz, 2H,-CHC ), 4.75 (t, J=4.5 Hz, 1H, CH), 8.04 (s,1H, NEHC-NMR
(400 MHz, Acetoneyy , ppm): 22.26 EH»-C ), 57.30 (&), 73.64 (CH), 78.23
(-C CH), 152.71 (-O(©)NH-), 170.62 (-O(©)CH).FTIR (neat, crit): 3363, 3247,
1854, 1771, 1286, 1195, 1111, 1089, 934, 893, 756, 723, 698, 668. Mp: 114 °C.
Synthesis of poly(DL-propargylglycine) (3PL-propargylglycine NCA (800 mg,
5.76 mmol) and anhydrous LiBr (261 mg, 3 mmol) wdigsolved in 28 mL dry
DMF in a Schlenk tube. A solution of benzylamind.(8B mg, 0.288 mmol) in 2
mL dry DMF was added after the NCA and LiBr werdally dissolved. The

reaction was maintained for 5 days at 0 °C undenart atmosphere. The reaction
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mixture was precipitated into an excess diethyletlidtered and dried under
vacuum to yield a pale yellow solid. Yield: 84%,: 2250 g/mol, PDI: 1.16.
Synthesis of 1-Azido-1-deoxyD-galactopyranoside (1-azido-galactose) (5).
The synthesis was carried out following a sligimigdified literature procedurg.1-
-Azido-2,3,4,6-tetraacetyl-D-galactose (373 mg, that) was dissolved in 5 mL
anhydrous methanol in a Schlenk tube. To this smiua catalytic amount of
anhydrous potassium carbonate (6 mg, 0.04 mmol) adaled and the reaction
mixture was vigorously stirred at room temperatumeer a nitrogen atmosphere for
3 hours. Amberlite IR-120 ion-exchange resin washed with methanol and then
added to and stirred with the reaction mixtureXfdrour. The resin was then filtered
off under gravity and the resulting solution wasi@entrated to dryness in vacuum
to yield a white powder (184 mg, Yield 90%). Mp 180. *H-NMR (400 MHz,
D,O, , ppm): 3.49 (dd,1=8.7 Hz, 3.5=9.8 Hz, 1H, H-2), 3.66 (dds.3=9.8 Hz, J.
4=3.3 Hz, 1H, H-3), 3.72-3.78 (m, 3H, H-5, H-6a’,@88"), 3.94 (d, 45=3.3 Hz, 1H,
H-4), 4.64 (d, 4,=8.7 Hz, 1H, H-1)*C-NMR (400 MHz, RO, , ppm): 63.44 (C-
6), 71.00 (C-4), 72.81 (C-3), 75.13 (C-5), 79.762)C93.05 (C-1).
Glycosylation of poly(DL-propargylglycine) using etected galactose (6).
Poly(DL-propargylglycine) (100 mg, ca. 0.938 mmdladkyne units), 1--azido-
2,3,4,6-tetraacetyl-D-galactose (526 mg, 1.407 mhd& equiv.) and triethylamine
(68 L, 0.492 mmol, 0.5 equiv) were dissolved in 5 mLanhydrous DMSO in a
Schlenk tube. The mixture was stirred and degabgdalubbling with nitrogen for
30 min. (PPR)sCuBr (88 mg, 0.094 mmol, 0.1 equiv) was then adaledl nitrogen
was bubbled through the resulting solution for heot30 min. Then the Schlenk
tube was placed in an oil bath at 30 °C for 72 Baunder nitrogen atmosphere. The
reaction solution was precipitated into a largeesscof diethyl ether. The filtrated
solid was dissolved in THF and passed through at steutral aluminium oxide
column eluting with THF. The polymer was recovetsdprecipitation in diethyl
ether and dried under high vacuuvireld: 40%.M,: 6450 g/mol, PDI: 1.25.
The deacetylation of glycopeptides clicked withtpobed galactose was carried out
following a slightly modified literature procedutér5 mg acetylated glycopeptide
was dissolved in 6 mL of CHgICH3;OH mixture (v/iv=2:1) in a Schlenk tube. The

solution was degassed with nitrogen for 15 min, dhdng sodium methoxide was
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added. After few seconds, the reaction solutioratrecvery turbid and the mixture
was stirred under Natmosphere at room temperature overnight to att@ximum
deacetylation of the glycopeptide. The mixture wasd under reduced pressure.
Yield: 99%.

Glycosylation of poly(DL-propargylglycine) using ymotected galactose (7):
Poly(propargylglycineB (100 mg, 0.938 mmol of clickable alkyne units)Azido-
1-deoxy- -D-galactopyranoside4 (289 mg, 1.407 mmol, 1.5 equiv.) and
triethylamine (68 L, 0.492 mmol, 0.5 equiv) were dissolved in 5 mLaohydrous
DMSO in a Schlenk tube. The mixture was stirred aedassed by bubbling
nitrogen for 30 min. (PRCuBr (88 mg, 0.0938 mmol, 0.1 equiv) was then added
and nitrogen was bubbled through the resultingtsmiufor another 30 min. Then
the Schlenk tube was placed in an oil bath at 3GdtC72 hours under nitrogen
atmosphere. The solution was precipitated into TWi€e to remove the catalyst,
and then the obtained solid was redissolved in DM8@ precipitated twice in
methanol. The polymer was filtered and dried inuweam oven. Yield: 55%M,:
4150 g/mol, PDI: 1.13.

Synthesis of poly¢tbenzyl-L-glutamate—co—DL-propargylglycine) (8)yBenzyl-L-
glutamate NCA1 (1.01 g, 3.82 mmol), propargylglycine NCA (267 mg, 1.91
mmol) and anhydrous LiBr (261 mg, 3 mmol) were digsd in 28 mL anhydrous
DMF. A solution of benzylamine (20.44 mg, 0.191 nijxio 2 mL dry DMF was
added after both of NCAs were dissolved. The reactias maintained for 5 days at
0 °C under an inert atmosphere. The reaction nmextwas precipitated into an
excess diethylether, filtered and dried under vatas a pale yellow solid. Yield:
80%.M,: 5800 g/mol, PDI: 1.15.

Glycosylation of poly (-benzyl-L-glutamate—co—DL-propargylglycine) (Foly( -
benzyl-L-glutamateso-DL-propargylglycine) (400 mg, ca. 0.735 mmol okyade
units), 1-Azido-1-deoxy-D-galactopyranoside (226 mg, 1.102 mmol, 1.5 equv
alkyne) and triethylamine (51L, 0.367 mmol, 0.5 equiv) were dissolved in 8 mL of
anhydrous DMSO in the Schlenk tube. The mixture stased and degassed by
bubbling nitrogen for 30 min. (PEBCuBr (68 mg, 0.0735 mmol, 0.1 equiv.) was
then added and nitrogen was bubbled through thdtireg solution for another 30
min. Then the Schlenk tube was placed in an oih lzt 30 °C for 72 h under
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nitrogen atmosphere. The amphiphilic nature of dbpolymer after glycosylation
makes the identification of a proper precipitatsmtvent difficult. After the reaction,
the polymer solution was added drop-wise to an &xckethyl ether, the obtained
polymer re-dissolved in DMSO and precipitated twicea 1:2 THF/methanol
mixture. The polymer was centrifuged and dried acuum oven. Yield: 30%W,:
7050 g/mol, PDI: 1.21.

Benzyl ester hydrolysis of glycosylated poipenzyl-L-glutamate—co—DL-
propargylglycine) (10).The hydrolysis was done following a modified lggrre
procedure®® The glycosylated copolymer (100 mg) was dissoled2.0 ml
trifluoroacetic acid (TFA). A six-fold excess withspect to benzyl-L-glutamate of a
33% of HBr in acetic acid (0.3 mL) was added. Afi€r hours, the mixture was
added drop-wise into diethyl ether. The precipgateere redissolved in DMF,
precipitated twice in diethyl ether and dialyzedvater for three days. The polymer
was filtered and dried under reduced pressuredY&f%.

Critical aggregation concentrationThe critical aggregation concentration of the
glycopeptide was determined following a literatpreceduré’ A stock solution of
the glycopeptide with a concentration of 1.0 mg/iwes prepared by dissolving the
glycopeptides in DI water. This stock solution viagher diluted to yield a series of
solutions with concentrations varying from 1.0 mpg/to 0.001 mg/mL. A defined
amount of the fluorescence probe N-phenyl-1-naphaithiae (PNA) in acetone was
added to each of the solutions in a 20 mL volurodtask and then acetone was
evaporated overnight. The concentration of PNAhimfinal solution was 2.0 x 10
mol/L. In total the samples were kept for 48 h qoiébrate the PNA and aggregates
before the fluorescence spectra were measured.

Carbohydrate-lectin binding recognitionThe lectin recognition activity of the
glycopeptide solution was analyzed by the changbefurbidity at 450 nm at room
temperature. 2 mg/mL of RGA lectin was first prepared in 0.01 M phosphate
buffered saline (PBS) at pH 7.4. 60Q lectin solutions were transferred into a
cuvette and a baseline measured. A solution of l6@lycopeptide with different
concentrations in PBS buffer solution was added thie cuvette containing the
lectin solution. The solution in the cuvette wasitge mixed using a pipette and

immediately the absorbance at 450 nm was recorgledy & min. As a control
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lectin Con A was used under the same experimemtadlitons as well as PBS
buffer solution without any glycopeptide.

homopolymers
{, s %
2 —» H —> H
©/\ Jj\ﬁ ©/\ o 0 o o O 0
=T
NH NH
OAc 1 2
i \
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Scheme 2.1: Synthesis of glycopeptides. (a)LiBr, DM benzylamine, 0 °C; (b)
Cu(PPhg)3Br, EtsN, DMSO, 30 °C; (c) MeONa, DCM/MeOH, r.t.; (d) TFA,

HBr/acetic acid, r.t.

2.3 Results and Discussion

-Benzyl-L-glutamate and DL-propargylglycine were ngerted into the
corresponding NCAsl and 2 by reaction with triphosgene. The homo-
polymerisation of was carried out with benzylamine as an initiatobDMF at 0 °C
to prevent side-reactions and maintain structuoaitrol (Scheme 2.1% The only
previous report on the synthesis and polymerisatioNCA 2 was by Schldgel and
Pelousek in 1960, who observed a low solubilityhe#f poly(DL-propargylglycine)
in most solvent&? Indeed, under the applied polymerisation conditiafiast gelling

of the reaction medium was observed and only veny Imolecular weight
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oligopeptides were obtained. This is most likelyszd by intermolecular hydrogen
bonding (-sheets), which limits the polymer growth. Additiai LiBr to the
polymerisation medium improved the polymerisatioasults and poly(DL-
propargylglycine)3 with a number average molecular weight,\Mf 2250 g/mol
and a low polydispersity index (PDI) of 1.16 wagaihed (Table 2.1, Figure 2.1).
In agreement with the report of Schlogel and Pakughe solubility of this
polypeptide is very poor in most common solvent®LDI-ToF spectra analysis
confirms the low polydispersity and the structun@mogeneity of the material,
evident from the presence of peaks exclusivelyesponding to propargylglycine
repeating units and benzyl amide and amine endpgtawespectively (Figure 2.2).
Inspection of the'H- and **C-NMR spectra further confirms the structure of the
poly(DL-propargylglycine) (Figure 2.3 and FigurelR.Most characteristic for this
polymer are the carbon peaks at 22 pfm78 ppm f) and 80 ppmd) and the
proton peak at 2.6 ppnd) and 2.8 ppmd) from the alkyne moiety. From the
integrated peak area ratio of the benzyl ananat 7.27 ppm and the combined
peaksb andc (4.2 - 4.6 ppm) in th&H-NMR spectrum a molecular weight of 1912
g/mol can be calculated, which is slightly loweanhthe SEC molecular weight
(PMMA standards).

-

: | Y T Y |
22 24 26
elution time (min.)

Figure 2.1: SEC traces (HFIP, PMMA standards) of poly(DL-pnapdglycine) @3,
Mn: 2250 g/mol, PDI: 1.16) and the glycosylated pblypropargylglycine) by
click reaction with protected6( M,. 6450 g/mol, PDI: 1.25) and unprotected
galactose{, M,: 4150 g/mol, PDI: 1.13).
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Table 2.1: Molecular weights and polydispersity indices (JPoflpolypeptides
before and after click reaction.

polymer M, (GPC) PDI
(g/mol)
3 2250 1.16
6 6450 1.25
7 4150 1.13
8 5800 1.15
9 7050 1.21
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Figure 2.2: MALDI-ToF-MS spectra of poly(DL-propargylglycing)3) and the
glycosylated poly(DL-propargylglycine) by click mt#on with protected galactose
(6) (small peaks represent copper adducts). * denb&epolymers with n = 8 + K
m/z 905.91 8) and m/z 3892.265.
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Figure 2.3: 'H-NMR spectra of poly(DL-propargylglycine3 in DMSO-& and
glycosylated polypeptidé after click reaction with unprotected galactdsa D,O.
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Figure 2.4: *C-NMR spectra of poly(DL-propargylglycined in DMSO-¢& and
glycosylated polypeptid@ after click reaction with unprotected galactdse D,O
(* denotes residual NCA signals).
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Figure 2.5: FTIR spectra of poly(DL-propargylglycineB)(and the glycosylated
poly(DL-propargylglycine) by click reaction with geected §¢) and unprotected

galactoseX).

Besides the amide Il band at 1513 R spectroscopy reveals the presence of two
amide | bands at 1630 (strong) and 1700 (weak} cimaracteristic of a-sheet
conformation (Figure 2.59*' This is in agreement with an investigation by Adeai
who found that poly(valine) containing various osatiof D- and L-amino acids all
had IR-spectra and X-ray diffraction patterns thatre consistent with a-sheet
configuration?? The only noticeable effect of the D-enantiomer \aasincreased
spacing between the sheets. Due to the low sdipbili3 in suitable solvents it was
not possible to confirm the secondary structure Qiycular dichroism (CD)
spectroscopy.

The copolymerisation o2 with -benzyl-L-glutamate NCAL at a monomer feed
ratio of 1:2 was carried out under similar conditoas the homopolymerisation.
Owing to the slightly higher solubility of the cdgmer a higher molecular weight
of 5800 g/mol (PDI: 1.15) was obtainetH-NMR spectroscopy confirms the
presence of both monomers in the copolymer in & rebrresponding to the
monomer feed ratio (Figure 2.6). Moreover, the MA®F spectrum shows the
complex signal pattern of a copolymer (Figure 2.7).
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a+l

Figure 2.6: 'H-NMR spectrum of poly(-benzyl-L-glutamateso-DL-
propargylglycine in DMSO-d.
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Figure 2.7: MALDI-ToF-MS spectrum of poly(-benzyl-L-glutamateeo-DL-
propargylglycine)8. The spectrum shows a complex signal pattern &ypior
copolymers. By software supported deconvolution ¢bpolymer contour plot in

Figure 2.8 of the main document was calculated.
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Using a software based MALDI-TOF deconvolution noetldeveloped in our group,
the spectrum was converted into composition conmats***°The shape of the
contour plot allows conclusions to be drawn conicgyrthe molecular distribution
of the comonomers in the chain. The contour plotcopolymer8 exhibits a
directional coefficient and a single distributionttwa maximum at five -benzyl-L-
glutamate and three propargylglycine units (Fig2u&). This is characteristic for a
random copolymer and in good agreement with the ammm feed ratio.
Interestingly, the copolymer adopts athelical conformation as evident from the
positions of the IR amide bands at 1655 and 1543 (figure 2.9) and the CD
spectrum (Figure 2.10). It can be speculatedttie@strong helix-forming ability of
the -benzyl-L-glutamate units is the driving force tbe helical conformation but
without further data the role of both amino acidghe secondary structure cannot

be determined.
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Figure 2.8: MALDI-ToF-MS contour plot of copolymes.
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Figure 2.9: FTIR spectra of polytbenzyl-L-glutamateeo-DL-propargylglycine)
(8), the glycosylated polyfbenzyl-L-glutamateeo-DL-propargylglycine) obtained
by click reaction with unprotected galactos® @nd the glycosylated poly(L-
glutamic acideo-DL-propargylglycine) 10).
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Figure 2.1Q CD spectrum of polytbenzyl-L-glutamateeo-DL-propargylglycine)
8 in acetonitrile. The spectrum is in agreement \aith -helical structure, which is

consistent with FTIR results (Figure 2.9).
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The glycosylation of both polymers was done withagise, which can be readily
converted to the corresponding azide. In ordenvestigate the influence of the free
sugar hydroxy groups on the results of the clickctien both the acetyl-protected
galactosés and the unprotected galactaseere employed for the glycosylation of
3. Immediately noticeable was the improved solupildgf the polypeptide in
common organic solvents after conjugation with ficetylated galactose. A clear
shift of the SEC trace to higher molecular weigh&s observed after attachment of
both the protected and unprotected galactose @ igur). While in the latter case an
M, of 4150 g/mol was calculated from SEC, functiaretion with the protected
galactose produced a polymer with iy of 6450 g/mol in accordance with the
higher molecular weight of the sugar units (TahlE).2Spectroscopic evidence for
the successful glycosylation was obtained from NMpectra, which are in
agreement with the proposed structure (data nowshoAn approximation of the
click reaction yield was obtained from the MALDI-F®pectrum ob (Figure 2.2).
The spectrum reveals one dominating polymer spewigh repeating units
corresponding to the propargylglycine with the pobéd galactose attached via a
triazole unit and benzyl amide and amino end-gro{giker small signals were
identified as copper aggregatese)f Although any quantification of MALDI-ToF
spectra has to be viewed with caution, this resudigests a very high glycosylation
yield. Equally successful was the direct glycosglatof 3 with the unprotected
galactose4. Direct evidence for the attachment of the sugarthe polymer
backbone via the click reaction was obtained froMRNspectroscopy. Figure 2.4
shows the*C-NMR spectrum of in which peaks characteristic of the galactdse (
0) as well as the polypeptide carborssgl can be identified. Most importantly,
peaksg at 143 ppm andh at 123 ppm can be assigned to triazole carbonghwh
experience a significant downfield shift upon cliglaction. Similarly, théH-NMR
spectrum of7 reveals proton peaks characteristic of the polylmerkbone, the
triazole and the sugar (Figure 2.3). Most significare the downfield shifts of
protonsd ande to 3.0 and 7.97 ppm, respectively, upon formatbnhe triazole
ring. Polymer7 is soluble in water and polar organic solvents IMF and DMSO,
which suggests similarly high functionalizationiei#ncy as fo6. This is supported

by the fact that all spectroscopic and solubilggults are identical irrespective of
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whether7 was synthesized directly from the unprotected gate or from the
protected galactose with subsequent deprotection.

Besides further evidence for the presence of gadacin the polymer, the FTIR
spectra (Figure 2.5) provide valuable informatitrow@t the secondary structure of
the polypeptide after glycosylation. In the case¢hef protected galactose, the FTIR-
spectrum o clearly shows the presence of a carbonyl band@44 tni' owing to
the acetyl protecting groups. Interestingly, bothide bands are shifted to higher
wave numbers when compared to the spectrufh ®he amide | band can now be
found at 1664 cf(1630 cnt* in 3). A similar shift of amide bands was observed
for polymer 7, which contains the unprotected galactose. Morngouhe
characteristic OH bands between 1100 and 1050 amwell as a broad band
centred at 3290 cth confirm the presence of the unprotected galactd$e
positions of the amide bands suggest a random coiformation of the
glycopeptide’® Apparently, the presence of the bulky galactoséetiss prevents
the formation of intermolecular hydrogen bonds #mas the arrangement of the
polypeptides into -sheets. However, in aqueous solution the CD sp&ciof 7
clearly confirms -sheet conformation by a characteristic minimum2a4 nm
(Figure 2.11). This apparent contradiction candimnalized by the sample history;
FTIR spectra were recorded from solid polymers ioleth by evaporation of a
DMSO solution. The interruption of hydrogen bondibgtween the amino acid
units of the polypeptides by DMSO is apparentlyfisignt to prevent the formation
of -sheets and thus force the polymers into a randmhtanformation in the solid
state. In water, on the other hand, the glycopepthn form weak hydrogen bonds

sufficient enough to assemble asheets.
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Figure 2.11:CD spectrum of glycopeptid&sn water.

While polymer7 is readily soluble in water, we hypothesized ttheé behaviour
must cause the formation of aggregates at highecerdration. Indeed, Dynamic
Light Scattering (DLS) revealed the formation ofjeggates in the range of 540 nm
(0.5 mg/mL). In order to determine the critical eggption concentration af more
accurately,we carried out fluorescent probe experiments in ghesence of N-
phenyl-1-naphthalamine (PNA). PNA strongly emitsaihydrophobic environment
while it is quenched in polar medi&When the fluorescence of solutions7ah the
presence of PNA was monitored at different conegioins, only low fluorescence
was detected at concentrations below 0.1 mg/mLhigher concentrations the
fluorescence drastically increased caused by tlcerporation of PNA in the
hydrophobic regions of the aggregates (Figure 2.I2e critical aggregation
concentration of 0.079 mg/mL was determined byrg@eting the two straight lines.
A similar self-association was described by Li pycosylated polyacrylate.It
appears that, although these highly glycosylategnpers are usually considered
hydrophilic, hydrophobic interaction of the polypele backbone, and possibly
hydrogen bonding via -sheets as confirmed by CD spectroscopy, results in
aggregation. TEM micrographs confirmed that theggregates are non-uniform

with large size variation in water. From the ené&tgnicrograph shown in the inset
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of Figure 2.12 it seems that the aggregates coofsghaller tape-like assemblies. A

detailed study into these phenomena is currentiieuway.

log(I/1,)

-0.2 A
20 A5 1.0 05 00 05

log(C)

Figure 2.12: Relative fluorescence intensity of PNA as a fumttiof the

concentration of glycopeptidésin aqueous solution (C: concentration in mg/mL).
The intersection of both lines marks the critiogdji@egation concentration. The inset
shows a TEM micrograph af in water (0.5 mg/mL); the scale bar represents 100

nm.

The glycosylation of copolyme? was carried out with the objective to investigate
whether a selective deprotection of the benzylregtups of -benzyl-L-glutamate
can be achieved. The success of the click reaaimahthe presence of galactose in
the copolymer were confirmed from batH-NMR (Figure 2.13) as well as FTIR
spectra (Figure 2.9). This coincides with an insecaf the molecular weight of the

copolymer from 5800 to 7050 g/mol (Figure 2.14).
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Figure 2.13: 'H-NMR spectrum of glycosylated polybenzyl-L-glutamateso—
DL-propargylglycine) after click reactio®)in DMSO-d.

r g T g T L T : T g 1
21 22 23 24 25 26

elution time (rrin)
Figure 2.14: SEC traces (HFIP, PMMA standards) of polpenzyl-L-glutamate—
co-DL-propargylglycine) 8, M,: 5800 g/mol, PDI: 1.15) and the glycosylated
poly( -benzyl-L-glutamateeo-DL-propargylglycine) obtained by click reaction
with unprotected galactos®, M,: 7050 g/mol, PDI: 1.21).
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In contrast to the homopolymer, glycosylation does result in a change of the
polypeptide helical conformation as neither the deml nor the amide Il band
experience a shift in the spectrum. The benzylrdstdrolysis of the glycosylated
copolymer9 was carried under acid conditions with HBr. Oflghieal relevance is

the shift of the carbonyl band from 1731 (ester11d6 cni (acid). Moreover, the

'H-NMR spectrum shows the complete disappearancthefsignal at 7.5 ppm

previously assigned to the aromatic benzyl estetops (Figure 2.15). Most
importantly, signals of the galactose units ardl gtiesent. These experiments
emphasize a major advantage over recently repegtstéms in which the alkyne
functionality was introduced via ester bonds (euging glutamic acid) and are

potentially prone to hydrolysis under these condst®>!

s2-s6 h+j
9

Figure 2.15: 'H-NMR spectrum of crude polymer obtained after lykrester
hydrolysis of glycosylated polyfbenzyl-L-glutamateeo-DL-propargylglycine)
(20) in D,O.
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Finally, the ability of the synthesized glycopeps8d to interact with biological
systems was assessed. Carbohydrates play a m&oinrbiological recognition
events mediated by specific carbohydrate-lectireradtion. While the exact
mechanism of this interaction is still unknown, mpatudies show that it is highly
specific and non-covalent. The vitro evaluation of this specific binding event is
thus a first test for the ability of a synthetiggdpolymer to interact with biological
systems, for example for the development of druligyels, tissue engineering or
other biomedical materiaf§. Typically, these tests are conducted by mixing the
glycopolymer with a lectin that is selective foretlsugar conjugated to the
polymer®®4° A positive result is obtained by the appearanca pfecipitation due
to the aggregation of lectins measured as a redtraedparency of the solution.
Since single sugar units only bind weakly to thetifereceptors, only multivalent
binding will lead to lectin clustering and precatibn. Ricinus Communis
Agglutinin (RCAs»0) is a known specific lectin for the selective bimgli of
galactosyl residues. We therefore systematicallyestigated the change in
absorbance of solutions of glycopeptidewith RCA;»0 at 450 nm. Upon addition
of the glycopeptide in buffer solution to the lecin immediate precipitation was
visible (inset Figure 2.16). Further inspection Bgure 2.16 shows that the
absorbance (i.e. turbidity) is higher for highemcentrations of glycopeptides.
Moreover, at a glycopeptides concentration of 2migthe precipitation is so rapid
that no change of absorbance was measured over Aitree concentration of 0.1
mg/mL the absorbance increases within the first if. mof the experiment and
reaches a plateau. As a control experiment, PBSerbufolution without
glycopeptide was added to R@A Only a slight increase in absorbance was
detected, however, significantly lower than for thgamples containing
glycopeptides. When the same reaction was caruédvith Concanavalin Alectin
(Con A), which is selective for glucosyl and manyldsut unable to bind galactosyl
residues, no significant precipitation was monitoreThe slight increase in
absorbance monitored for Con A is in the rangehef thange detected for the
control. These experiments confirm that the glypbiges synthesized by the click
reaction of azido galactose to poly(DL-propargybtghe) are active in

biorecognition. The lectin binding is selective addpending on the concentration,

68



Chapter 2 Hydrolytically stable bioactive synthetic glycopeptide by combination of NCA polymerisation and click reaction

instantaneous. In particular, no adverse effecthef triazole ring on the lectin

binding was observed.
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Figure 2.16: Absorbance (450 nm) of glycopeptidésolution upon reaction with
two different lectins in PBS buffer: () lectin RCA2q glycopeptide concentration 2
mg/mL; ( ) lectin RCAo glycopeptide concentration 0.1 mg/mL; )( lectin
RCA120, PBS buffer without glycopeptide; () lectin Con A, glycopeptide
concentration 2 mg/mL. The inset shows the glycogesolution at 2 mg/mL with
(A) RCA20and (B) Con A present.
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2.4 Conclusions

We have shown that synthetic glycopeptides canebéily obtained by Huisgen
[3+2] cycloaddition of azide functional galactose alkyne-functional homo and
copolypeptides. The fast and selective biorecogmitvas demonstrated by lectin
clustering experiments. The fact that no labiled@ras used to link the akyne to
the amino acid allows applying common amino acidrdiction chemistry on the
glycopeptides as was shown fotbenzyl-L-glutamate copolymer. The isosteric
linkage thus improves the chemical and potentiatigtabolic stability while

retaining biological activity. This presents a magolvantage for the application of
this approach for the synthesis of more complexypeptides for a variety of

structurally diverse biomimetic analogues.

70



Chapter 2 Hydrolytically stable bioactive synthetic glycopeptide by combination of NCA polymerisation and click reaction

2.5 References

! Gamblin, D. P.; Scanlan, E. M.; Davis, B.Ghem. Rev2009 1, 131.

2 Spain, S. G.; Gibson, M. I.; Cameron, N.JRPolym. Sci. A; Polym. Che2007,
11,2059.

% Ladmiral, V.; Melia, E.; Haddleton, D. NEur. Polym. J2004 3,431.

* Ting, S.R.S.; Min, E. H.; Escale, P.; Save, M.jldi, L.; Stenzel, M. H.
Macromolecule®009 42, 9422.

® Albertin, L.; Cameron, N. Rlacromolecule2007, 40, 6082.

® Chen, G. J.; Tao L.; Mantovani, G.; Geng, J.; Nyst D.; Haddleton, D. M.
Macromolecule®007 40, 7513.

’ Deng, Z. C.; Ahmed, M.; Narain, B. Polym. Sci A: Polym. Che2009 47, 614.
8 Ladmiral, V.; Mantovani, G.; Clarkson, G. J.; Ca®; Irwin, J. L.; Haddleton, D.
M. J. Am. Chem. So2006 14,4823.

® Klok, H.-A. Macromolecule®009 42, 7990.

19 Kricheldorf, H. R.Angew. Chem. Int. EQ00G 45, 572.

" Hadijichristidis, N.; latrou, H.; Pitskalis, M.; Ballariou, G.Chem. Re\2009 109,
5528.

12 Deming, T. JAdv. Polym. Sc006 202, 1.

13 Schlaad, HAdv. Polym. Sc006 202, 53.

1 Lu, H.; Cheng, JJ. Am. Chem. So2007, 129, 14114,

15 Klok, H.-A.; Lecommandoux, $\dv. Polym. Sc2006 202, 75.

18 Aoi, K.; Tsutsumiuchi, K.; Okada, Mlacromoleculed994 3, 875.

7 Gibson, M. I.; Hunt, G. J.; Cameron, N.®rg. Biomol. Chem2007, 17,2756.
18\Wu, P.; Feldman, A. K.; Nugent, A. K.; Hawker, ;. Scheel, A.; Voit, B.; Pyun,
J.; Frechet, J. M.; Sharpless, K. B.; Fokin, V.Ahgew. Chem., Int. EQ004 43,
3928.

9 Malkoch, M.; Schleicher, K.; Drockenmuller, E.; wWeer, C. J.; Russell, T. P.;
Peng Wu; Fokin, V. VMacromolecules2005 38, 3663.

2O van Kasteren, S. I.; Kramer, H. B.; Jensen, H.Gampbell, S. J.; Kirkpatrick, J.;
Oldham, N. J.; Anthony, D. C.; and Davis, B.Nature2007, 446, 1105.

71



Chapter 2 Hydrolytically stable bioactive synthetic glycopeptide by combination of NCA polymerisation and click reaction

?LLin, H.; Walsh, C. TJ. Am. Chem. So2004 126, 13998.

22\Wan, Q., Chen, J., Chen, G., and Danishefsky, 3.Grg. Chem2006 71, 8244.
23 Agut, W.; Taton, D.; Lecommandoux Macromoleculef007, 40, 5653.

4 Schatz, C. ; Louguet, S.; Le Meins, J. F. ; Lecandoux, SAngew. Chem. Int.
Ed.2009 48, 2572.

2> Upadhyay, K. K.; Meins, J. F.; Misra, A.; Voisi,; Bouchaud, V. Ibarboure, E.;
Schatz, C.; Lecommandoux, Biomacromoleculef009 10, 2802.

26 Upadhyay, K. K.; Bhatt, A. N.; Mishra, A. K.; Dwatanath, B. S; Jain, S.; Schatz,
C.; Le Meins, J. F.; Farooque, A.; Chandraiah, @Gin, A. K.; Misra, A,
Lecommandoux, Biomaterials 201Q 31, 2882.

2" Habraken, G. J. M.; Koning, C. E.; Heuts, J. P. Heise, A.Chem. Commun.
2009 24,3612-3614.

?8Sun, J.; Schlaad, Wacromoleculeg01Q 43, 4445,

29 Engler, A. C., Hyung-il Lee, Hammond, P. Angew. Chem. Int. E009 48,
9334.

30 Chunsheng Xiao, Changwen Zhao, Pan He, Zhaohuj, Ténesi Chen, Xiabin
JingMacromol. Rapid Commu201Q 31, 991.

31 Tang, H. Y.; Zhang, D. HBiomacromolecule201Q

32 Kuijpers, B. H. M.; Groothuys, S.; Keereweer, A; Ruaedflieg, P. J. L. M.;
Blaauw, R. H.; van Delft, F. L.; and Rutjes, FJPT.Org. Lett.2004 6, 3123.

% Habraken, G. J. M.; Koning, C. E.; Heise, A.Polym. Sci. A; Polym. Chem.
2009 47, 6883.

34 Maier, M. A.; Yannopoulos, C. G.; Mohamed, N.; &ud, A.; Fritz, H.; Mohan,
V, Just, G.; Manoharan, NBioconjugate Chen2003 14, 18.

% Hayes, W.; Osborn, H. M. I.; Osborne, S. D.; RisR A.; Romagnoli, B.
Tetrahedror2003 59, 7983.

% Tian, Z.; Wang, M.; Zhang A. Y.; Feng, Z. Bolymer2008 49, 446.

37 Liang, Y. Z.; Li, Z. C.; Li, F. CJ. Colloid Interface Sc00Q 224, 84.

% Habraken, G. J. M.; Peeters, M.; Dietz, C. H. J.Koning, C. E.; Heise, A.
Polym. Chem201Q 1, 514.

39 schlogl, K.; Pelousek, Hionatsh. Chenl96Q 91, 227.

72



Chapter 2 Hydrolytically stable bioactive synthetic glycopeptide by combination of NCA polymerisation and click reaction

0 Guinn, R. M.; Margot, A. O.; Taylor, J. R.; Schuzhar, M.; Clark, D. S.; Blanch,
H. W. Biopolymersl995 35, 503.

“! Henkel, B.; Bayer, EJ. Peptide Scil998 4, 461.

2 Akaike, T.; Inoue, S.; Itoh, KBiopolymersl1976 15, 1863.

*3 Wwillemse, R. X. E.; Staal, B. B. P.; Donkers, E. B.; Herk, A. M.
Macromolecule®004 15, 5717.

* Huijser, S. InSynthesis and characterization of biodegradableygsters:
polymerisation mechanisms and polymer microstresuevealed by MALDI-ToF-
MS.2009. thesis Eindhoven: Technische Universiteit.

** Willemse, R.X.E., Herk A.MJ. Am. Chem. So2006 128 4471.

*®Mcclure, W. O.; Edelman, G. NBiochem1966 5, 1908.

“"Liang, Y. Z.; Li, Z. C.; Li, F. M.J. Colloid Interface Sci200Q 1, 84.

8 Ambrosi, M.; Cameron, N. R.; Davis, B.Grg. Biomol. Chen2005 3, 1593.
*9Park, J.; Rader, L. H.; Thomas, G. B.; Danoff JE.English, D. S.; D., FSoft
Matter 2008 4, 1916.

73



Chapter 3 Biologically active polymersomes from amphiphilic glycopeptides

Chapter 3

Biologically active polymersomes from amphiphilic
glycopeptides

Abstract

Polypeptide block copolymers with different bloadngth ratios were obtained by
sequential ring opening polymerisation of benzyutamate (BLG) and

propargyl-glycine (PG) N-carboxyanhydrides (NCA).ly€sylation of the

poly(propargylglycine) block was obtained by Huisgeycloaddition click reaction
using azide functional galactose. All copolymersraveelf-assembled using the
nanoprecipitation method to obtain spherical andmvibke micelles as well as
polymersomes, depending on the block length ratid &he nanoprecipitation
conditions. These structures display bioactive @ake units in the polymersome

shell as proven by selective lectin binding experits.

This chapter was published in
Huang, J.; Bonduelle, C.; Thévenot, J.; Lecommandou X, S.; Heise, A. J.
Am. Chem. Soc. 2012, 134, 119.

The "Self-assembly” work of this chapter was done in collaboration with Prof.
Sébastien Lecommandoux in Université de Bordeaux.
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3.1 Introduction

The targeted delivery of highly specific next gextiem drugs such as biopharma
therapeutics (peptides, proteins and nucleic ac&tplires the development of new
smart drug delivery systemsln this respect, carriers resulting from the self-
assembly of amphiphilic block copolymers offer adeviscope of possibiliti€s.
Important factors that determine the morphologyamt&td from these molecules are
the block length ratio of the hydrophilic and hyginobic block as well as the
processing conditior’s.Accordingly, morphologies can range from spherital
worm-like micelles and vesicldswWhile micelles are the most intensively studied
and worm-like micelles have recently shown verynpsing long-term blood
circulation, their use being mainly limited to theading of hydrophobic drugs
Polymersomes, on the other hand, are ideally sgib@thiners as they combine the
ability to carry a high payload of both hydrophokind hydrophilic drug$.For
targeted drug delivery, polymersomes should displalpgical recognition units on
the surface for specific interactions with cellsor Fthe latter, glycans, i.e.
carbohydrates, are ideal candidates as they plappaortant role in cell interaction
and recognitiof}® Three different approaches have been exploredasdof the
synthesis of glycopolymeric vesicles: (1) conjugatiof glycans to preformed
polymersome®, (2) formation of polymersomes from end-functiéned synthetic
block copolymers and (3) formation of polymersomes from polymerspdsing
biomolecules-containing hydrophilic blocks. The last approach favors the
formation of polymersomes with a highly functiozad inner and outer surface.
This allows biomolecules to be located in deepgers, resulting in enhanced
interaction with the biological target compared émd-functionalized block
copolymers approaches.

Alternative to purely synthetic polymers, polypeetibbased copolymers show
considerable promise as building blocks for polyoeres. Besides their
biodegradability, the supramolecular organizatibmpeptides offers an opportunity
to produce hierarchical structures and can alsouged to promote specific

“bioactivity”.*® For example, it has been highlighted that thecheionformation of
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a hydrophobic peptide segment such as pdbghzyl-L-glutamate) (PBLG) is an
efficient way to form and stabilize vesiclsBlock copolymers combining a
polypeptide and an oligosaccharide block have presly been used to prepare
glycoprotein biomimetic polymersom&s.This promising approach allowed the
preparation, by chemical coupling, of dextta®BLG and hyaluronab-PBLG. In
aqueous solution, these simple glycoprotein ana&sguself-assemble in
glycopeptidic polymersomes (glycopeptosomes) withucsure and properties
similar to viral capsids. However, this approacin@ cost-effective and requires
well-defined oligosaccharides.

We therefore disclose the efficient synthesis ofehcamphiphilic glycopeptide
block copolymers and their formulation into lecbmding polymersomes. In this
design, carbohydrates are introduced on the sidmglof the hydrophilic segment
that fulfill a dual function by promoting self-assbly and specific binding. The
synthetic protocol, using controlled polypeptidatiesis and post-glycosylation, as
well as the self-assembly protocol permit extensiwetrol over the morphology of
the structures formed. Composed entirely of amigcidsaand natural carbohydrates
our approach omits the use of synthetic polymerd, @fers a fully biocompatible

system.

3.2 Experimental section

Materials

All chemicals were purchased from Sigma-Aldrich amkd as received unless
otherwise noted.-Benzyl-L-glutamate and DL-propargylglycine weregplied by
Bachem. Anhydrous DMF, DMSO, ethyl acetate, THFthaeol were used directly
from the bottle under an inert and dry atmosphRreinus communigcastor bean)
Agglutinin RCA20 (10 mg/mL in buffered aqueous solution) and Coagatin A
(Con A, Type 1V, lyophilized powder) from Canavaéasiformis (Jack bean) were

purchased from Aldrich and used as received.
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Methods

'H and**C NMR spectra were recorded at room temperaturie avBBruker Avance
400 (400 MHz) and a Bruker Avance Ultrashield 6600 MHz). DMSO-§, CDCl,
Acetone-§ and DO were used as solvents and signals were refasrégtsignal of
residual protonated solvent signals. TMS was usedara internal standard for
DMSO-d® and CDC}. ATR-FTIR spectra were collected on a Perkin Elmer
Spectrum 100 in the spectral region of 650-4000" @nd were obtained from 4
scans with a resolution of 2 €mA background measurement was taken before the
sample was loaded onto the ATR unit for measuresn&®BC analysis using HFIP
(Biosolve, AR from supplier or redistilled) as ehiewas carried out using a
Shimadzu LC-10AD pump (flow rate 0.8 mL/min) and VMATERS 2414
differential refractive index detector (at 35 °Calibrated with poly(methyl
methacrylate) (range 1000 to 2000000 g/mol). Tw& PEG-lin-XL (7 um, 8*300
mm) columns at 40°C were used. Injections were diyna Spark Holland MIDAS
injector using a 50 pL injection volumBefore SEC analysis was performed, the
samples were filtered through a 0.&x PTFE filter (13 mm, PP housing, Alltech).
Theturbidity assay of the lectin with different contetions of glycopeptides was
monitoredat 450 nm in Varian Cary 50 by UV quartz cuve@®@b data were
collected on a Jasco J-810 CD spectrometer (JapactrBscopic Corporation) with
a path length of 0.1 cm and a band width of 1 nhre& scans were conducted and
averaged between 185 nm and 250 nm at a scanrtim@f@0 nm miit with a
resolution of 0.2 nm. The data were processed Hpgracting the DI water as
background and smoothing with Means-Movement methitid a convolution of 5.
Transmission Electron Microscopy (TEM) images weeeorded on a Hitachi
H7650 microscope working at 80 kV equipped withARTAN Orius 11 Megapixel
camera. Samples were prepared by spraying a lofjitian of the block copolymer
onto a copper grid (200 mesh coated with carbomgus homemade spray tool and
negatively stained with 1% uranyl acetate. Dynalright Scattering (DLS) and
Static Light Scattering (SLS) was used to obtam déwerage size of the particles
right after dialysis by using a Malvern ZetaSizeandZS instrument with 90°
backscattering measurements at 25 °C. To deterraisies of gyration (B) and

hydrodynamic radius (f, multiangle light-scattering analysis was achdewéth
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an ALV laser goniometer, with a 22 mW linearly patad laser (632.8 nm HeNe)
and an ALV-5000/EPP multiple tau digital correla(@25 ns initial sampling time).
All the measurements were performed at a conswmpérature of 25 °C. The
accessible scattering angles range from 40 to IA®2.solutions were placed in 10
mm diameter glass cells. Data were acquired witN &brrelator control software,
and the counting time was fixed for each sampl@0as. The hydrodynamic radius
was calculated from the diffusion coefficient usthg Stokes-Einstein relation and
the gyration radius was calculated from a guiniet.pAtomic Force Microscopy
(AFM) images were recorded in air with a Nanosctpenicroscope operating in
dry Tapping mode. The probes were commercially labba silicon tips with a
spring constant of 42 N/m, a resonance frequen@8b6fkHz and a typical radius of
curvature in the 10-12 nm range. Freshly cleaverhmias used as sample substrate

materials.

Synthesis of -benzyl-L-glutamate NCA. -Pinene (31.29 g, 229.68 mmol) and
benzyl-L-glutamate (15.0 g, 63.3 mmol) were disedlin 120 mL anhydrous ethyl
acetate in a three-neck round-bottomed flask. Tixtune was stirred and heated to
reflux. Then a solution of triphosgene (10.34 g,83thmol) in anhydrous ethyl
acetate (60 mL) was added drop-wise. Two-thirchefgolution was added within 1
h, and the reaction was left at reflux for anotheur. Then, the rest of the
triphosgene solution was added untl thebenzyl-L-glutamate completely
disappeared. Subsequently, around 90 mL of theesblwas removed under
pressure and 180 mL n-heptane was added slowlyetpitate NCA. The mixture
was allowed to cool down to room temperature anehtplaced in a freezer
overnight. After filtration, the solid was recryltad by ethyl acetate and n-heptane
twice, and then washed with n-heptane. The NCA measvered as white crystal
after being dried under vacuum. Mp 94 °C, Yield:61§ (83%)H-NMR (400MHz,
CDCl;, , ppm): 2.13 (m, 2H, ChH), 2.59 (t, 2H, CH, J=7.09 Hz), 4.37 (t, 1H, CH
J=6.56 Hz), 5.13 (s, 2H, GB), 6.75 (s, 1H, Ni 7.35 (m, 5H, ArH)*C-NMR
(400MHz, CDC}, , ppm): 26.98 (CH,CH), 29.87 (®,CO), 57.01 (®), 67.22
(CH,0), 128.48 (ArH), 128.71 (ArH), 128.83 (ArH), 13B.3(ArH), 152.10
(NHC(0)0), 169.53 (CHCO(0)), 172.51 (CH(D)O).
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Synthesis of DL-propargylglycine NCADL-propargylglycine (2.5 g, 22.1 mmol)
and -pinene (14.88 g, 109 mmol) were dissolved in 60 ambydrous THF in a
three-neck round-bottom flask. The reaction mixtwas heated to 50 °C under
nitrogen and then triphosgene (4.92 g, 16.6 mnmoBd mL THF was added drop-
wise over a period of 1 hour. The reaction was inoed for 4 hours until the
mixture became gradually clear. The mixture wasceatrated under reduced
pressure and the NCA precipitated by addition d frfl. n-heptane. The mixture
was then placed in a freezer overnight. After diibn, the crude product was
dissolved in dry THF, and re-crystallized twice hgdition of n-heptane. The
obtained solid was washed with n-heptane, yieldihge crystals in 75% yieldH-
NMR (400 MHz, Acetonedy , ppm): 2.62 (t, J = 2.5 Hz, 1HCH), 2.86 (dd, J =
4.5 and 2.5 Hz, 2H, -CHC ), 4.75 (t, J = 4.5 Hz, 1H, CH), 8.05 (s, 1H, NE;-
NMR (400 MHz, Acetone-y , ppm): 22.26 €H,-C ), 57.30 (®), 73.64 (CH),
78.23 (-C CH), 152.71 (-O(©)NH-), 170.62 (-O(©)CH). FTIR (neat, ci): 3363,
3247, 1854, 1771, 1286, 1195, 1111, 1089, 934, B®3, 756, 723, 698, 668. Mp:
114 °C.

Typical synthesis procedure of poly( -benzyl-L-glutamate—b—-DL-
propargylglycine) The NCA monomer of-benzyl-L-glutamat€1.01 g, 3.82 mmol)
was dissolved in 9 mL DMF in a Schlenk tul#esolution of benzylamine (20.44
mg, 0.191 mmol) in 2 mL dry DMF was added after N@As dissolved. The
reaction was left to stir in a cold water bath of® for 4 days under an inert
atmosphere. After BLG-NCA had been completely caomsidi as monitored by FTIR
and NMR, and the PBLG macroinitiator was added tosadution of DL-
propargylglycine NCA (267 mg, 1.9 mmol) in DMSO raiom temperature. The
reaction mixture was left to stir for another fidays. The reaction mixture was
precipitated into an excess diethylether, filtegedl dried under vacuum as off-
white solid (Yield 80%).

Synthesis of 1-Azido-1-deoxy-D-galactopyranoside (1-azido-galactose).To a
solution of 1--Bromo-2,3,4,6-tetraacetyl-D-galactose (5.69 g818mol) in 57 mL
CH)CI, at room temperature was added MNaN4.5 g, 69.1 mmol),
tetrabutylammonium hydrogen sulfate (4.7 g, 13.8atyrand 57 mL of a saturated

solution of NaHCQ@. The reaction mixture was stirred vigorously atmo
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temperature for 4 hours and then diluted with 500 ethyl acetate. The organic
layer was washed with 200 mL of a saturated satutibNaHCQ and evaporated
under reduced pressure. 4Azido-2,3,4,6-tetraacetyl-D-galactose was obtaiag@
pale yellow solid. Recrystallization from methag@lded as white crystals (4.10 g,
Yield 80%). Mp 94-96 °CH-NMR (400 MHz, CDC}, , ppm): 1.99, 2.07, 2.10,
2.18 (4s,12H, 4 x C4CO), 4.00-4.03 (m,1H, H-6a’), 4.13-4.21 (m,2H, Huad H-
6b’), 4.61 (d, 1H, H-1), 5.06 (dd, 1H, H-3), 5.1dd( 1H, H-2), 5.42 (dd, 1H, H-4).
¥C-NMR (400 MHz, CDGJ, , ppm): 20.44, 20.53, 20.57, 20.58H§0), 61.20
(C-6), 66.84 (C-4), 68.00 (C-3), 70.63 (C-5), 72(&2), 88.15 (C-1), 169.31,
169.90, 170.06, 170.29 (GEO).

1- -Azido-2,3,4,6-tetraacetyl-D-galactose (373 mg, rhat) was dissolved in 5 mL
anhydrous methanol in a Schlenk tube. To this smiua catalytic amount of
anhydrous potassium carbonate (6 mg, 0.04 mmol) adaked and the reaction
mixture was vigorously stirred at room temperatumder a nitrogen atmosphere for
3 hours. Amberlite IR-120 ion-exchange resin washed with methanol and then
added to and stirred with the reaction mixtureXfdrour. The resin was then filtered
off under gravity and the resulting solution wasi@entrated to dryness in vacuum
to yield a white powder (184 mg, Yield 90%). Mp 180. *H-NMR (400 MHz,
D.0O, , ppm): 3.49(dd,24=8.7Hz, J.3= 9.8Hz, 1H, H-2), 3.66 (ddzd= 9.8Hz, 44

= 3.3Hz, 1H, H-3), 3.72-3.78 (m, 3H, H-5, H-6a’,88), 3.94 (d, J3= 3.3Hz, 1H,
H-4), 4.64 (d, 4,=8.7Hz, 1H, H-1)*C-NMR (400 MHz, RO, , ppm): 63.44 (C-
6), 71.00 (C-4), 72.81 (C-3), 75.13 (C-5), 79.762)-93.05 (C-1).

Typical glycosylation procedure of poly -penzyl-L-glutamate—b—DL-
propargylglycine). Poly( -benzyl-L-glutamateb—DL-propargylglycine) (400 mg,
ca. 0.735 mmol of alkyne units), 1-Azido-1-deoxyp-galactopyranoside (226 mg,
1.102 mmol, 1.5 equiv. to alkyne groups) and tgitimine (51 L, 0.367 mmol, 0.5
equiv) were dissolved in 8 mL of anhydrous DMSOtl®e Schlenk tube. The
mixture was stirred and degassed by bubbling reindigr 30 min. (PP)sCuBr (68
mg, 0.0735 mmol, 0.1 equiv.) was then added amdgeh was bubbled through the
resulting solution for another 30 min. The Schléue was placed in an oil bath at
30 °C for 72 h under nitrogen atmosphere. lon exgbaesin (150 mg) was added,

and the suspension gently stirred at ambient temtyp@r overnight. After filtration
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and centrifugation, the polymer solution precigthtin a 2:1 THF/diethyl ether
mixture and was washed by THF twice. The polymers wseparated by
centrifugation and dialyzed against distilled wdiar 3 days, then lyophilized as
off-white polymer (Yield 60%)*H-NMR and**C-NMR spectra are shown Figure
3.2and 3.3
Carbohydrate-lectin binding experimentslhe lectin recognition activity of the
glycopeptide solution was analyzed by the changbefurbidity at 450 nm at room
temperature. 2 mg/mL of RGA lectin was prepared in DI water. 60Q lectin
solution were transferred into a cuvette and allveseneasured. A solution of 60
L glycopeptide with different concentrations in Bater was added into the
cuvette containing the lectin solution. The solutio the cuvette was gently mixed
using a pipette and immediately the absorbancé@trdn was recorded every 10
min. As a control lectin Con A was used under tiae experimental conditions.
Nanoprecipitation.Method 1 0.5 mL of block copolymer solution in DMSO (10
mg/mL, filtered with 0.22 m polypropylene membrane) was placed into a glass
vial and 4.5 mL of ultrapure water was added insta@ously (1 s) under magnetic
stirring (500 rpm). The mixture was dialyzed 24 @miast water (Spectra/Por
MWCO 50 kDa membrane) to remove DMSO.
Method 2 0.5 mL of block copolymer solution in DMSO (10 fngd., filtered with
0.22 m polypropylene membrane) was added instantane@usyinto a glass vial
containing 4.5 mL of ultrapure water under magneicring (500 rpm). The
mixture was dialyzed 24 h against water (Spectr@/FMWCO 50 kDa membrane)
to remove DMSO.
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Scheme 3.1: Synthesis dPBLG-b-PGG) glycopeptides block copolymers. (a)
DMF, benzylamine, 0 °C; (b) DMSO, r.t.; (c) Cu(PPh)3Br, EtsN, DMSO, 30 °C.

3.3 Results and Discussion

We propose PBLG-poly(galactosylated propargylglycine) (PBUEPGG)
copolymers as candidates to prepare glycopeptidgickes with lectine binding
galactose presented at the polymersome surfaceerf®ci3.1). The preparation of
the block copolymer is based on our previously regabsynthesis of glycopeptides
by Huisgens click reaction of azide-functionalizedgalactose to
poly(propargylglycine}® The latter can easily be obtained by ring-opening
polymerisation of the N-carboxyanhydride (NCA) ofopargylglycine (PG).
Building on this synthetic strategy, amphiphiliotk copolymers were obtained by
sequential  polymerisation of -benzyl-L-glutamate (BLG) NCA and
propargylglycine (PG) NCA, and subsequent glycdsyma by click reaction
(Scheme 3.1). Due to the better solubility of thBL8 block, BLG-NCA

82



Chapter 3 Biologically active polymersomes from amphiphilic glycopeptides

polymerisation was carried out first in DMF at 0 ftiCorder to prevent end-group
termination’’ After 4 days, BLG-NCA had been completely consumes
monitored by FTIR and NMR, and the PBLG macroiniravas added to PG-NCA
in DMSO at room temperature for chain extensithile the ratio of initiator to
BLG-NCA was kept constant at 1:20, the ratio of RGA to BLG-NCA was
successively increased from 5:20 to 40:20 to ohbaalibbrary of block copolymers
with increasing ratios of hydrophilic (glycosylajed hydrophobic blocks.
Analysis of the block copolymers by size exclusibmomatography (SEC) artéi-
NMR spectroscopy confirmed a low polydispersityardPDI) of ~ 1.1 and good
agreement of the polymer composition with the moaofeed ratio. As shown in
Figure 3.1, FTIR spectra of block copolymers digpthamide bands typical of both
-helical (1651 and 1544 ¢thand -sheet conformations (1630 and 1513%nAs
the latter band became more pronounced with incrgadain length of PG, these

were assigned to thesheet conformation of this block.

amide | amide Il

/ 1630cm*

PBLG, -b-PPG,

1~ 1 - T 1T ~ 1T "~ 1T "~ 17 " 1
1800 1750 1700 1650 1600 1550 1500 1450 1400

transmission

wavelength (cm™)

Figure 3.1: FTIR spectra of different block copolymers befghgcosylation.
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Table 3.1: Glycosylated peptide block copolymers (BLGbenzyl-L-glutamate,
PG: propargylglycine, PGG: glycosylated poly(prapdglycine)).

Block M, ° Mp,° PDI ° Hydrophilic
Copolymer? before after after weight ratio

glycosylation glycosylation glycosylation

(g/mol) (g/mol)
PBLGyo-b-PGG 5800 9200 1.10 25%
PBLGy-b-PGG 7400 9700 1.07 38%
PBLGy-b-PGGs 7800 11200 1.08 55%
PBLGy-b-PGGs 8200 11500 1.17 63%
PBLG-b-PGG; 9300 16200 1.17 68%

2 Calculated fronTH NMR using the integrated peak ratios of PBLG & @pm (-
O-CH,-CgHs) and the combined PPG/PBLG backbone @gnals at 3.8-4.6 ppm (-
CH-CO-) while using the PBLG aromatic signal at 7p8rpas an internal standard.
® Determined by SEC in HFIP with PMMA standards.

Glycosylation of the block copolymers was subsetjyetarried out with azide-
functionalized galactose via Huisgens cycloadditatick reaction (Scheme 3.1).
The success of the click reaction and presencealattpse in the block copolymers
were monitored by SECH and**C NMR (Figure 3.2 and Figure 3.3), as well as
FTIR spectroscopy (Figure 3.4). The addition obgtdse to the PG block coincides
with a significant increase of the molecular weightall block copolymers (Table
3.1). Moreover, the complete disappearance of a&lpegaks at 73 ppm and 80 ppm
in the *C NMR spectra of the block copolymers suggests alyeuantitative

glycosylation of the materials.
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Figure 3.2: 'H-NMR spectra of poly(-benzyl-L-glutamateb—DL-propargylglycine)
(PBLG,o-b-PG;s) before (bottom) and after glycosylation (top PMSO-cP.
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Figure 3.4: FTIR spectra of different block copolymers aftgregsylation.

Interestingly, the (solid state) conformation abdk copolymers after glycosylation
is different from that of the polymers before glggtation (Figure 3.4). Amide | and
Il bands can be found at 1656 ¢mnd 1544 cil, respectively, in the FTIR spectra.
These positions are indicative of arhelical conformation imposed by the PBLG
block. The presence of the bulky galactose moietiegugated to the side chains of
the PGG block appears to prevent the formationstieets.

All block copolymers were self-assembled using tfamoprecipitation method,
which consists of adding a non-solvent [here deieai (DI) water] for the
hydrophobic segment to a copolymer solution (10mtg/in a common solvent for
both blocks (here DMSO). During this process, DM&@ckly diffuses into the
water phase, leading to the aggregation of thedpjuybic chains and driving the
self-assembly process of the amphiphilic block d¢gmpers. The obtained
morphology was generally predetermined by the nubdeccomposition, but the
system could be kinetically trapped when the kosetf solvent diffusion is faster
than the kinetic of the self-assembly, leading tetastable morphologies. The
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material morphology can also be controlled by tihdeo of addition (DMSO in
water or water in DMSO) and the addition sp&&d.

Dynamic light scattering (DLS) analysis was perfedrafter removal of DMSO by
dialysis, except for samples with hydrophilic weightios of 25 and 38%, which
underwent macroscopic aggregation. The three cthmples (Table 3.1), appeared
perfectly limpid (no macroscopic aggregation) affealysis. Transmission electron
microscopy (TEM) imaging was used to prabe morphology directly after self-
assembly. As shown in Figure 3.5 (a-c), mixturesspherical and worm-like
structures were observed irrespective of the hydhopveight ratio. Changing the
addition speed from a few seconds to 2 hours artdmicopolymer concentration
from 0.1 to 10 g/L did not significantly modify theano-assemblies. In marked
contrast, changing the order of addition (DMSO atav instead of water in DMSO)
promoted the formation of spherical structures authworm-like assemblies. Small
polymersomes with an average diameter of < 100 rerewlearly evidenced by
TEM imaging for hydrophilic weight ratios of 55 aBe8% (Figure 3.5 d and e). For
PBLGo-b-PGGs, (Figure 3.5 f), a mixture of spherical micellesdaresicles was
observed, indicating the upper hydrophilic weightia limit for polymersomes
formation with these diblock copolymers. It is wotaking into consideration that
in both cases (water in DMSO or DMSO in water), tieserved morphologies
certainly resulted from the kinetic trapping indddey the rigidity of the PBLG

segment.
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Figure 3.5: TEM images of samples obtained by instantanecadting water in
DMSO (a) PBLGyb-PGGg (b) PBLGyb-PGGs, () PBLGyb-PGGy, by

instantaneously adding DMSO in water (d) PBEB-PGGg, (€) PBLGyb-PGGs5,

(f) PBLG,-b-PGGey.
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Figure 3.6: Circular dichroism (CD) spectra of glycosylatedd® copolymers after

self-assembly in water (0.25 mg/mL).

Moreover, the PBLG segment adopting a rigitlelical conformation as membrane
layers of the polymersomes was also confirmed bys@é&xtra of block copolymers
after the self-assembly in water (Figure 3.6). &#int from the conformation of
glycosylated block copolymers in solid state whigltharacteristic of an-helical
conformation, the self-assemblies of the glycoggablock copolymer in aqueous
solution only gave a weak-sheet conformation with increasing chain length of
glycopeptide blocks. And the weaksheet conformation might be attributed to inter
or intra-molecular hydrogen bondings from glycossta poly(propargylglycine)

domains.
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Figure 3.7: Evidence of the aggregation of vesicles made fRBLG,-b-PGGs.
TEM (a) and AFM (b) images showing the coexistenteasolated vesicles and
micrometre size aggregates. (c) Comparison of th& [ntensity distributions
obtained from the cumulant analysis for PBEB-PGGs and PBLGy-b-PGGs.
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Vesicles made of block copolymer PBifh-PGGg were significantly aggregated
in solution, as evidenced from TEM, AFM, and DLSg{ke 3.7).0On the other
hand, vesicles made of copolymer PBLB-PGGs were much more stable,
allowing the determination of the radius of gyratiRs) and the hydrodynamic

radius (Ry) by multiangle LS analysis (Figure 3.8).

5.55 5000
a) I ™ —Rp2 b)
Slope = R.*/3 Slope = Dapp o®
R2=0.987 R2=0.999
- o, Rg=32.47 nm 4000 | R+=32.52 nm 7
55 | kT .
r B. " o
(\.T.'j;r)ﬁ'_'_
= e — 3000 | ¥
(=} : o ry
s w0 .
=545 | 3 i
= o, =
e ] r
e 2000 | >
.6.
F i 4
54 F % o
- ER 1000 | el
z S
_9’.
5 35 1 1 L 1 1 0 "'l L 1 1 1
110" 210" 310" 410" 510" 610" 710" o 110" 210" 310" 410" 510" 610" 710"
2 2
q q

Figure 3.8 Multiangle light scattering analysis of PBk§h-PGGs. (a) Guinier
plot and R, determination; (b) Variation of decay rate vs sqdascattering vector

and Ry determination.

As expected, RRy ratio was found to be close to 1, attesting then&gion of

polymersomes. High magnification TEM imaging of thesicles allowed good
membrane visualization, the thickness being eséth&d 5-10 nm. AFM analysis
evidenced a diameter/height ratio in agreement with hollow structure (Figure
3.9). As a result, by means of a solvent-injectioathod (the nanoprecipitation
method), galactosylated vesicles of small sizesgamudl dispersity were obtained by
using (1) the appropriate block copolypeptides rafjalactose coupling (2) the
appropriate nanoprecipitation process, and in qaer, the correct order of solvent

addition.
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Figure 3.9: Microscopy of galactosylated polymersomes madeBifG,y-b-PGGs.
(a) high magnification TEM imaging; (b) AFM imagin{c) section profile of the
AFM image along the white line in (b).

The bioactivity of the glycopeptide polymersomesrfed from copolymer PBL&-
b-PGGs was assessed by carbohydrate-lectin binding expets. This involved
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the mixing of the glycosylated polymersome solutwath a lectin that specifically
binds the sugar conjugated to the copolymer. I ttase,Ricinus communis
Agglutinin (RCAq20) was chosen since it is highly specific and saledor binding
galactosyl residueS. Upon the addition of different concentrations dfet
glycopeptide polymersomes to the R#solution, instantaneous precipitation was
observed. This signifies that the carbohydrate gsooresent at the surface of the
polymersomes are available to mediate the intenacivith biological target
molecules. In an attempt to quantify the interactioth the RCA»o, the absorbance

spectra of the polymersome/lectin solutions wecenaed.
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Figure 3.10: Absorbance (450 nm) of PBLEb-PGGs polymersomes in the
presence of two different lectins in DI water:)(lectin RCA2o, glycopeptide
concentration 1.0 mg/mL; () lectin RCAq glycopeptide concentration 0.25
mg/mL; ( ) lectin Con A, glycopeptide concentration 1.0 mg/m( )

glycopeptide concentration 1.0 mg/mL, without thleliion of any lectin.

As shown in Figure 3.10, the absorbance is higloeghe greatest concentration of

glycopeptide polymersomes. Furthermore, the lebtimding is so rapid that no
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change of absorbance was measured over time regardf the concentration of
glycosylated block copolymers. The control expenteith Concanavalin A (Con
A), which is selective for mannosyl and glucosylt lmable to bind galactosyl
residues? showed no significant precipitation and changeuobitlity. In addition,
the lectin recognition experiments were also pemtxt using the self-assembled
structures obtained from other glycopeptide blookatymers (Table 3.1). It was
observed in Figure 3.11 that all structures fronffedent glycosylated block
copolymers show biological activity in these tesisr the block copolymers with
longer glycopeptides blocks, the absorbance slighttreased, although it is
uncertain whether this small difference is causgthb chain length of glycopeptide

blocks or the structure of the self-assembly.
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Figure 3.11: Absorbance (450 nm) of glycopeptide block copolssnafter self-
assembly with two different lectins in DI water: )( lectin RCA2, PBLGy-b-
PGG:; 1.0 mg/mL; ( ) lectin RCA20, PBLGyb-PGGs 1.0 mg/mL; () lectin
RCA120, PBLGo-b-PGGg 1.0 mg/mL; ( ) lectin Con A; PBLGyb-PGG, 1.0
mg/mL; ( ) lectin Con A; PBLGyb-PGGs 1.0 mg/mL; () lectin Con A,
PBLG,¢-b-PGG3g 1.0 mg/mL.
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3.4 Conclusions

In summary, we have presented a versatile and efamlute to bioactive
polymersomes fully based on amino acid and carb@itgdouilding blocks. Using
controlled NCA polymerisation and efficient “clickjlycosylation afforded well-

defined amphiphilic galactose containing block dgpeers. Depending on the
block copolymer composition and the self-assembiyqeol, the morphology of the
structures formed could be controlled, ranging fr@gmorm-like) micelles to

polymersomes. These materials hold promise as rmtbdrug carriers for targeted

delivery.
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Chapter 4

Supramolecular hydrogels with reverse thermal
gelation properties from (oligo)tyrosine containing
block copolymers

Abstract

Novel block copolymers comprising poly(ethylene agly (PEG) and an
oligo(tyrosine) block were synthesized in differemompositions by N-
carboxyanhydride (NCA) polymerisation. It was showhat PEG2000-Tyr
undergoes thermoresponsive hydrogelation at a towentration range of 0.25-3.0
wt% within a temperature range of 25 to 50 °C. @amc Transmission Electron
Microscopy (Cryo-TEM) revealed a continuous netwofkfibers throughout the
hydrogel sample even at concentrations as low 25 @t%. Circular Dichroism
(CD) results suggested that better packing of tebeet tyrosine block at increasing
temperature induces the reverse thermogelationreAnpnary assessment of the
potential of the hydrogel for in vitro applicatia@onfirmed the hydrogel is not
cytotoxic, is biodegradable and produced a sudaretease of a small-molecule

drug.

37°C

Part of this chapter was published in
Huang, J.; Hastings, C.; Duffy, G.; Kelly H.; Raebu rn, J.; Adams, J.;
Heise, A. Biomacromolecules 2013, 14, 200.

The application of hydrogel in this chapter was done in collaboration with Dr.
Garry Duffy and Dr. Helena Kelly in Royal College of Surgeons/Ireland.
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4.1 Introduction

Hydrogels are critical materials in biomedical sce. Their high water content and
permeability, allied to structural integrity similgo the extracellular matrix means
that hydrogels are ideal building blocks in regatiee medicine and as therapeutic
delivery systems. Despite the immense progress made in the develupufe
hydrogels, their first clinical applications andetlarge and diverse number of
materials disclosed in the academic and patematues, there is still a high demand
for the development of new hydrogels with matepedperties that better match
application demands. Of particular interest areerse thermo-responsive gels, that
is, solutions, which transform into a gel upon temgure increaseln particular,
thermoresponsive hydrogels are highly amenablédddcalised delivery of small-
molecule drugs and other therapeutic moleculestaltigeir tendency to maintain a
liquid state at room temperature, thereby enablimgminimally invasive
administration via syringing and subsequent abildyrapidly form a robust gel
bolus upon heating to physiological temperaturereghy enforcing drug cohesion
and facilitating sustained release at the intenslezl of action. Such systems can
potentially achieve local efficacy for extendedipés, requiring the administration
of smaller doses, thereby reducing the manifestatiooff-target effects associated
with systemic administration of drugs.

A promising class of materials is that of synthetydrogels obtained by self-
assembly of amphiphilic polypeptidéé&mphiphilic peptides can self-assemble into
the supramolecular hydrogel matrix through non-t&wainteractions such as
hydrogen bonding, electrostatic interactiong;stacking and hydrophobic
interactions’ A prominent example is the peptide amphiphilesothiced by Stupp
consisting of a hydrophobic chain segment attadeed hydrophilic amino acid
sequence’® This design promotes supramolecular self-assenibtp three-
dimensional networks of fibrils in aqueous solufi@tabilized through peptide
interactions at a low concentration. While thisigesconcept is very efficient, the
self-assembly process is highly sensitive to tmgtle and sequence of the amino
acid block and relies on tedious multistep peptide organic synthesfs.
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Utilizing a polymerisation approach would poteniaimplify the synthetic efforts,
however, at the expense of monodispersity and ligepeptide sequence. Synthetic
polypeptides can readily be prepared by the ringprom polymerisation of amino
acid N-carboxyanhydrides (NCA)Recent advances demonstrate the feasibility of
NCA polymerisation for the synthesis of complex ymoér structures capable of
self-assembly, some of which are reported to form hydrogels. Ezample,
Deming employed NCA polymerisations for the synihesf hydrogel forming
diblock copolypeptide amphiphile¥ These materials contain water soluble
polyelectrolyte blocks such as poly(L-lysine) odygb-glutamate) and a-helical
poly(L-leucine) hydrophobic block. The gelation dsiven by the stiff -helical
conformation of the hydrophobic domain and the tetstatic repulsion from the
polyelectrolyte segments. However, hydrogelatios waly achieved when both the
hydrophobic and hydrophilic segments had a sufiityehigh molecular weight.
Jeong reported a series of amphiphilic hybrid blookolymers obtained by ring-
opening polymerisation of alanine or phenylalanN@As!* These materials self-
assemble into nanostructures such as micelles ulecag solutions, and further
transition into hydrogels at high polymer concetmrain the range of 3.0-14 wt%
through intermicellar aggregation when the tempeeaincreases. Very recently,
Chen also reported micelle-assembled thermoseaditpdrogels based on poly(L-
glutamate)s bearing different hydrophobic side psowia NCA polymerisation.
Depending on the nature of the side chains, thenpeis underwent sol-gel
transitions with increasing temperature up to 62at@ high polymer concentration
(typically 9.0 wt%)?

We were interested in investigating if the advaesagf NCA polymerisation for the
synthesis of amphiphilic polypeptides could be medrwith efficient hydrogelation
at low concentration and thermoresponsive behaindhis concept, a single amino
acid must be able to display multiple modes ofraatgon, triggering self-assembly
into the hydrogel matrix through non-covalent iat#ions. We hypothesized that
tyrosine is a promising amino acid candidate. Dtesips polar phenol group in the
side chain, tyrosine residues are relatively hybdatyic when the pH of the solution
is lower than the pKa of the pherfdlin addition to the ability to form stablesheet

assemblies through main chain amide bond drivenyidyogen bonding, it has been

100



Chapter 4 Supramolecular hydrogels with reverse thermal gelation properties from (oligo)tyrosine containing block copolymers

shown that hydrogen bonding from the tyrosine -Qblg contributed favorably to
protein stability'* Because one of the two lone electron pairs isaigrdelocalized
within the aromatic ring, it can act either as logim bonding donor or acceplor.
Baker and Hubbard revealed that Tyr-OH groups fomore hydrogen bonds to
water molecules than intramolecular hydrogen bordisiough, in proteins, the
tyrosine phenolic hydroxyl group generally formsiagle intramolecular hydrogen
bond with a main-chain carbonyl oxygen or a sidgirticarboxyl group?® If desired,
tyrosine can also be enzymatically cross-liftikédr hydrogel stabilizatior®

To explore if the unique features of tyrosine cae btilized to trigger
supramolecular hydrogel formation at a low concdian, we designed a range of
PEG conjugated tyrosine-based amphiphiles by simi@& polymerisation. The
hydrogelation profile is highly sensitive to thelymoer composition and the
materials display rare reverse thermogelation. \terchine the applicability of this
polymer to form an injectable drug delivery vehiged undertake a preliminary
appraisal of the biodegradability and toxicity bktformulation in cultured cells.
The release of a model compound, desferrioxamirfeO(D a small-molecule pro-

angiogenic, from the thermoresponsive gel was imyaed.

4.2 Experimental section

Materials

All chemicals were purchased from Sigma-Aldrich amgbd as received unless
otherwise noted. O-benzyl-L-tyrosine and phenyl@aamwere supplied by Bachem.
Anhydrous DMF, ethyl acetate, THF were used diyettbm the bottle under an

inert and dry atmosphere.

Methods

'H and®*C NMR spectra were recorded at room temperature avBBruker Avance
400 (400 MHz). CECOOD and CDGl were used as solvents, and signals were
referred to the signal of residual protonated sawignals. ATR-FTIR spectra were
collected on a Perkin Elmer Spectrum 100 in thesakregion of 650-4000 cm

and were obtained from 16 scans with a resolutibr2 @m®. A background
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measurement was taken before the sample was loawkedthe ATR unit for
measurements. CD data were collected on a Jast&0 &B spectrometer (Japan
Spectroscopic Corporation) with a pathlength of €1 and a bandwidth of 1 nm.
Three scans were conducted and averaged betweemri8&nd 350 nm at a
scanning rate of 20 nm mirwith a resolution of 0.2 nm. The data were proegss
by subtracting solvent as background. CD tempesadependent measurements
were performed in a Jasco J-815 spectropolarimé¢i@pan Spectroscopic
Corporation) with a PFD-425S/15 Peltier-type terapne controller with a
temperature range from 10 °C to 60 °C and a tenyperaslope of 1 °C/min. The
solution was allowed to equilibrate for 10 minugtseach temperature prior to data
collection. The measurements were done betweemiB8&nd 350 nm in a 0.1 mm
qguartz cell. Dynamic rheological experiments werasured using an Anton Paar
Physica MCR101 rheometer. For the oscillatory sineaasurements, a sandblasted
parallel top plate with a 25 mm diameter and 1.0 gep distance were used.
Evaporation of water from the hydrogel was minindizy covering the sides of the
plate with low viscosity mineral oil. The measuremseof storage modulus (Gand
loss modulus (Gtwith gelation were made as a function of tima dtequency of
1.59 Hz (10 rad/s) and at a constant strain of 2%ha temperature increased from
25 °C to 60 °C by a heating rate of 1.0 °C/minrezjfiency sweep (1-100 Hz) was
performed on the recovered gel at a constant stfa®290. The morphology images
of hydrogel were obtained by using Hitachi S3400BMS instrument. The
preparation of samples for SEM analysis involveatiplg a drop of hydrogel on the
thin carbon-coated film. The hydrogel was subjediedhock-freezing by liquid
nitrogen, followed by lyophilization for 2 hours Wwas then submitted for SEM
scanning after gold-coating for 2 minutes. Cryogdransmission electron
microscopy (Cryo-TEM): Sample preparation was earout using a CryoPlunge 3
unit (Gatan Instruments) employing a double blehteque. 3 L of sample was
pipetted onto a plasma etched (15 s) 400 mesh loaldon grid (Agar Scientific)
held in the plunge chamber at approximately 90% idiyn The samples were
blotted, from both sides for 0.5, 0.8 or 1.0 s delemt on sample viscosity. The
samples were then plunged into liquid ethane atraperature of -170 C. The grids
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were blotted to remove excess ethane then traadfemder liquid nitrogen to the
cryo TEM specimen holder (Gatan 626 cryo holder}1at0 C. Samples were
examined using a Jeol 2100 TEM operated at 200 k® Bnaged using a
GatanUltrascan 4000 camera; images captured usigitpDMicrograph software

(Gatan). High-performance liquid chromatography (Bl for DFO release studies
was performed on an Agilent 1120 Compact LC witPh&nomenex Gemini 5u C18
column, mobile phase acetonitrile: phosphate byfféf6:90% v/v), containing 2.0
M ethylenediaminetetraacetic acid (EDTA), pH adjdsto 6.5 and UV detection at
440 nm.

Synthesis of O-benzyl-L-tyrosine (BLT-NCA) and phgalanine (Phe-NCA). -
Pinene (15 g, 110.3 mmol) and O-benzyl-L-tyrosid®.Q g, 36.9 mmol) were
dissolved in 80 mL anhydrous ethyl acetate in adhreck round-bottomed flask.
The mixture was stirred and heated to reflux witklav flow of nitrogen. Then, a
solution of triphosgene (5.5 g, 18.4 mmol) in anoys ethyl acetate (40 mL) was
added drop-wise. Two-thirds of the solution was eatlavithin 1 hour, and the
reaction was left at reflux for another hour. Thstrof the triphosgene solution was
added until the reaction mixture became clear. &ylsntly, around 60 mL of the
solvent was removed under pressure and 120 mL tahepvas added slowly to
precipitate NCA. After filtration, the solid wasargstallized from ethyl acetate and
n-heptane (1:2) four times until the NCA was regedeas an off-white crystal. (8.2
g, Yield 75%)'H-NMR (400 MHz, CDC}, , ppm): 2.95 (dd, J=14.13, 8.36 Hz, 1H,
-CH-CH,-), 3.21 (dd, J=14.13, 4.10 Hz, 1H, -CH-gH 4.49 (dd, J=4.10, 8.36 Hz,
1H, -NH-CH), 5.04 (s, 2H, -CKHO-), 5.96 (s,1H, -NHCH-), 6.95 (d, J=8.61 Hz,
2H, ArH), 7.10 (d, J=8.61 Hz, 2H, ArH), 7.39(m, 58H). *C-NMR (400 MHz,
CDCls, , ppm): 37.1 (-CH-E@,-), 58.9 (-GH-CH,-), 70.0 (-O-CH,-), 115.6 (Ar),
125.9 (Ar), 127.5 (Ar), 128.1 (Ar), 128.7 (Ar), 120(Ar), 136.6 (Ar), 151.5 (Ar),
158.5 (-O-¢O)-CH-), 168.6 (-QO)-NH-).

The same procedure was applied to the synthesghefylalanine NCA. (5.3 g,
Yield 45%)*H-NMR (400 MHz, CDC}4, , ppm): 2.99 (dd, J=14.16, 8.59 Hz, 1H, -
CH-CH,-), 3.30 (dd, J=14.16, 4.06 Hz, 1H, -CH-£} 4.54 (dd, J=4.06, 8.59 Hz,
1H, -NH-CH"), 6.03 (s,1H, -NHCH-), 7.20 (m, 2H, ArH), 7.35 (m, 5H, ArHy*C-
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NMR (400MHz, CDC}, , ppm): 38.0 (-CH-El,-), 58.9 (-GH-CH,-), 128.2 (Ar),
129.3 (Ar), 129.4 (Ar), 134.0 (Ar), 151.8 (-O{0)-CH-), 168.7 (-QO)-NH).
General Procedure for the synthesis of PEG-b-poly@nzyl-L-tyrosine). O-
benzyl-L-tyrosine NCA (715 mg, 2.4 mmol) was dissal in 30 mL of dry DMF in
a Schlenk tube. A solution ofmethoxy- -amino poly(ethylene glycol)M,=2000
g/mol, PDI 1.03, 960 mg, 0.48 mmol) in 10 mL of dWMF was added after the
NCA had dissolved. The reaction was left to stircaim temperature for 4 days in a
dry nitrogen atmosphere until NCA was completelypstoned (as monitored by
FTIR). The reaction mixture was precipitated into excess diethylether, filtered
and dried under vacuum as a pale yellow solid (Y&9%).'H-NMR of PEG2000-
b-poly(O-benzyl-L-tyrosing) (400 MHz, TFA-& with CDCk, , ppm): 2.66-3.03
(br m, 12H), 3.25-4.07 (br m, 176H) 4.5-5.17 (brk@H), 6.70-7.44 (br m, 54H).
The synthesis of PEG-b-poly(L-tyrosinePEGb-Poly(O-benzyl-L-tyrosine) (1 g)
was dissolved in 10.0 mL hexafluoroisopropanol )FRvith 2 mL trifluoroacetic
acid (TFA). A six-fold excess with respect to O-bgrL-tyrosine of a 33% of HBr
in acetic acid (1.6 mL) was added. After 16 hothie, mixture was added dropwise
into diethyl ether. The polymer was filtered andissolved in deionized water and
dialyzed against water for 7 days. The solution Wwaphilized as a white fluffy
powder (Yield 55%)*H-NMR of PEG2000s-poly(L-tyrosine} (400 MHz, TFA-§,

, ppm): 2.62-3.26 (br s, 12H), 3.30-4.23 (br m§HY, 4.58-4.97 (br s, 6H), 6.70-
7.27 (br m, 31H).
Hydrogel preparation and Sol-Gel transitiotdydrogel solutions were prepared by
dissolving freeze-dried polypeptide samples in digied water at the desired
concentrations. The homogenous solutions were rdaby sonication at 20 °C
until the solutions became clear. The formatiorthef gel was determineda vial
inverted method? Each sample at a given concentration was disséhtedlistilled
water in a 2 mL vial. After equilibration at rooramiperature overnight, the vials
containing samples were immersed in a water bathlilegted at each given
temperature for 15 min. The sol-gel transition wiasermined after inverting the
vial. If no flow was observed within one minutegtbample was regarded as a gel.
For the temperature dependent measurements, thpeitaiure was raised in 1 °C

steps (the precision of the sol-gel transition terajure was +1 °C). Each
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temperature data point represents an average ¢ theasurements. The gelation
time as a function of block copolymer concentratarihe physiologically relevant
temperature of 37 °C was measured in a 37 °C viatr- The gelpoint was
determinedvia vial inversion method every 15 min in the initBah. Thereafter, the
gelation was checked every 30 min. The duratiomftbe time point the polymer
solution was put into the water bath to the timapthe gelation was observed was
defined as the gelation time. Each gelation tima gaint was determined from an
average of three measurements.

Hydrogel degradation profilesDegradation of the hydrogels was assessed by
measuring the weight loss every 24 h for nine daytsiplicate. A 1 mL aliquot of
deionized water containing 1.0 wt% and 2.0 wt% klaopolymer, respectively,
was placed in a vial and left in a water bath at@#or 30 min to allow gelation to
occur. A 2 mL aliquot of prewarmed Krebs bufferwgmn was gently added into
each vial, taking care not to disturb the hydrog&lse vials were then left in the
water-bath for the duration of the degradation wtiltvery 24 h, the Krebs buffer
solution was removed along with any gel debris tied accumulated. Vials were
then weighed to assess the change in weight ofiydeogels over the duration of
the study. In the enzymatic degradation experimiat,enzymes were doped into
the hydrogel by dissolving the enzymes in the 5mhg/(~0.5 wt%) polymer
solution. The activity of both enzymes in the fipalymer solution is 28.5 unit/mL.
The hydrogelation was triggered by heating thetgmis to 37 °C in a water bath
(around 4 h). The formation of the hydrogel wasedatned by the inverted vial
method.

Desferrioxamine (DFO) release experimenmnalysis of DFO release from a 2.0
wt% (20 mg/mL) PEG2000-Tyhydrogel was undertaken as previously described.
Hydrogels containing DFO of 100M concentrations were prepared. A total of 2 g
of 20 mg/mL polymer with 200M DFO was placed in each of three glass vials and
allowed to gel in a water bath for 2 h at 37 °CLrAL aliquot of phosphate buffer
(pH 7.2) was added to each vial and the samples alowed to incubate at 37 °C
while shaking at 75 rpm for the duration of theeesle study (2 mL of buffer was
used at 4 h and 24 h to ensure appropriate sinditboms in release media at early

time points). The phosphate buffer was completeigaved and replaced at 4 h, 24
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h, day 3, day 5 and day 7, and frozen until angalyaill studies were performed in
triplicate. Samples were analyzed for DFO contéatHPLC.

Hydrogel biocompatabilityThe biocompatibility of the hydrogel was prelimiityar
assessed through the culture of cell monolayersaa @reformed PEG2000-Tyr
hydrogel substrate. Mesenchymal stem cells weréveterfrom bone marrow
aspirates of Wistar rats (rMSCs) under ethical eypglt Cells were cultured in
Dulbecco’s Modified Eagles medium (DMEM) supplenezhtwith 10% foetal
bovine serum (FBS), 1%-glutamine, 2% penicillin/streptomycin, 1% non-exssd
amino acids and 0.5% Glutamax. 50,000 rMSCs weedesk on a pre-formed gel
layer consisting of 100uL of 2.0 wt% gel allowedstt at 37 °C for 1 h in wells of a
24-well plate. Cell viability and morphology wassassed qualitatively at 48 h, as
previously describedf: through use of a Live/Dead stain (Molecular Prybesich
labels cells with calcein or ethidium homodimerstain live cells green and dead
cells red, respectively. The proportion of livedigad cells, and the ability of cells to
spread and attach to the gel substrate were adsqssditatively through visual

inspection of stained cells at 48 h.
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Scheme 4.1: Synthesis of PEGyr block copolymers. (a) DMF, 0 °C; (b)

HBr/acetic acid, hexafluoroisopropanol/TFA, r.t.

4.3 Results and Discussion

Poly(ethylene glycob-O-benzyl-L-tyrosine) (PEG-PBLT) block copolymerens
synthesized by ring-opening polymerisation of Ozydih-tyrosine NCA using -
methoxy- -amino poly(ethylene glycol) My, = 2000 and 5000 g/mol) as the
macroinitiator (Scheme 4.1). The ratio of PEG mimitiator to NCA was
systematically varied to obtain block copolymersddterent block lengths ratios
(Table 4.1)*H NMR analysis confirmed the very good agreemehtéen the PEG
to NCA monomer feed ratio with the composition loé bbtained block copolymers,
although for PEG5000 a slight deviation was obskre¢ higher ratios. The
subsequent quantitative deprotection of the tym&ienzyl ether was monitored by
'H NMR spectroscopy by the disappearance of theybetizer peaks (7.2-7.4 ppm)
and afforded the poly(ethylene glydel-tyrosine) (PEG-Tyr).
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Table 4.1: Characteristics of poly(ethylene glydelk-tyrosine) (PEG-Tyr) block
copolymers obtained by macroinitiation of O-benktiyrosine NCA from amine-
functionalized PEG (PEG-NH

PEG-NH, Feedratio Composition block
PEG/NCA? copolymer®

PEG2000 1:5 PEG2000-Tyr
PEG2000 1:10 PEG2000-Tyr
PEG2000 1:15 PEG2000-Tyr
PEG5000 1:10 PEGS5000-TEyr
PEG5000 1:15 PEGS5000-Tyr
PEG5000 1:20 PEGS5000-Tyr
PEG5000 1:30 PEGS5000-TByr

2 Molar ratio of PEG macroinitiator to O-benzyl-L-bgine NCA.” Calculated from
'H NMR (CRCOOD) using the integrated peak area ratios ofRB& ethylene
signals at 3.25-4.07 ppm and the s@ynal of poly(L-tyrosine) at 4.58-4.97 ppm
while using the aromatic groups at 6.70-7.40 ppoh@nsignal at 2.62-3.26 ppm of

poly(L-tyrosine) as the internal standards.

Organogel formation was observed from all serieBBG-PBLT block copolymers
in a range of common organic solvents includinghldimomethane (DCM),
tetrahydrofuran (THF), N,N-dimethylformamide (DMF)dimethyl sulfoxide
(DMSO) and chloroform. On the contrary to the mpsitein organogel systems
that undergo gel-sol transition as the temperatm@eases’ these block
copolymers form transparent, thermostable gel®iénarganic solvents. Moreover,
those gels do not melt until the temperature remathe boiling point of solvents.
Taking the gelation in chloroform as the exampte, ¢ritical gelation concentration
of these polymers in chloroform is around 1.3 w20 (hg/mL) regardless of the
slight increase of the chain lengths from poly(®xbg-L-tyrosine) building blocks.
Very little amount of chloroform was squeezed outew 1.3 wt% organogel in
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chloroform was put in 50 °C water bath for eighuts Furthermore, the gelation
can reversibly occur when the temperature cools,dow

It is proposed that these organogels are driventhigy formation of hydrogen
bonding and aromatic interactions. PEG2@98sly(O-benzyl-L-tyrosine) was
selected to investigate the mechanism of the oggnformation. The amide |
carbonyl stretching vibration of the peptide in Utig 4.1 can be used to determine
the presence of secondary structure, supportinglikiang force of organogelation.
The amide | band of PEG20@Bpoly(O-benzyl-L-tyrosing) in solid state at 1633
cm* suggests that the polymer adoptssheet conformation, which coincides with
an investigation by Bonora et al that oligopeptidé-benzyl-L-tyrosine existed
predominantly in the paralletsheet structure for the degree of polymerisatioR)(

> 423 |n addition, after the polymer self-assembled ihi® organogel in chloroform,
the amide | band at 1633 &nstill remained, revealing that the secondary stmec
of PEG2000b-poly(O-benzyl-L-tyrosing) in the organogel is of -sheet
conformation. Circular dichroism (CD) spectroscabpy EG2000s-poly(O-benzyl-
L-tyrosine) (Figure 4.1) also confirms-sheet conformation by a characteristic
minimum peak at 219 nm. However, there is a pronedrpositive maximum peak
at 238 nm in CD spectrum. This could be assignes-toand — transitions
resulting from aromatic interactions of the aromatesidues® Furthermore,
addition of few drops of trifluoroacetic acid (TFA)to the gel resulted in the
complete loss of gelation, indicating that hydrodssnding is involved in the

gelation proces®
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Figure 4.1: FTIR spectra of PEG200®poly(O-benzyl-L-tyrosing) in solid state
and organogel of PEG20@Bpoly(O-benzyl-L-tyrosing) in chloroform (Left);
Circular dichroism spectrum of PEG20b6poly(O-benzyl-L-tyrosing) (0.25
mg/mL) in acetonitrile (Right).

After deprotection, of the PEG5000 series PEG50@QsTwas water insoluble,
while all other block copolymers were readily sd&ubut did not form hydrogels at
room temperature, even at polymer concentratior)>hg/mL (12 wt%, higher
concentrations were not investigated). Of the PEBZEeries, both PEG2000-Tyr
and PEG2000-Tys were water insoluble. PEG2000-§yron the other hand,
formed transparent hydrogels in deionized (DI) waitiea range of concentrations
and temperatures. Cryogenic transmission electromrostopy (cryo-TEM)
revealed a continuous network of fibers throughibet hydrogel sample, even at
concentrations as low as 0.25 wt% (Figure 4.2). fillers appear interconnected by
cross-link points. Scanning electron microscopyN$kmages of samples treated
with liquid nitrogen followed by lyophilization tpreserve the hydrogel structure
also confirm the three-dimensional interconnectetsvork structure (Figure 4.2).
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F

Figure 4.2: Left image: Cryogenic transmission electron micops (Cryo-TEM)
images of PEG2000-Tyrthydrogels (0.25 wt%), the scale bar representsriz@0
Right image: Scanning electron microscopy (SEM) gesa of PEG2000-Tyr
hydrogels (0.5 wt%) after lyophilization, the schbr represents 20m.

Interestingly, the sol-gel phase diagram revealéshgerature-dependent profile at
low solid content. Figure 4.3 shows that PEG2006;Tyundergoes
thermoresponsive gelation at a concentration raoig®.25-3.0 wit% within a
temperature range of 25 to 50 °C. The sol-to-geidition temperature depends on
the polymer concentration, and increases with @esang polymer concentration, for
example 28 °C at 2.0 wt% and 39 °C at 1.0 wt%s ltemarkable that even at a
polymer concentration of 0.25 wt% stable hydrogels be observed upon heating
to 50 °C. The second phase diagram in Figure 4p8ctdethe gelation time as a
function of block copolymer concentration at theygblogically relevant
temperature of 37 °C. The data signify that the rbgdlation time can be
completely controlled by the polymer concentration water. Moreover, at
concentrations >2.0 wt%, hydrogelation occurs imiatetly at this temperature. The
thermogelation profile observed for PEG2000sTigr contrary to most polypeptide
agueous systems that form a stable hydrogel viaoggt bonding or ionic
interactions at a low temperature and then undgedito-sol transition (gel melting)
when the temperature increa$&8’Most relevant in that respect is the example of
telechelic Fmoc protected dityrosine end-capped RE@ntly published by Hamley.
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Self-assembled-sheet fibril-based hydrogels from these materalsibited a gel-

to-sol transition with increasing temperatéfte.
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Figure 4.3: Hydrogelation temperature as a function of PEGZD@Q

concentration (top). Hydrogelation time at 37 °Caafunction of PEG2000-Tyr
concentration (bottom).

All these results suggest that there is a verycdtdiblock length ratio that needs to
be met in this system for efficient hydrogel format to occur since the
hydrogelation was not observed for PEG2000dyand PEG2000-Tys An
obvious explanation is the hydrophilic-hydrophobalance between the PEG and
the tyrosine block that is determining for the roghl formation:*?° Moreover, the

self-assembly of the PEG2000-§yr water can to a large extent be ascribed to the

112



Chapter 4 Supramolecular hydrogels with reverse thermal gelation properties from (oligo)tyrosine containing block copolymers

-sheet interaction in agreement with previouslyoreed peptide hydrogef8 FTIR
and CD spectra confirm that the tyrosine block a&slop typical -sheet
conformation when the hydrogel is formed as evidiearh the amide | band at 1623
cm*and the minimum at 220 nm in the CD spectrum. Tyurdygels are stable up to
pH 13.0, which coincides with the complete depratam of the tyrosine hydroxy
groups (Figure 4.4). Further evidence for the ingowre of the tyrosine phenolic
groups in the current hydrogels was obtained frémekocopolymers in which the
tyrosine was replaced by phenylalanine (Phe). Aigiothe FTIR spectra of both
PEG2000-Phe and PEG2000-Phg confirmed a -sheet conformation, with a
higher hydropathy index of 2.8 than Tyr (-1®3)neither of the polymers were
water-soluble and could form hydrogels. Apparenitg phenolic hydroxy groups
render the tyrosine block more polar and betterldelthan the phenylalanine block.
This slight difference in structure favorably tifhe amphiphilic balance, and affects
the self-assembly in aqueous solution. Furthermbeepartly polar phenolic group
could promote intermolecular hydrogen bonds withewanolecules or main-chain

carbonyls and, thus, contributes to the molecui@raction in the hydrogef§.
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Figure 4.4: FTIR spectra of PEG2000-Tg(#0 mg/mL) hydrogel in DI water and in
a solution of pH=13.0 (Left); Circular dichroismegpra of PEG2000-Tyr(0.25
mg/mL) in DI water and in pH=13.0 solution (Right).
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While these results explain the hydrogel formatitmrey do not rationalize the
reverse thermoresponsive sol-to-gel transition ®BGRP000-Tyg. To investigate the
conformational changes of the block copolymer imeamys solution, temperature
dependent CD spectra were recorded. As reveal&tgyure 4.5, the negative band
at 220 nm, corresponding to-sheet conformation, gradually increased as the
temperature increased from 10 to 60 °C, in pariguwbove 30 °C. This implies that
the increment of -sheet conformation at increased temperature isesgahereby
promoting better intermolecular interaction and rioggtlation. We hypothesize that
two phenomena contribute to this behavior. The fsghe known dehydration of
PEG at higher temperatures, causing the PEG blacksbecome more
hydrophobic3? This offsets the hydrophobic/hydrophilic balange the block
copolymer and decreases the molecular motion oPE® block. On the other hand,
an increase in temperature increases the moleootdion of the Tyr domain,
promoting better phase packing and also enhantsngnolecular self-organization
via hydrogen bonding, as demonstrated by the strongdreet conformation at
elevated temperatures. This process facilitateskbbmpolymer self-assembly and
hydrogel network formation. The sensitivity of tlmydrogelation to the block

lengths composition highlights the delicate balamicénese interactions.
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Figure 4.5: Circular dichroism spectra of PEG2000¢aqueous solution (0.25
mg/mL) as a function of temperature (Top). Eligficchange of PEG2000-Tyr
(0.25 mg/mL) at 220 nm as a function of tempera(Begtom).
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The viscoelastic properties of the gels were exglarsing oscillatory rheology, in
which the temporal evolution of storage modulug) (&d loss modulus X is
typically measured to observe the gelation behaVibigure 4.6 shows the dynamic
mechanical changes in the modulus of PEG200@-atydifferent concentrations of
2.0 wt% and 1.0 wt% as a function of temperatutee @ of the polymer in both
cases is an order of magnitude higher tham&the temperature gradually increases
from 25 °C to 60 °C. This is indicative of the fation of an elastic solid-like
material as the temperature increases. At highéynmo concentrations, higher
values of Gand Gdvere obtained, indicating a more rigid geftvas found to be
insensitive to the frequency in a range of 1~1Q@s;aand only increase slightly
with increasing frequency in all different conceriobns®* The dependence of the
gel modulus on concentration is weak when comptredat seen for many gelling
systems (Figure 4.7), with a power law of approxehal.2 for concentrations with
r’=0.99. Such a low power law is surprising. Studiéself-assembling peptides
have in the past shown power laws in the rangeXmfaéthough we recently showed
that for gels formed from Fmoc-dipeptides a low povaw of 1.4 was observéd.
A power law of 1.4 was reported for hydrogels preddrom a peptide amphiphile
when cross-linked by calcium; a higher power lawsvedtained when acid was
used to induce gelation, implying that the diffexenn power law is due to cross-
link density. One possible explanation for the lpower law observed in the current

system is that the conditions of gelation are dentical at different concentrations.
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Figure 4.6: Dynamic mechanical changes in the modulus of PBEGAYrs at 2.0

wt% and 1.0 wt% as a function of temperature.
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Figure 4.7: (Left) Frequency sweep data for the gel with défé concentrations;
(Right) Storage modulus (@ as a function of concentration, where the line

represents a linear fit of the data.
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The information obtained from the spectroscopic dreblogical an