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Abstract: A second or fourth generation dendrimer with primary amine as peripheral terminal groups
was firstly synthesized via Michael addition and thiol-yne addition. A series of star-shaped polypeptide
was synthesized by ring opening polymerization (ROP) of y-(2-(2-methoxyethoxy)ethyl) L-glutamate (L-
EG,Glu) N-carboxyanhydride (NCA) using amine group terminated dendrimer as initiator. Taking
advantage of well-defined dendrimer and ROP, the arm number and arm length can be easily controlled.
These star-shaped poly(L-EG,Glu) can spontaneously form hydrogels instead of micelles in water at low
concentration. The critical gelation concentration (CGC) and hydrogel strength displayed stronger
dependence on arm numbers than the arm length given similar conditions. These properties can be easily
modulated by varying poly(L-EG,Glu) arm length and arm number. The hydrogels showed shear thinning

and rapid recovery properties. TEM and AFM characterizations revealed the hydrogel networks were

constituted by entangled and branched fibrils.

Introduction

Self-assembled structures based on polypeptides have drawn
considerable attention due to their potential applications in
biotechnology.'? The most widely investigated amphiphilic
diblock copolypeptides can self-assemble to spherical micelles,
vesicles, and hydrogel networks, which have been used in drug
delivery, gene transfection and tissue scaffold.*® Polypeptides
with more complex architecture can lead to hierarchical structures
and better mimic cooperative supramolecular interactions existing
in proteins. One example is the poly(L-glutamic acid) grafted
comb-like polymers developed by Lu and Cheng.’ The highly
branched architecture and directional hydrogen bonding
interaction of B-sheet conformation promoted the cooperative
self-assembly of long tubular structure.'”  Star-shaped
polypeptides, as alternative highly branched polypeptides, can
also be used to fabricate high ordered supramolecular structures.
Kimura et. al. investigated the self-assembly of 8-arm right-
handed helical polypeptide with its linear left-handed analogues
and found disk structures were formed stoichiometrically.'' In
addition, star-shaped polypeptides were suitable candidates as
unimolecular nanoparticles as mimic of dendrimers in drug
encapsulation and gene delivery due to the selective enzyme
degradation endowed by attached polypeptide.'*'* Heise and
coworkers prepared a series of star-shaped poly(L-glutamic acid)
by ROP of amino acid NCAs by utilizing amine groups
terminated dendrimer (polypropylene imine) as initiator and
investigated enzyme controlled payload release."* While most
studies focused on the applications of star-shaped polypeptides in
drug and gene delivery, few literatures reported their applications
as hydrogel scaffold. One example was poly(L-alanine) grafted 4-
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arm poly(ethylene glycol) (PEG), which formed hydrogel at
relatively high concentration around 10 wt%."

Hydrogels assembled from polypeptides are critical
biomaterials and have been used in drug delivery, cell therapy
and tissue engineering.'®'® The inherent biodegradability and
biocompatibility of polypeptides make them better candidates
the conventional non-degradable polymers in the
construction of hydrogels. In addition, the specific secondary
structures of polypeptides, such as o-helix and B-sheet, provide
additional factors to manipulate the properties of hydrogels
besides compositions and architecture. Deming et. al. prepared a
series of amphiphilic block copolypeptides consisting of
polyelectrolytes, i.e., poly(L-lysine) or poly(L-glutamic acid),
and hydrophobic segments such as poly(L-leucine) or poly(L-
valine). These copolypeptides can spontaneously form hydrogels
at low CGC." ?° Furthermore, the hydrogel properties can be
manipulated by altering molecular architectures. For example,
triblock and pentablock copolypeptides showed higher storage
modulus and improved salt stability compared to the diblock
copolypeptides with same compositions.*" ** Though the
hydrogels assembled from polyelectrolyte-b-polypeptide showed
tunable properties and unusual high stability to ionic media, the
electrostatic attraction between polyelectrolytes and proteins
limited their applications in vivo. A series of copolymers
consisting of PEG and polypeptides were developed to make
nonionic  hydrogel materials.”*?’  Recently, our group
demonstrated the oligo(ethylene glycol) (OEG) functionalized
poly(L-glutamate) (poly(L-EG,Glu)) showed thermo-responsive
property in water, and their solution properties strongly depended
on their molecular weight and secondary structure.”® * Specially,
by utilizing the amphiphilic characteristic of poly(L-EG,Glu), we
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can make nonionic hydrogel by conjugating either hydrophobic
alkyl chain or hydrophilic PEG with poly(L-EG,Glu).*% *!

In this contribution, we reported the preparation of star-shaped
polypeptides and investigated their self-assembly behaviors in
water. It was found the star-shaped poly(L-EG,Glu) can self-
assemble into one dimensional fibrils at low concentration, which
then evolved into networks upon increase of concentration. Such
unique star-shaped molecular architecture contrast sharply with
the previous reported linear poly(L-EG,Glu) counterparts.
Moreover, the hydrogel properties can be easily modulated by
varying poly(L-EG,Glu) arm length and arm number.

Experimental sections
Materials

Tetrahydrofuran (THF), dichloromethane (DCM) and hexane
were purified by purging with dry nitrogen, followed by passing
through columns of activated alumina. N, N-dimethylformamide
(DMF) (anhydrous, 99.8%, packaged under Argon in resealable
ChemSeal bottles) was purchased from Alfa Aesar. Ethyl acetate
(EtOAc) was refluxed with CaH, before distillation. Deionized
water was obtained from a Millipore Milli-Q purification unit.
But-3-yn-1-ol and acryloyl chloride were obtained from Aladdin
reagent. L-glutamic acid was obtained from GL Biochem
(Shanghai) Ltd. Other reagents were purchased from Aldrich. All
commercially obtained reagents were used as received without
further purification unless otherwise noted. G2-[NH,ls, G4-
[NH;]3,, L-EG,Glu and the corresponding NCA were synthesized
as reported previously.” ¥

Instruments

Nuclear magnetic resonance (NMR) spectra were performed on
a Bruker AV400 FT-NMR spectrometer (at 400 MHz). The
infrared spectroscopy measurements were performed using a
Nicolet Avatar 330 FT-IR spectrometer. The samples were
prepared by mixing with potassium bromide (KBr) and pressed
into disk. Tandem size exclusion chromatography/laser light
scattering (SEC/LLS) was performed at 50 °C using an SSI pump
connected to Wyatt Optilab DSP and Wyatt DAWN EOS light
scattering detectors with 0.02 M LiBr in DMF as eluent at flow
rate of 1.0 mL/min. The molecular weight (MW) and
polydispersity (PDI) were calculated from the LLS signal by
Astra software using the refractive index increment (dn/dc) of
linear poly(L-EG,Glu) of 0.058 mL/g®® The sample
concentration used for SEC analysis was about 5 mg/mL.
Circular dichroism (CD) spectra were recorded on a Jasco J-815
CD spectropolarimeter. Deionized water was used as reference
for baseline correction before measurement. The solution was
placed into a quartz cell with a pathlength of 0.1 cm at sample
concentration of 0.2 mg/mL. Ellipticity ([0] in deg-cm?-dmol™)
was calculated as (millidegreesxmean residue weight)/
(pathlength in millimetresx concentration of polypeptide in
mg/mL). The a-helix content of the polypeptides was calculated
using the following equation: % o-helix=(—[0,,]+3000)/39,000.*
Dynamic light scattering (DLS) was performed on a Malvern
Zetasizer Nano ZS instrument. A He—Ne laser (633 nm
wavelength) with a fixed detector angle of 173° was used for the
ss measurements. All hydrogel samples were prepared by directly
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dispersing polypeptide samples in deionized water at room
temperature.  Transmission electron microscopy (TEM)
experiments were performed on a JEM2200FS TEM (200 keV).
TEM samples were prepared by spreading sample solution on
carbon coated TEM grids and the excess solution or hydrogel was
blotted away with a piece of filter paper. Then the samples were
negatively stained using 2 wt% aqueous uranyl acetate solution
for 30 s. The excess uranyl acetate solution was wicked away
using a piece of filter paper. Atomic force microscopy (AFM)
was performed in tapping mode (Multimode 8, Bruker, Inc.) with
silicon cantilever probes. The scanning rate was 1 Hz. AFM
samples were prepared by tapping hydrogels on fresh-cleaved
mica disk (diameter 1.0 cm). Scanning electron microscopy
(SEM) was performed on a Hitachi S-4300 field-emission
scanning electron microscope. The hydrogel samples at 3 wt%
concentration were lyophilized before SEM analysis. Then the
solid sample was placed on a double-sided sticky carbon tape
mounted on aluminum sample holders and then sputter coated
with platinum. Rheology measurements were performed on an
Anton Paar Modular Compact Rheometer (MCR 502) with 25
mm diameter cone plate geometry and 2° cone angle. All
rheology measurements were performed at room temperature
through the following procedures. A strain (y) sweep experiment
(y= 0.001-1) was performed at fixed frequency (w=1 rad/s) to
determine the linear viscoelastic regime. Then a frequency sweep
(0©=0.1~100 rad/s) was performed at a constant shear strain (y =
0.01) to determine the linear storage modulus G’(®) and linear
loss modulus G”’(w). The recovery measurements were
performed as following procedures. A large amplitude strain
oscillation at y=1 and @=6 rad/s for 600 s was used to disrupt the
hydrogel structure. Then the storage modulus G’(w) and loss
modulus G*’(®w) were determined at the linear viscoelastic regime
for 3600 s at y=0.01 and ®» = 6 rad/s to monitor the recovery of
mechanical strength.

Synthesis of star-shaped poly(L-EG,Glu)

The star-shaped poly(L-EG,Glu) was designated as Gx-[NH,],-
(EG,Glu),, where x, m, n indicated the dendrimer generation,
poly(L-EG,Glu) arm number, and degree of polymerization (DP)
of each arm, respectively. Typically, G2-[NH,]s-(EG,Glu), was
synthesized as following. L-EG,Glu NCA was dissolved in a
mixture of DMF/THF (V:V = 1:1) under nitrogen. A prescribed
quantity of G2-[NH,]g was dissolved in minimum anhydrous
THF and immediately injected into the above solution. The
polymerization was conducted under nitrogen at room
temperature and monitored by FT-IR. Once the NCA was
completely consumed, the reaction mixture was precipitated into
ethyl ether 3 times. Products were collected by centrifugation and
dried under reduced pressure to give white solid. The polypeptide
chain length of each arm was tuned by varying the molar ratio of
L-EGzGlu NCA to GZ-[NHz]g G4-[NH2]32-(EG2G1U)H was
prepared in a similar method except using G4-[NH,]5, as initiator.
'H NMR (CDCly/CF;COOD (V:V = 1:1), 400MHz): 3 (ppm):
4.64 (m, 1H), 4.32 (m, 2H), 3.87-3.80 (m, 6H), 3.53 (s, 3H), 2.56
(m, 2H), 2.18 (m, 1H), 2.02 (m, 1H). “C NMR
(CDCL/CF;COOD (V:V = 1:1), 100MHz): § (ppm): 176.1,
173.7, 71.4, 69.9, 69.2, 64.6, 58.5, 53.9, 30.4, 27.5. All samples
gave similar and consistent NMR spectra.

2 | Soft Matter, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 9



Page 3019 G0 ft Matter

[

Cite this: DOI: 10.1039/c0xx00000x

WWW.rsc.o rg/ XXXXXX

Soft Matter

Dynamic Article Links »

ARTICLE TYPE

_» NH
"’?\:/OEO ;
T 4 —=0

TNL» 5

2
dendritic initiator L-EG,Glu NCA

Scheme 1. lllustration of the synthesis of star-shaped poly(L-EG,Glu).

Results and discussion

Generally, polypeptides can be prepared via ROP of amino
acid NCAs initiated by primary amine, strong bases, transition
metal catalysts and recently developed organosilicon amines.***®
Among them, primary amine is the most frequently used initiator
for the synthesis of linear polypeptides due to its feasibility and
availability. In this study, we employed primary amine group

10 terminated dendrimer as initiator to construct star-shaped poly(L-
EG,Glu). The synthetic protocol of dendrimer and L-EG,Glu
NCA were reported elsewhere.?> 3

Two series of star-shaped samples were prepared based on
G2-[NH,]g and G4-[NH,]3, two dendrimers, which has 8 or 32

15 peripheral primary amine groups, respectively (Scheme 1). In
addition to the arm number, star-shaped poly(L-EG,Glu) with
different arm length were prepared by varying the feed ratio of L-
EG,Glu NCA monomer to dendrimer initiator. The MW and PDI
were characterized using SEC equipped with multi-angle light

20 scattering detectors. The dn/dc = 0.058 mL/g obtained from linear
poly(L-EG,Glu) was used to determine the MW of star-shaped
polypeptides. Table 1 summarizes the corresponding molecular
parameters of obtained samples. For the first set of samples, G2-
[NH,]g was used as initiator, and the feed ratio of L-EG,Glu NCA

25 to initiator was varied from 15 to 50 (entry 1-4, Table 1). As
shown in Figure 1, the MWs increase linearly with the feed ratio
of NCA to amine groups, and the obtained MW agreed well with

Table 1. The molecular parameters and critical gelation concentration (CGC) of different samples used in this study.

Eney R v T A
1 G2-[NH,]s-(EG,Glu); s 15 28.9 34.6 1.05 3
2 G2-[NH,]5-(EG,Glu)y 20 38.2 36.3 1.17 3
3 G2-[NH,]s-(EG,Glu)so 30 56.7 58.8 1.13 2
4 G2-[NH,]s-(EG,Glu)so 50 93.7 86.8 1.32 3
5 G4-[NH,]5-(EG,Glu); 5 15 117 80.6 1.57 2
6 G4-[NH,]5,-(EG,Glu)so 30 228 131 1.91 1

3

S

3

&

40

45

*Theoretical M, was calculated assuming all amine groups initiated ROP and the quantitative conversion of NCA monomers; ° determined by SEC with
light scattering detectors; ° determined by the inverted tube method. The samples were considered to be a gel if no flow happened within 30 s after

inverting the tube.

expected values, which suggested a well-controlled ROP of L-
EG,Glu NCA. In addition, all samples gave relative narrow PDI
and symmetrical unimodal SEC trace. These results demonstrated
the applicability of the method to prepare star-shaped poly(L-
EG,Glu) with controllable arm length by utilizing amine
terminated dendrimer as initiator. In contrast, the synthesis
became less controllable over arm length with increase of arm
numbers. There were two possible reasons for such deviations
compared to previous example. One was probably due to the
highly branched structure of G4-[NH,]3,-(EG,Glu), than G2-
[NH,]3-(EG,Glu),. The former bears more initiation sites and
relative larger PDI than the latter due to challenge in dendrimer
synthesis. The other reason might arise from the use of non-ideal
dn/de value in MW calculation.'* Moreover, it is worth noting
that G4-[NH;]3,-(EG,Glu), had a relative broader PDI compared

to G2-[NH,]s-(EG,Glu), counterparts. One possible reason is the
relative broad PDI of the dendritic initiator, i.e., G4-[NH;]3,. The
tertiary amines existing in the dendrimer core may also initiate
so the polymerization through the “activated monomer mechanism”
and resulted in the formation of linear poly(L-EG,Glu), which
also led to a broader distribution of final product. The broader
PDI and existing of linear poly(L-EG,Glu) may be also
responsible for the under-estimated MWs for 32-arm G4-[NH,]s,-
ss (EG,Glu),. 'H and >C NMR spectroscopy was used to further
characterize the star-shaped poly(L-EG,Glu) samples. Figure S1
presents the 'H and >C NMR spectra of G2-[NH,]s-(EG,Glu);s.
Due to the relative small dendrimer core compared to the
polypeptide shell, it was difficult to distinguish the proton signals
o of dendrimer core from these NMR spectra. Though it

This journal is © The Royal Society of Chemistry [year]
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was not easy to determine the MW from the NMR spectra default
of internal reference, the unambiguous assignment of each
resonance peak verified the successful grafting of poly(L-
EG,Glu) from G2-[NH,]s. Other samples gave similar and
consistent NMR spectra with G2-[NH,]s-(EG,Glu);5s (data not
show).

The star-shaped poly(L-EG,Glu) with a hydrophobic core and a
relative hydrophilic corona is supposed to form unimolecular
micelles when dispersed in water. Considering the amphiphilic
characteristic and conformation associated hydrogen bonding
interaction of poly(L-EG,Glu) arms, these star-shaped poly(L-
EG,Glu) may self-assemble to hierarchical structures. We firstly
dispersed these star-shaped polypeptides in deionized water, but
did not observe ordered structures from TEM characterization.
Interestingly, all samples spontaneously self-assembled to
hydrogels at low concentration. The gelation time varied from
tens of minutes to several hours, and mechanical vortex can
facilitate gelation. The CGC was determined using inverted tube
method. As shown in Table 1, the CGC displayed apparently
stronger dependence on arm number than MW of each arm. For
example, G2-[NH,]3-(EG,Glu);s had CGC of 3 wt% while
sample G4-[NH;]5,-(EG,Glu);5 had CGC of 2wt%. Also, G4-
[NH;]3,-(EG,Glu)so formed hydrogel at 1 wt%, which was half of
G2-[NH,]s-(EG,Glu);,. Note that these hydrogel was not stable in
ionic media.

molecular weight M_ (KDa)

20 — 1 v 1 v 1T v 1
10 20 30 40 50
feed ratio of L-EG,Glu NCA to amine group

Figure 1. The MW dependence of star-shaped polypeptide on the feed
ratio of L-EG,Glu NCA to amine group for G2-[NH,]s-(EG,Glu), series (the
insert figure gives the SEC traces of entry 1 to 4).

Rheology was then applied to characterize the hydrogel
strength at different conditions. A strain sweep experiment was
firstly conducted for all samples to determine the linear
viscoelastic The frequency sweep measurements
conducted in linear regime then gave the corresponding storage
modulus G’ and loss modulus G’’. Figure S2, S3, S4 gave the
results for G2-[NH,]s-(EG,Glu)zy, G4-[NH,]3,-(EG,Glu);s and
G4-[NH,]3,-(EG,Glu),, respectively, at different concentrations.
All samples were determined to be solid gel over the
experimental frequency range and concentrations since the G’
40 was one order of magnitude larger than G’’. Both storage

regime.

3

b

3

modulus G’ and loss modulus G’ increased as concentration
increased. For example, the storage modulus of G4-[NH,]s,-
(EG,Glu)zy increased from 47 to 3355 Pa as concentration
increased from 2 wt% to 4 wt%.

We further performed the rheology measurements for G2-
[NH,1s-(EG,Glu);s, G2-[NH,]s-(EG,Glu)yy and  G2-[NH,]g-
(EG,Glu)sy aqueous solution at 3 wt% concentration to explore
the effects of arm length and number on hydrogel strength. As
indicated in Figure 2a, the storage modulus increased from 24 Pa
to 350 Pa as the DP of poly(L-EG,Glu) arm increased from 15 to
50 for G2-[NH,]s-(EG,Glu), samples at 3 wt% concentration (at
frequency ® = 6 rad/s and strain y= 0.01). In addition to the arm
length, the arm number also played an important role on the
hydrogel strength. When fixed the arm length at 30, G4-[NH,];,-
(EG,Glu)zy (G’= 1370 Pa at ® = 6 rad/s, y= 0.01) showed a much
higher modulus than that of G2-[NH,]s-(EG,Glu);, (G’= 240 Pa
at @ = 6 rad/s, y=0.01).We assumed that increasing both poly(L-
EG,Glu) arm length and arm number strengthened the hydrogen
bonding interactions among star-shaped poly(L-EG,Glu) and
increased the physical crosslinking density of hydrogel networks,
which induced the increase in hydrogel strength. It is worth
pointing out that the hydrogel strength can be modulated from 24
Pa to 3350 Pa by simply adjusting the sample compositions and
concentrations to meet specific application requirements. Such a

os broad adjustable range was not available in the previous reported

linear poly(L-EG,Glu) systems.** !
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Figure 2. (a) Storage modulus G’ as a function of angular frequency for
samples G2-[NH,]s-(EG,Glu)s (m), G2-[NH,]s-(EG,Glu)yo (@), G2-[NH;]s-
(EG,Glu)so (A ), G2-[NH,]-(EG,Glu)so (), G4-[NH,]5o-(EG,Glu);ss (D), and
5 G4-[NH,]3,-(EG,Glu)3o (A) aqueous solutions (y=0.01) at 3.0 wt %
concentrations; (b) G'/G'eq as a function of time for hydrogels G2-[NH,]s-
(EG,Glu)so (A), G4-[NH;]32-(EG,Glu)so (0) , which were sheared at w = 6
rad/s, y = 1 for 600 s before switching to small strain. The hydrogel
strength was monitored through small amplitude oscillations at w = 6
10 rad/s, y =0.01.

Akin to the alkyl-poly(L-EG,Glu) hydrogel, the star-shaped
poly(L-EG,Glu) hydrogel also displayed shear thinning and rapid
recovery properties. Figure 2b gave the recovery measurements
for G2-[NH2]3-(EG2GIU)3Q and G4-[NH2]32-(EG2G1U)30 at 3 wt%

15 concentration. Upon imposing a large amplitude shear strain, ca. y
= 1, the storage modulus G’ for both G2-[NH,]s-(EG,Glu);o and
G4-[NH,]3,-(EG,Glu);y samples dropped by two orders of
magnitude and underwent a gel-sol transition. As shown in
Figure 2b, the G2-[NH,]s-(EG,Glu);y and G4-[NH,];,-

20 (EG,Glu)so hydrogel recovered to a gel state within 10 s after
switching to a small amplitude shear strain (y=0.01). Particularly,
G2-[NH,]s-(EG,Glu);, regained 69% original strength and G4-
[NH,]3,-(EG,Glu);o hydrogel regained 76% original strength
within 10 seconds, after which both samples continued to recover

25 their strength progressively and reached 100% recovery of
original strength within 1 hour. The shear thinning and rapid
recovery properties made these star-shaped poly(L-EG,Glu)
suitable candidates as potential injectable hydrogel materials in
biomedical applications. To verify this point, we performed the

30 injection experiment using 3 wt % G2-[NH;]s-(EG,Glu)sg
hydrogel as example. (Video in the supporting information)

o 3 3 8 8

percentage (%)

AL

00 04 08 12 16
height (nm)

Figure 3. (a) TEM image, (b) AFM height image, and (c) SEM image of G2-
[NH,]s-(EG,Glu)so hydrogel sample at 3 wt% concentration, (d) TEM image
35 of G4-[NH,]3,-(EG,Glu)s hydrogel sample at same concentration. The
inset in AFM height image indicates the corresponding height histogram
of the white frame.

TEM and AFM were used to characterize the nanostructures of
a typical hydrogel sample. As shown in Figure 3a, G2-[NH,]s-
20 (EG,Glu);g formed fibril assemblies. The average width
calculated from five different TEM images was 16.3+1.9 nm, and
the fibril length ranged from 100 nm to several micrometers. The
AMF height image further verified G2-[NH,]s-(EG,Glu)s, self-
assembled to one dimensional fibrils, whose average width and
ss height calculated from AFM height images was 22.2+1.2 nm and
1.1+0.4 nm, respectively. Considering the highly branched
molecular architecture of G2-[NH,]s-(EG,Glu);y, the one
dimensional fibril assemblies were not stable and should evolve
to higher ordered structures. Figure 3¢ gave the SEM image of
so the lyophilized G2-[NH,]s-(EG,Glu)sy hydrogel sample, which
indicated the one dimensional fibrils tended to further entangle to
form complex sheet-like assemblies. In contrast, G4-[NH,]s;-
(EG,Glu);p, which has comparable chain length but more arms
relative to G2-[NH,]s-(EG,Glu);), cannot form ordered
ss assemblies at the same concentration (Figure 3d).

This journal is © The Royal Society of Chemistry [year]
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Figure 4. (a) CD spectra and (b) FT-IR spectra of G2-[NH,]s-(EG,Glu),
samples.

It is well known that the secondary structures play an important
s role on the polypeptide hydrogel properties. We applied circular
dichroism (CD) and FT-IR spectroscopy to explore the effects of
poly(L-EG,Glu) arm length and arm number on the conformation
of star-shaped polypeptide. Figure 4a compares the CD spectra
of G2-[NH;]3-(EG,Glu), with n varied between 15 and 50. All
samples showed a positive peak around 193 nm and two negative
peaks at 209 nm and 222 nm, indicative of a-helical
conformation. The a-helix content increased with increasing
poly(L-EG,Glu) arm length, which was consistent with the
previous reported linear poly(L-EG,Glu) homopolypeptide.?®
Specifically, the a-helix content increased from 70% for G2-
[NHz]g-(EGzGlu)IS to 89% for Gz-[NHz]g-(EGzGlu)50. In addition
to arm length, arm number also affected the secondary structure
of star-shaped poly(L-EG,Glu). G4-[NH,]3,-(EG,Glu),5 and G4-
[NH;]3,-(EG,Glu)sg, showed similar CD spectra but overall lower
intensity compared to their 8-arm counterparts, suggesting the o-
helix content decreased with increasing arm numbers (Figure
S5a). We speculated two reasons were responsible for the lower
a-helix content. One is the existence of shorter chain relative to
the theoretical value as indicated by broad PDI. Compared to G2-
[NH,]5-(EG,Glu),, G4-[NH,]3,-(EG,Glu), with same poly(L-
EG,Glu) arm length formed hydrogels at much lower
concentration. This result suggested G4-[NH;]3,-(EG,Glu),
would self-assemble into more ordered assemblies. The formation
of assemblies at low concentration may also decrease the overall
intensity in the CD spectra. This assumption was supported by
the DLS experiment, which verified that the assembly formed by
G4-[NH,]3,-(EG,Glu), was tens of nanometers
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concentration as low as 0.1mg/mL.
FT-IR spectra were further used to investigate the polypeptide

35 conformation of star-shaped poly(L-EG,Glu) in solid state. All

samples revealed strong amide I band absorption and amide II
band absorption, located at 1655 and 1550 cm™, respectively,
which suggested existence of predominant a-helical conformation
(Figure 4b). For samples G2-[NH,]s-(EG,Glu),s and G2-[NH;]s-
(EG,Glu)yy, which had shorter arm length, the obvious shoulder
peak at 1628 cm' (amide [ band) and 1517 cm™ (amide II
band) suggested the coexistence of B-sheet conformation. Given
comparable arm length and increased arm number, G4-[NH,];,-
(EG,Glu), (n = 15, 30) had similar FT-IR spectra with G2-
[NH,]s-(EG,Glu), (n = 15, 30) (Figure SS5b). Through
deconvolution of amide I band in FT-IR spectra, semi-
quantitative calculations for secondary structure contents were
summarized in Table S1. For G2-[NH,]s-(EG,Glu), series, the a-
helix content increased with increased poly(L-EG,Glu) arm
length while the B-sheet content showed opposite tendency.
Given comparable arm length, G4-[NH,]3;,-(EG,Glu), showed
slightly lower o-helix content and higher B-sheet content than
their 8-arm counterparts. These results agreed well with the CD
data discussed above, suggesting the secondary structures were
mainly dominated by poly(L-EG,Glu) arm length.

Generally, two different self-assembled structures were
proposed to explain the formation of three dimensional hydrogel
networks, i.e., packing of spherical micelles and elongated fibrils.
The star-shaped poly(L-EG,Glu) with a hydrophobic core and a
relatively hydrophilic corona seemed to prefer forming
unimolecular micelles. However, micellar systems form elastic
hydrogels only when the micelles pack into ordered arrays, which
require a relatively high concentration of 5-10 wt%. Apparently,
such a model cannot explain the fibrils observed by TEM and the
low CGC of the star-shaped poly(L-EG,Glu). Figure S7a-c gave
the TEM images of G2-[NH,]s-(EG,Glu); aqueous solutions at
concentration of 0.03 wt%, 0.3 wt% and 3 wt%, respectively.
Apparently, G2-[NH,]s-(EG,Glu);, still assembled into fibrils
instead of spherical micelles even at concentration as low as 0.03
wt%. Given fibrillar nanostructure, it was expected that hydrogel
networks would form with increase of concentration. This self-
assembly behaviour of star-shaped poly(L-EG,Glu) could be
attributed to the amphiphilic characteristic and conformation
associated hydrogen bonding interactions of poly(L-EG,Glu)
arms. In contrast to the conventional polymers, the hydrogen
bonding interactions among poly(L-EG,Glu) arms destabilized
the unimolecular micelles and promoted self-assembly. On the
other hand, it is well known that linear peptide amphiphiles can
self-assemble into elongated fibrils or nanoribbons driven by f3-
sheet conformation. The previous reported alkyl-poly(L-EG,Glu)
and PEG-b-poly(L-EG,Glu) systems showed highly ordered
nanoribbon structures due to the directional hydrogen bonding
among poly(L-EG,Glu) segments. Moreover, the hydrogel
formed by alkyl-poly(L-EG,Glu) and PEG-b-poly(L-EG,Glu)
showed increased strength with increased f-sheet conformation
content.*” ' In contrast, the star-shaped poly(L-EG,Glu) mainly
adopted a-helical conformation. Accordingly, we proposed that
the fibrils were formed predominately by the oriented parallel or
anti-parallel packing of rigid a-helix while the hydrophilic OEG

s side chain conferred the solubility of fibrils. While the OEG side
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chains conferred the solubility of star-shaped poly(L-EG,Glu)
albeit their solution contribution not as good as we expected.
However, such “suitable” solubility assured the hydrophilic/
hydrophobic balance and was necessary for the hydrogel
formation. In contrast, both poly(L-EG;Glu) and poly(L-EG;Glu)
cannot form hydrogels. The poly(L-EG,Glu) with shorter OEG
side chain cannot dissolve in water while poly(L-EG;Glu) with
longer OEG side chain can only form aqueous solution.This
model is similar with the poly(L-lysine)-b-poly(L-leucine) system
reported by Deming.'*?! Unfortunately, it is difficult to figure out
an unambiguous model on the molecular level to explain the self-
assembly of the star-shaped poly(L-EG,Glu) according to the
available data. Nevertheless, we can speculate that increasing the
poly(L-EG,Glu) arm length can increase the a-helix content and
promote the ordered packing of a-helix. The increased
interactions between o-helix in turn strengthen the hydrogel and
reduce the CGC. On the other hand, increasing the arm number of
the star-shaped poly(L-EG,Glu) will promote the branching and
entanglement of the fibrils, which is favored in the formation of
interconnected three dimensional networks. As a consequence,
G4-[NH,]3,-(EG,Glu), showed higher storage modulus and lower
CGC than their 8-arm counterparts. It also accounts for the
irregular aggregates formed by G4-[NH,]3,-(EG,Glu)s, instead of
elongated fibrils.

Compared to the previous reported linear block copolypeptides,
i.e., alkyl-poly(L-EG,Glu) and PEG-b-poly(L-EG,Glu), the star-
shaped poly(L-EG,Glu) showed distinct intriguing properties.
The alkyl-poly(L-EG,Glu) can form hydrogel only when the
degree of polymerization of poly(L-EG,Glu) is around 10. Even
if the subtle variation in the chain length will disrupt the perfect
hydrophilic/hydrophobic balance and result in the failure of
hydrogel formation. For example, dodecyl-poly(L-EG,Glu),g
with a slightly longer chain was almost insoluble in water and can
not form hydrogel even at 10 wt% concentration. The PEG4-b-
poly(L-EG,Glu), system allowed a relative broader variation in
poly(L-EG,Glu) chain length from x = 16 to 25. PEGy4-b-poly(L-
EG,Glu), diblock copolymers with x larger than 40 formed
cylindrical micelles and showed thermal annealing induced self-
assembly behavior. Besides, PEG-b-poly(L-EG,Glu) can only
form weak hydrogels with storage modulus smaller than 100 Pa.
In contrast, the star-shaped poly(L-EG,Glu), can form hydrogels
at a quite broad range of chain length (x = 15~50). Moreover, the
hydrogel strength can be modulated from 24 Pa to 3350 Pa to
meet specific application requirements by simply adjusting the
sample compositions and concentrations as discussed above.

Conclusions

Using amine group terminated dendrimer as initiators, we
prepared a series of star-shaped polypeptide through ROP of L-
EG,Glu NCA. These star-shaped poly(L-EG,Glu) can
spontaneously self-assemble to hydrogel in water. Given similar
poly(L-EG,Glu) arm length, samples with 32 arms had lower
CGCs than samples with 8 arms. The hydrogel strength was
strongly dependent on the poly(L-EG,Glu) arm length and arm
number. In contrast to linear alkyl-b-poly(L-EG,Glu) hydrogel
system driven by B-sheet conformation, the ordered packing of
rigid a-helix accounted for the formation of fibrils, which further
entangled and branched to form three dimensional hydrogel

networks in such star shaped polypeptide system. The hydrogel
formed by star-shaped poly(L-EG,Glu) showed shear thinning

e and rapid recovery properties and can be used as injectable
hydrogel for controlled peptide drug release system.
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In this work, we reported the facile preparation of novel star-shaped polypeptides, which self-assemble into
hydrogels at low critical gelation concentration.



