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Biomolecule promoted helical polypeptides and their structural diversity towards external/internal stimuli
is an interesting research area to the material science community. In this report, we have synthesized
sequence registered peptide—polypeptide conjugates via ring opening polymerization (ROP) of y-benzyl-
L-glutamate N-carboxyanhydride (BLG-NCA) employing two amine terminated peptide initiators, namely
H-Phe-Val-Leu-POSS (POSS: polyhedral oligomeric silsesquioxane; Leu: leucine; Val: valine; Phe: phenyl-
alanine) and H-Phe-Val-Leu-OMe. Main chain POSS semitelechelic or POSS free tripeptide containing
poly(y-benzyl-L-glutamate) (PBLG) homopolymers adopted a-helical conformation in both solution and
the solid state, because of intramolecular hydrogen bonding and n—= aromatic interactions between side
chain phenyl groups. POSS/OMe tripeptide conjugated PBLG segments self-assembled into hierarchical
ordered helical entangled nanofibres, revealed by tapping mode atomic force microscopy (AFM) and field
emission-scanning electron microscopy (FE-SEM). Expulsion of side chain benzyl groups (crucial for t—xn
aromatic interaction and stabilizing groups for the secondary structure scaffold) produced pH-sensitive
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amphiphilic anionic homopolymers, which exhibited diverse self-assembled nanoparticles in aqueous
medium at pH 8.0. Interestingly, a morphological switch from sphere to square shaped micelles could be
achieved simply by adjusting the net fraction of POSS moiety and/or the length of the benzyl deprotected
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Introduction

Polypeptides are an interesting class of naturally occurring bio-
active materials which have received significant attention as
biomaterials owing to their close relationship with proteins."?
Conjugation of polypeptides with proteins/sequence registered
peptides has opened up a new platform for a wide range of
functional biomaterials such as drug and gene delivery car-
riers, ligand-protein interactions, tissue-engineering scaffolds,
biomedical imaging agents, antimicrobial agents, etc.,>*
because of their flexibility in terms of functionality and their
molecular recognition properties.>® Based on amino acid com-
position, polypeptides can adopt a-helix, f-sheet, random coil
or turn structures in solution as well as in the bulk state.”
Among the various synthetic polypeptides, poly(y-benzyl-i-glu-
tamate) (PBLG) is a useful chiral building block for the cre-
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ation of both o-helix, f-sheet secondary structures via intra-/
inter-molecular hydrogen bonding interactions depending
upon the degree of polymerization (DP) of the PBLG
segment.®® In addition, such polypeptides can self-assemble
into well-defined macromolecular architectures in selected
solvents."’

Polypeptides containing a single amino acid residue
can be prepared via ring opening polymerization (ROP) of
N-carboxyanhydrides (NCAs) using amine terminated initiators.™
Among the various organic/inorganic initiators, initiation of
a-amino acid containing NCA monomers using bioactive pre-
cursors (such as peptide, lipid, etc.) is always more accepted
and demanding in the field of applied biomaterials, because it
leads to the generation of new kinds of hybrid biomaterials."?
In addition, conjugation of suitable bioactive moieties with
the synthetic polypeptide improves biocompatibility, bioreac-
tivity as well as significantly impacting the self-assembling
phenomenon of biomolecule-polypeptide conjugates in
selected solvent systems.'’ Indeed, a few efforts have been
reported in the literature for synthesizing polypeptides using
bioactive molecules as initiators. Marsden et al. reported a
series of amphiphilic polypeptide-b-designed peptides in
which the hydrophobic block is PBLG and the hydrophilic
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block is a coiled-coil forming peptide (denoted E). The coiled-
coil forming peptide was synthesized on the solid phase, fol-
lowed by the ROP of y-benzyl-i-glutamate N-carboxyanhydride
(BLG-NCA), initiated from the N-terminal amine of the peptide
E on the solid support.'* Recently, comb-polypeptides of
repeated peptide sequences were synthesized via ROP of
peptide appended NCA monomers without aid of any post-
polymerization modification."® Although peptide-polymer*®*”
and protein-polymer'®'® conjugates are studied significantly
in the literature, conjugates of peptide-polypeptide are less
explored, though both the segments are biocompatible and
could be crucial for the development of novel biologically rele-
vant systems. Thus, we became inspired to make peptide-poly-
peptide conjugates comprising of sequence registered peptides
and polypeptides in a controlled fashion. To achieve this goal,
we have adopted the short peptide motif, Leu-Val-Phe (LVF),
from the central hydrophobic cluster of the amyloid p-peptide,
APB4_45, which is responsible for fibril formation in Alzheimer’s
disease and such LVF derived polymers inhibited fibril for-
mation.>**" Also, acetylated derivatives of LVF can act as
potent HIV protease inhibitors®* and showed increased activity
against cathepsin D and pepsin.*

Polyhedral oligomeric silsesquioxane (POSS)-PBLG copoly-
mers were synthesized through the ROP of BLG-NCA using
aminopropyl isobutyl-POSS as an initiator.>* POSS derivatives
belong to organic/inorganic hybrid family,> and incorporation
of the POSS moiety at the chain ends of PBLG allowed intra-
molecular hydrogen bonding between the POSS and PBLG
units to enhance the a-helical conformation of PBLG in the
solid state and prevented aggregation in solution. Lin and Kuo
reported linear POSS-b-PBLG copolymers by coupling azide ter-
minated POSS with alkyne terminated PBLG homopolymer via
click chemistry.?® The POSS-b-PBLG systems displayed greater
conformational stability as a result of intramolecular hydrogen
bonding between the POSS moiety and the PBLG segment, and
superior thermal properties compared to pure PBLG. Recently,
the same group synthesized linear polypeptide-graft-POSS
copolymers, where POSS was hanging in the side chains of
poly(y-propargyl-i-glutamate) (PPLG) through click chemistry.®
In all these cases, the advent of POSS unit either in the side/
main chain could stabilize the a-helical secondary structure
even at low DP, by improving the side/main chain mobility
through its sterically crowded rigid end, and also provided
additional hydrogen bonding through the siloxane core (Si-O-
Si) with main chain PBLG segments.”” We were interested
combining the POSS tethered amyloidogenic short peptide
(LVF) motif with PBLG segments to fabricate a wide variety of
hierarchical nanostructures. Therefore, in this present work we
have employed POSS semitelechelic Af,,_,9 peptide initiator to
initiate polymerization of BLG-NCA via grafting from the ROP
technique. The effect of the POSS moiety on the self-assembly
of PBLG was studied in detail. Furthermore, removal of the
side chain benzyl groups from the POSS/OMe tripeptide-PBLG
conjugates produced pH-sensitive amphiphilic anionic
homopolymers, which exhibited diverse self-assembled nano-
particles in aqueous medium.
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Experimental section
Materials

y-Benzyl-i-glutamate (BLG, 99%), Boc-i-phenylalanine (Boc-
Phe-OH, 99%), r-valine methyl ester hydrochloride (OMe-Val-
NH;-HCl, 99%) and i-leucine methyl ester hydrochloride
(OMe-Leu-NH3-HCl, 99%) were purchased from Sisco Research
Laboratories (SRL) Pvt. Ltd, India and used without further
purification. Aminoisobutyl polyhedral oligomeric silsesquiox-
ane (POSS-NH,) was obtained from Hybrid Plastics, MS, USA.
Dicyclohexylcarbodiimide (DCC, 99%) and anhydrous N,N-di-
methylformamide (DMF, 99.9%) were obtained from Sigma
Aldrich and used as received. Triphosgene (Spectrochem,
India), 1-hydroxybenzotriazole hydrate (HOBt hydrate,
Spectrochem), trifluoroacetic acid (TFA, 99.5%, Merck, India),
hydrobromic acid/acetic acid (HBr/AcOH, 33 wt%,
Spectrochem), sodium bicarbonate (NaHCO;, Merck) and
calcium hydride (CaH,, Spectrochem) were used without any
further purification. Tetrahydrofuran (THF, Merck) was dried
over CaH, for 24 h and distilled from sodium and benzo-
phenone under N, environment prior to use. The NMR solvents
such as CDCl; (99.8% D), DMSO-ds (99.8% D) and D,O
(99.8% D) were bought from Cambridge Isotope Laboratories,
Inc., USA. General solvents such as hexanes (mixture of
isomers), acetone, methanol, ethyl acetate, toluene, dichloro-
methane (DCM), etc. and butyl amine (butyl-NH,, used as an
initiator, Merck) were purified by simple distillation.>®

Instrumentation and analysis

The 'H, *C and *°Si NMR spectroscopic measurements were
performed at 25 °C using a 500 MHz Bruker Avance™ NMR
spectrometer with tetramethylsilane (TMS) as an internal stan-
dard. Positive mode electrospray ionization mass spectrometry
(ESI-MS) was done on a Q-Tof Micro YA263 high resolution
mass spectrometer from Waters Corporation. FT-IR spectra
were recorded on KBr pellets using a Perkin-Elmer Spectrum
100 FT-IR spectrometer. The sample films used in this study
were sufficiently transparent.® Since the polymers contain a
significant number of amide groups and are hygroscopic in
nature, pure N, gas was purged in the spectrometer’s optical
box to keep the polymer film dry. The number average mole-
cular weights (M,s) and molecular weight distributions (dis-
persity, D) of synthesized polymers were determined using a
gel permeation chromatography (GPC) instrument in DMF at
30 °C with a flow rate of 1.0 mL min~' with respect to poly
(methyl methacrylate) (PMMA) standards. The system con-
sisted of a Waters Model 515 HPLC pump, Waters Model 2414
refractive index (RI) detector, one PolarGel-M guard column
and two 300 x 7.5 mm PolarGel-M columns from Agilent
Technologies. A Rigaku Smart Lab powder diffractometer
having Cu-Ka radiation (4 = 1.54059 A) with parallel beam
optics attachment was engaged for recording powder X-ray
diffraction (PXRD) spectra. Solid powder samples were
scanned from 2 to 35° (26) with a step interval of 0.2°. The
instrument was operated at 45 kV voltage and 200 mA current
and calibrated with a standard silicon sample. Circular
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dichroism (CD) spectroscopic measurements were performed
in a JASCO J-815 CD spectrometer in HPLC grade solvents at
room temperature (400 pL quartz cuvette cell, 1.0 mm path-
length). Average hydrodynamic diameter (D) of the aggre-
gated amphiphilic polymers and zeta potential (£) values were
determined, respectively, by dynamic light scattering (DLS)
and eletrophoretic light scattering (ELS), using a Zetasizer
Nano ZS (Malvern Instrument Ltd, Malvern, UK) equipped
with a He-Ne laser beam at 658 nm with scattering angle of
173°. Polymer solutions were filtered through a 0.45 pm
syringe filter prior to measurement. All the measurements
were carried out in aqueous environment at pH 8.0 and
average Dy and ¢ values were calculated from three replicate
measurements and are reported as mean diameter + standard
deviation. Atomic force microscopy (AFM) imaging was
recorded in an NT-MDT NTEGRA prima scanning probe
microscope operated in semi-contact mode. For field
emission-scanning electron microscopy (FE-SEM) study, an
aliquot of sample solution (0.1 or 0.01 mg mL ™" in THF and
H,0) was drop-casted on a small piece of silicon-wafer and
dried completely at room temperature, followed by high
vacuum drying. Finally, the specimen was coated with gold-
palladium (20:80) alloy and images were recorded using a
Carl Zeiss-Sigma instrument.

Syntheses of amine terminated initiators

Two free amine terminated sequence defined tripeptide
initiators H-Phe-Val-Leu-OMe (H-FVL-OMe) and H-Phe-Val-
Leu-POSS (H-FVL-POSS) were synthesized via conventional
solution phase methodology by using a racemisation free frag-
ment condensation strategy.>® The details of syntheses
procedure (Scheme S17) and characterization of the peptides
are described in the ESI (Fig. S1-S97).

Synthesis of BLG-NCA monomer

The BLG-NCA monomer was synthesized following a literature
procedure® with a slight modification. In detail, BLG (10.0 g,
0.042 mol) and triphosgene (4.20 g, 0.014 mol) were sus-
pended in 150 mL of dry THF in a 250 mL double necked
round bottom (RB) flask connected with a reflux condenser
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and N, bubbler. The mixture was continuously stirred at 50 °C
until the reaction mixture became clear. Then, the reaction
was continued for 5-6 h. Finally, the clear solution was con-
centrated by a rotary evaporator. Note: the temperature of the
water bath on the rotary evaporator was kept below 30 °C to
minimize the possible side reactions due to unavoidable
moisture. After removing the supernatant, the reaction mixture
was re-dissolved in 100 mL ethyl acetate. Exactly equal volume
of hexanes was added into it to induce crystallization of the
NCA monomer. Then, it was kept at —10 °C overnight and the
crystals were collected as a white solid powder by suction fil-
tration under N, environment. Finally the solid residue was
dried under high vacuum condition and stored in a glove box.
Yield: 65%. 'H NMR (Fig. $10,% CDCl;, 6, ppm): 7.41-7.32
(m, 5H, ArH), 6.76 (s, 1H, NH), 5.13 (s, 2H, Ar-CH,), 4.41
(m, 1H, H,C-CH-NH), 2.28-2.14 (m, 2H, H,C-CH-NH). FT-IR
(Fig. S11,+ cm™"): 3600-3100, 1867, 1844, 1781, 1706, 1257,
1202, 928, 743.

Synthesis of PBLG homopolymers via ROP

In a glove box, BLG-NCA (0.20 g, 0.76 mmol), H-FVL-OMe
(9.91 mg, 25.3 umol), 2.0 mL anhydrous DMF and a magnetic
spin bar were taken in a 20 mL septum sealed polymerization
vial. The mixture was stirred for 72 h at room temperature.
Finally, the polymerization was terminated by precipitating
into cold methanol. The resulting polymer was collected after
repeated reprecipitation (x3) of the polymer solution in
acetone from methanol and dried under high vacuum for 12 h
at 30 °C. A similar procedure was followed for the synthesis of
PBLG using H-FVL-POSS and butyl-NH, as initiators. During
the polymerization reactions, we restricted monomer conver-
sions below 75% to avoid side reactions.

Deprotection of benzyl groups from PBLG homopolymers

The deprotection of benzyl groups was conducted under
strong acid treatment as described elsewhere.”" Typically,
PBLG (1a in Table 1, 0.01 g) was dissolved in 1.0 mL THF, fol-
lowed by addition of 0.5 mL HBr/AcOH (33 wt%) and 0.5 mL
TFA. The reaction was continued for 12 h at room temperature.
In the next step, the solvent was removed under reduced

Table 1 Characterization of PBLG homopolymers obtained from the polymerization of BLG-NCA in DMF at room temperature in the presence of

amine terminated OMe/POSS tripeptide and butyl-NH; initiators

Conv.* Mn,theod My cpc (P)° Mn,NMRf
Sample [BLG-NCA]/[1]* Initiator (I) pp,’ (%) (g mol™) (g mol™) (g mol™)
1a 20/1 H-FVL-OMe 16 72 4200 4500 (1.18) 4600
1b 30/1 H-FVL-OMe 26 69 5800 7300 (1.20) 7200
1c 60/1 H-FVL-OMe 45 65 10600 12400 (1.21) 12 200
2a 20/1 H-FVL-POSS 15 68 4800 5300 (1.20) 5200
2b 30/1 H-FVL-POSS 24 62 6100 7800 (1.22) 7500
2¢ 60/1 H-FVL-POSS 42 60 10700 12900 (1.25) 12 300
3a 20/1 Butyl-NH, 17 75 4000 3400 (1.15) 4600

“Stoichiometric ratio of [BLG-NCA]/[initiator (I)]. ? Determined by NMR analysis. ° Conversion (Conv.) was determined by gravimetric analysis.
dMn,theo values were determined by using equation: My, heo = (MWinitiator T (MWgrg-nca % Conv. x [BLG-NCA]/[I])), where MWipitiator, MWgrG-ncas
[BLG-NCA] and [I] are the molecular weight (MW) of initiator, MW of BLG-NCA, initial concentrations of monomer and initiator, respectively.

¢ Measured by GPC in DMF./ Calculated from '"H NMR analysis.

This journal is © The Royal Society of Chemistry 2016
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pressure. The obtained solid was re-dissolved in THF, and the
solution was dialyzed against de-ionized (DI) water for 48 h by
using a dialysis bag (spectra/por® dialysis membrane, mole-
cular weight cut-off (MWCO): 2 kDa). During the dialysis, DI
water was changed after every 2-8 h for a total of six times.
Finally, water was evaporated under reduced pressure using a
rotary evaporator and the polymer was dried in a vacuum oven
for 48 h at 40 °C.

Results and discussion
Syntheses and characterization of peptide initiators

Due to the extreme sensitivity of NCA monomers towards
various external/internal physical parameters,®” it was of prime
importance to prepare pure H-FVL-OMe and H-FVL-POSS
initiators. These two initiators were characterized by NMR,
FT-IR and ESI-MS spectroscopy. "H NMR spectra of purified
H-FVL-OMe (Fig. S1t) and H-FVL-POSS (Fig. S31) show broad
resonance signals at 7.81 and 7.92 ppm, respectively, due to
the free amine groups. The peak at 3.62 ppm in Fig. S1t corres-
ponds to -OCH; protons in H-FVL-OMe. The signals at 0.56
and 0.92 ppm (Fig. S31) are due to the methylene (Si-CH,-)
and methyl protons (Si-CH-CH(CH3;),) of the POSS moiety in
H-FVL-POSS, where the POSS segment is covalently connected
with one edge of the tripeptide through the C-terminus end.
The remainder of the proton signals exhibited by H-FVL-OMe
and H-FVL-POSS are assigned carefully to their respective
spectra. The ">C NMR spectrum of H-FVL-OMe displays two
amide carbonyl signals at 175.4 and 171.7 ppm, along with
one ester carbonyl signal at 171.1 ppm (Fig. S2f). However,
H-FVL-POSS shows exclusively three amide carbonyl signals at
171.2, 170.5 and 169.8 ppm (Fig. S4t). Fig. S51 depicts silicon
resonance signals for the H-FVL-POSS at § = —67.6 and
—67.8 ppm,>’ thus successful covalent attachment of the POSS
moiety with the peptide chain end is confirmed. The FT-IR
spectrum of H-FVL-OMe (Fig. S61) and H-FVL-POSS (Fig. S7)
shows informative sharp frequency bands at the region of
1645-1635 and 1556-1535 cm™ " due to amide I and II, respect-
ively. In addition, sharp absorption signals appeared at 1746
(Fig. S61) and 1112 em™" (Fig. S7) due to the carbonyl group
of the ester functionality of H-FVL-OMe and the Si-O-Si
stretching frequency of the POSS moiety. The ESI-mass spectra
of H-FVL-OMe (Fig. S81) and H-FVL-POSS (Fig. S91) show
molecular ion peaks at 392.44 m/z (molecular weight (MW) of
(H-FVL-OMe + H)") and 1235.10 m/z (MW of (H-FVL-POSS +
H)"), respectively, which matched nicely with the theoretical
molecular masses. These observations clearly indicate success-
ful synthesis and high purity of H-FVL-OMe and H-FVL-POSS.

Synthesis of PBLG homopolymers via ROP using amine
terminated peptide initiators

After successful synthesis of pure H-FVL-OMe and
H-FVL-POSS, we have applied them as initiators (I) during the
ROP of BLG-NCA at room temperature (Scheme 1). To obtain
different molecular weights of the PBLG segment, polymeriz-
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Scheme 1 Synthesis of PBLG using H-FVL-OMe/POSS initiators and
deprotection of side-chain benzyl groups from PBLG.

ation reactions were carried out at [BLG-NCA]/[H-FVL-OMe or
H-FVL-POSS] ratios between 20 and 60. In addition, one
control experiment was carried out to prepare linear PBLG at
[BLG-NCA]J/[butyl-NH,] = 20 to understand the specific role of
both POSS/OMe terminated tripeptide moieties on various
physicochemical behaviors of the PBLG segment, such as sec-
ondary conformation, self-assembly, etc. Polymerization con-
ditions and results are summarized in Table 1. The number
average molecular weights (M, gpc) of PBLG polymers were
determined by GPC measurements. The molecular weight and
b values of both the series range from 3100 to 9700 g mol™"
and 1.2 to 1.3, respectively (Table 1). On the basis of stoichio-
metry and monomer conversion (Conv.) of as synthesized
homopolymers, we are able to calculate the theoretical
number average molecular weight (Mymeo) by using the
equation: My heo = (MWinitator ¥ (MWprg-nca % Conv. X
[BLG-NCAJ/[1])), where MWipitiators MWg1G.nca, [BLG-NCA] and
[I] are the molecular weight (MW) of initiator, MW of
BLG-NCA, initial concentrations of monomer and initiator,
respectively. Table 1 shows that the M, ¢e, values does not
fully agree with the corresponding M,, gpc values, plausibly due
to the different hydrodynamic volume of OMe/POSS tripeptide
end capped PBLG homopolymers with respect to the PMMA
standards, which we have employed to construct the conven-
tional calibration curve for M, gpc measurement.’*

The chemical structures of POSS/OMe end capped tripep-
tide-PBLG conjugates were primarily characterized by "H NMR
spectroscopy. Fig. 1A shows informative resonance signals
from 1a at § (ppm) = 8.53-8.16 (s, 1H, -NH-), 7.43-7.01 (s, 5H,

H
R N+H R = H-FVL-OMe ate N+H R= H-FVL-POSS
Hopl ! Hopl " b
c c a i
a bc -

ppm ppm

Fig. 1 'H NMR spectra of (A) 1a in CDCls, (B) dla in D,O, (C) 2a in
CDCl3z and (D) d2a in D,O.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Solid-state FT-IR spectra of (A) 1a, (B) 2a and (C) 3a.

-ArH), 5.19-4.91 (s, 2H, -Ar-CH,-), 4.09-3.78 (t, 1H,
-CH,CH,CH-) and 2.78-1.88 (m, 4H, -CH,CH,CH,-) along
with some low resolved peaks at 3.68-3.66 and 0.91-0.86 ppm
corresponding to oxymethyl (-OCH;) chain end and methyl
(-CH3) protons of peptide initiator, respectively. Other proton
signals from the initiating moiety were not identified due to
their overlapping with the PBLG protons and their low
content. Similar "H NMR spectra were obtained for 2a (Fig. 1C)
and 3a (Fig. S127), which were prepared, respectively, by using
H-FVL-POSS and butyl-NH, initiators. Fig. 1C showed reson-
ance signals at 0.57-0.55 and 0.91-0.88 ppm due to the -Si-
CH,- and -Si-CH-CH(CHj3), protons from the POSS moiety,
respectively. Also, the butyl-NH, initiated polymer 3a gave an
extra peak at 0.92-0.87 ppm for the chain-end methyl protons.
Distinct resonance signals from the initiating moiety (at the
chain end) and main chain PBLG unit allowed us to calculate
the number average molecular weight (M, xmg) from "H NMR
study by using the following formula: M, xnmr = (DPn,prLc-nca X
MW of BLG-NCA + MW of H-FVL-OMe/H-FVL-POSS/butyl-NH,);
where DP,prg.nca i the degree of polymerization. The
DPj, grg-nca Of 1a-1¢, 2a-2¢ and 3a were calculated by compar-
ing the intensity of the resonance signals from benzyl protons
(2H, CH,-Ar) of the PBLG segment with oxymethylene protons
(3H, ~OCH3) of H-FVL-OMe (1a-1c series), methylene protons
(16H, -Si-CH,-) of POSS moiety (2a-2c¢ series) and methyl
protons (3H, CH;-CH,-) of butyl initiator (3a), respectively.
The M, nmr values are reported in Table 1, which matched
nicely with the M, gpc values. In addition, the 29Si NMR spec-
trum of 2a displayed two peaks from the POSS unit, resonating
at 6 = —67.6 and —67.8 ppm (Fig. S137), which clearly showed
the presence of the POSS moiety appending with the main
chain of the PBLG segment. From the FT-IR spectra of PBLG
(Fig. 2), it was not possible to identify amide groups from the
initiating moiety (and the Si-O-Si starching frequency in the
case of POSS containing PBLG), because of their low content
with respect to the amide groups from the PBLG unit.
Nevertheless, the above results confirmed successful synthesis
of PBLG with POSS/OMe-LVF chain ends.

Secondary conformation of polypeptide segments

To characterize the secondary structure of the designed poly-
peptides, we have performed FT-IR measurements in both

This journal is © The Royal Society of Chemistry 2016
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solid and solution state. Fig. 2A shows the partial solid-state
FT-IR spectra of 1a, 2a and 3a, where curves look similar.
Peaks at 1732 and 1452 cm™ " are observed due to the carbonyl
group of the ester functionality and phenyl moiety of the side
chain PBLG residue, respectively. Absorption bands at 1652
and 1547 cm™ " arise from the main chain PBLG homopoly-
mers, which are signatory for amide-I and II, respectively.
These two bands are characteristic for o-helical secondary
structure of protein/peptide molecules.’ The secondary confor-
mations of PBLG homopolymers are tremendously dependent
on the DP of PBLG units.>® The FT-IR spectrum of low DP
(< 10) PBLG showed the amide-I band at 1655-1652 cm ™" for
a-helix, 1630-1627 cm™" for p-sheet (parallel or antiparallel)
and 1695-1692 cm™" for random coil or turn population.®
Since in our cases the DP of PBLG units are much higher than
10, all the synthesized PBLG homopolymers show exclusively
a-helical conformation. In solution phase, we found similar
absorption patterns with characteristic helical absorption
bands (Fig. S147). Interestingly, chain end tripeptide segments
did not disturb PBLG chains to attain helical conformation
governed by the side chain PBLG residues. The possible
arrangements of the POSS/OMe tripeptide-PBLG homopoly-
mers are pictorially represented in Fig. S15.1

To further understand the effect of DP on the secondary
conformations of PBLG homopolymers, PXRD patterns of 1a,
1b, 1c (Fig. 3) and 2a, 2b, 2¢ (Fig. S167) were recorded at 25 °C.
In every case, we found one sharp diffraction peak at 26 =
6.30° due to the a-helical structures.?® No peaks were found at
26 = 2.0-5.0°, which would represent the distance between the
backbones in the antiparallel p-pleated sheet structures.?® The
three reflections at a ratio 1:3"?: 4" are associated with (10),
(11) and (20) reflections of a 2D-hexagonal arrangement of
cylinders, which is basically composed of 18/5 a-helices with a
cylinder distance of 1.19.%°° Polymer 3a also shows similar
diffraction peaks as depicted in Fig. S17.1 The broad peak cen-
tered at about 20 = 20° is originated mainly from the amor-
phous hollow of PBLG units. All the synthesized peptides had
DP > 15, which led to stabilize the a-helical secondary struc-
tures with much better packing arrangements. Although the
positions of the diffraction pattern are quite similar in all sets
of polymers, interestingly the intensity of the diffraction peaks

2000+

-

a-helix —1a

1600+

1200+

Intensity (a.u.)

o]

o

o
n

5 10 15 20 25 30 35
26 (degree)

Fig. 3 PXRD spectra of 1a, 1b and 1c.
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attains higher value with increasing the DP of the PBLG homo-
polymer. We believe that longer the chain length of PBLG, the
higher is the number of amide bonds which help to stabilize
the a-helical secondary structure efficiently via intramolecular
hydrogen bonding interactions. Another important finding is
that the a-helical secondary structure was not disturbed by the
bulkier POSS/OMe tripeptide end. Tripeptide chain ends may
assist to attain such ordered conformation in the solid state by
introducing additional hydrogen bonding motifs.

The secondary conformation of chiral PBLG homopolymers
was further studied by CD measurements using dilute polymer
solutions (0.2 mg mL™") in THF, a helicogenic solvent pre-
ferred for a-helical secondary structure.®” It is well known that
the PBLG homopolymer can adopt a-helical secondary confor-
mation where pendant phenyl groups extend out of the main
chain axis.®® In this context, n-r aromatic interaction between
phenyl groups stabilizes higher order secondary structures.
Fig. 4 shows CD spectra of tripeptide initiators and various
homopolymers initiated by H-LVF-POSS/OMe. The H-FVL-OMe
displays one positive signal at 224 nm and one negative signal
at 234 nm, whereas the H-FVL-POSS exhibits one broad signal
in the region 222-226 nm. The packing arrangements of both
the initiators are entirely different from each other and did not
match with any other secondary conformation of protein mole-
cules. Attachment of the POSS moiety to the C-terminus end of
the LVF peptide has changed the conformation due to its
bulkier sterically organic vertex group. Interestingly, these
initiator derived PBLG homopolymers and 3a (Fig. S18%)
exhibited a strong Cotton effect with minima at 222 nm in the
CD diagram, a signature for the o-helical secondary confor-
mation of peptides.*® Polypeptides having a-helical secondary
conformations generally show double minima at 222 and
209 nm in the CD spectrum due to the n—n* and parallel-polar-
ized m-1* excitonic transitions, respectively.’® In our case, we
found only one negative minimum at 222 nm, probably due to
the strong absorbance of THF at short wavelength range (UV
cut off range of THF: 212 nm).*" Another interesting obser-
vation is that the intensity of the negative peak increased with
the increasing DP of PBLG. With the increasing DP, the extent
of intramolecular hydrogen bonding among the main chain
amide linkages and side chain n-m interaction of pendant
phenyl groups increases. Although 1a, 1b, 1c and 2a, 2b, 2c are
only partially soluble in acetonitrile (turbid solutions after

20

) 60 ®

20
-20

[CD]mdeg
[CD]mdeg
o

-20 — H-FVL-OMe

-40 —— H-FVL-OMe

—1a
—itb 40

60 ==ic -60
220 240 260 280 300 220 240 260 280 300

Wavelength (nm)

Wavelength (nm)

Fig. 4 CD spectra of (A) H-FVL-OMe, 1a, 1b, 1c, and (B) H-FVL-POSS,
2a, 2b, 2c in THF at 20 °C.
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Fig. 5 FE-SEM images of (A) 1c, (B) 2c and (C) 3a. Each scale bar indi-
cates 200 nm. Sample concentration: 0.01 mg mL™%.

sonication), we obtained two minima at 209 and 222 nm in
the CD spectra due to the =-n* and n-n* transitions, thus once
again confirming the a-helix secondary conformation of 1a-1c
and 2a-2c (Fig. S197).

Next, self-assembly driven ordered helical nanofibre for-
mation at microscopic level** was studied by FE-SEM. Since in
our previous experiments we found that extent of helicity is
higher at higher DP, we choose 1c and 2¢ for FE-SEM analysis
because of their highest DP in the corresponding series. Fig. 5
shows that the 1¢, 2¢ and 3a polypeptides adopted intercon-
nected helical nanofibre structures with an average diameter
of ~35 + 4 nm. This kind of helical turn was predominantly
formed because of the side chain phenyl groups in the PBLG,
which have the potential to form n-r aromatic interactions. In
addition, the side chain PBLG units are chiral in nature and
the side-chain spacer is suitable for attaining a helical turn.*?
It is important to note that the concentration of the sample
solution is a vital parameter to get a clear insight into the
helical entangled nanofibres. The sample film prepared from
low concentration polymer solution showed relatively more
ordered helical nanofibres having lower average diameter
(~35 + 4 nm) (Fig. 5) in FE-SEM compared to the diameter
(~75 £ 10 nm) (Fig. S207) of the film that was prepared from
relatively more concentrated polymer solution. Similar kinds
of entangled helical nanofibres from 1c and 2¢ were found by
trapping mode AFM microscopic study, shown in Fig. S21.f
Thus, POSS/OMe-LVF-PBLG polymers adopted o-helical
secondary structure in both bulk and solution state, where the
POSS/OMe tripeptide chain end did not affect the secondary
conformation of the PBLG.

Deprotection of benzyl groups and self-assembling behaviour

Next, we hydrolyzed benzyl ester groups from the side chains
of PBLG to understand the role of benzyl groups (responsible
for effective n-n aromatic interaction) in nucleating the struc-
ture and to elucidate the effect of the POSS/OMe-tripeptide
segment on the solution phase morphology of the polypeptide.
Hydrolysis of benzyl ester groups from the side chains of PBLG
was accomplished using 33 wt% HBr in glacial AcOH and TFA
in THF at room temperature (Scheme 1). Deprotection of
benzyl ester groups produced -COOH groups in the side
chain, which can be protonated/deprotonated by adjusting the
pH of the medium. At basic pH, the resulting polymer is fully
soluble in aqueous medium due to the rapid transformation
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of -COOH to anionic -COO~. Deprotected polymers are
denoted by adding letter “d” before the sample name. For
example, 1a after deprotection gave dla. Fig. 1 shows the 'H
NMR spectra of dla and d2a in D,0 at pH 8.0, where reson-
ance signals due to phenyl and benzyl protons respectively at
7.43-7.01 and 5.19-4.91 ppm in the PBLG segment vanished
after deprotection reaction. This deprotection phenomenon
was further confirmed by FT-IR analysis (Fig. S227), where
stretching frequencies of the carbonyl group of the benzyl
ester functionality and phenyl group centered at 1732 and
1452 cm™ " completely disappeared after the deprotection reac-
tion and one new peak appeared at 1736 cm™" due to the car-
bonyl group of the carboxylic acid functionality. Also, the
hydroxyl (-OH) stretching frequency (3400-3200 cm™) was
now observed in the same spectra, further indicating de-
protection of benzyl groups (data not shown here). The *°Si
NMR spectrum of d2a (Fig. S231) displays two silicon reson-
ance signals from the POSS moiety at —67.6 and —67.8 ppm, so
showing no decomposition or side reactions of the POSS
moiety at the chain end during the deprotection of the benzyl
ester groups by such a strong acid treatment. The deprotected
polymers are expected to show negative (anionic) surface
charges due to the deprotonation of the side chain carboxylic
acid groups at basic pH.

This was confirmed by measuring the zeta potential (¢)
values by DLS analysis of aqueous solutions (0.5 mg mL™" at
PH 8.0). The net negative ¢ values of dla, dib, dic, d2a, d2b
and d2c were found to be —24 + 2, —29 + 3, =32 + 4, —22 + 2,
—26 + 2 and —31 + 4 mV, respectively. The £ values increase
from dia to dib to dic and d2a to d2b to d2c due to the
increasing carboxylate anion content in the side chain of the
poly(i-glutamate).

The CD spectra of deprotected polymers were recorded in
water at pH 8.0 (Fig. 6). In all cases, the deprotected polymers
displayed a negative signal at around 209 nm and a positive
signal at 220 nm, corresponding to a random-coil configur-
ation.** This occurred owing to the electrostatic repulsion
among carboxylate anions in the side chain of the polypeptide
backbone. In both the dla-dic and d2a-d2c series, the inten-
sity of the negative minima concomitantly increased with
increasing the content of carboxylic anion ends, due to the
higher extent of electrostatic repulsion among the side chain
carboxylate anion ends.*> Similarly, d3a also shows a random-

60 60
(A) — ::ﬁ (B) —d2c

— —d2b
40 —dia “ —d2a

CD[mdeg]
CD[mdeg]
8

200 220 240 260 280 300 200 220 240 260 280 300
Wavelength (nm) Wavelength (nm)

Fig. 6 CD spectra of deprotected (A) dia, dib, dic, and (B) d2a, d2b,
d2c in water at pH 8.0 at 20 °C.
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coil configuration in the CD spectrum, shown in Fig. S24.7
Clearly, deprotection of benzyl groups from the PBLG side
chains transformed the polymer conformation from o-helical
to random-coil.*

Amphiphilic polymers can adopt various kinds of mor-
phologies in both solution as well as in the bulk state, such as
spherical, worm-like, spindle, cylinders, toroidal, etc. depend-
ing on the number of hydrophobic/hydrophilic residues,
chemical composition and molecular architecture.*>*® The
deprotected polymers consist of hydrophobic POSS/OMe-LVF
tripeptide chain ends and hydrophilic poly(i-glutamate)
chains with side chain COO- moieties. Thus, these amphiphi-
lic tripeptide-polymer conjugates may self-assemble to higher
order structures in aqueous medium. First, we analyzed 'H
NMR spectra of dla and d2a in D,O (Fig. 1B and D).
Resonance signals corresponding to the side chain glutamate
residue are clearly observed but peaks originating from POSS/
OMe-LVF tripeptide segments cannot be observed because
water is a poor solvent for both the peptidic initiators but a
good solvent for the appending glutamate residue at pH 8.0.
This result clearly indicates higher-order structure formation
by the benzyl deprotected peptide-polypeptide conjugates in
water, most probably via suppression of the hydrophobic pep-
tidic core which is surrounded by the hydrophilic carboxylic
ion terminated glutamate residue.

Therefore, in the next stage self-assembling behaviour was
investigated primarily by DLS measurements in aqueous
medium at pH 8.0, from where average hydrodynamic dia-
meters (Dy,) of dia, dib and dilc were determined as 23 + 3,
50 + 7 and 120 + 15 nm, respectively (Fig. 7). The Dy, values for
d2a, d2b and d2c were found to be 44 + 5, 63 + 9 and 189 +
19 nm, respectively. In both the series, the Dy, values consider-
ably increase with increasing chain length of the hydrophilic
segment. Interestingly, the average Dy, values of dla-d1c series
were somewhat lower than the d2a-d2c series at comparable
DP values. This could happen due to self-aggregation of the in-
organic siloxane core in POSS moieties in the latter series.*’

Self-assembling behaviors of benzyl deprotected polymers
were further studied by FE-SEM (Fig. 8). Polymers dla, d1b
and dic showed typical spherical nano-objects with average
diameters of 60 + 9, 71 + 12 and 180 + 20 nm, respectively. The
average hydrodynamic diameter gradually increased with the

A) ——dla ®) ——d2a
—=—d1b —e—d2b
—a—d1c ——d2¢

Normalized number
Normalized number

1 10 100 1000 1 10 100 1000
Diameter (nm) Diameter (nm)

Fig. 7 Hydrodynamic diameter distribution for aqueous solutions (pH
8.0) of (A) d1a, dib, dic, and (B) d2a, d2b, d2c. Sample concentration:
0.5mgmL™2
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Fig. 8 FE-SEM images of (A) dia, (B) d1b, (C) dic, (D) d2a, (E) d2b and
(F) d2c. Sample concentration: 0.1 mg mL™%.

increasing length of the hydrophilic segment.*® This kind of
bigger spherical nano-objects can be attributed to multi-micel-
lar aggregation driven by strong intermolecular hydrogen
bonding interactions, which is a common phenomenon for
multi-anion/cation charge containing amphiphilic poly-
4939 Interestingly, the spherical particles are well separ-
ated from each other due to the high charge density around
the polymeric micelles, which helps them to avoid electrostatic
repulsion by same charged species.”" Similarly, d2a resulted in
uniformly distributed spherical nano-objects with an average
diameter of 78 + 13 nm. In contrast, d2b gave both spherical
and square morphologies with average diameters of 95 +
15 nm, while d2c showed perfectly square type particles having
diameter of 189 + 22 nm. Polymers d2a-d2c are carrying POSS
moiety at the chain end, which can influence the morphology
due to the inherent self-aggregation property because of its in-
organic siloxane hydrophobic core, which leads to formation
of single layer crystals.>® Nevertheless, the above studies con-
firmed that the hydrophobic POSS/OMe terminated tripeptide
is located in the core and hydrophilic carboxylate ion contain-
ing poly(i-glutamate) chains are projected towards the corona
of the micelles.

It is well documented in the literature that a single POSS
molecule appended at the polymer chain can produce a wide
spectrum of morphologies such as spherical, square-shaped,
cylinders, ellipsoids, etc.’*”* For example, a similar kind of
square type self-assembled particles were formed by POSS end-
functional poly(1-vinyl imidazole).>® Transformation of spheri-
cal nano-objects to square shaped morphologies could be
achieved from coalescence of spherical micelles with each
other at a certain hydrophobic/hydrophilic ratio. Structural
diversity governed by various benzyl deprotected polymers is
represented pictorially in Fig. 9. Note that the apparent hydro-
dynamic diameters of self-assembled particles in aqueous
medium obtained from DLS are somewhat bigger in compari-
son to the sizes obtained from FE-SEM analysis. This is
because DLS measurements were carried out in aqueous
phase, where the particles are in a hydrated state, while the
FE-SEM was performed in the dry state.>® Similarly, we investi-
gated the self-assembly behaviour of 3a (Fig. S251). We
observed Dy, values of 35 + 4 nm from DLS measurement

mers.
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Fig. 9 Schematic representation of self-assembly by benzyl deprotected
PBLG in aqueous medium at pH 8.0.

(Fig. S25A%) for spherical particles (52 + 7 nm from SEM
analysis, Fig. S25Bf), where butyl groups possibly induced
some hydrophobicity in the system.

Conclusions

In conclusion, we have successfully synthesized organic/in-
organic hybrid peptide-PBLG conjugates via grafting from ROP
technique at room temperature with controllable molecular
weights and narrow P values. FT-IR spectroscopy showed a
characteristic peak at 1652 cm™" (amide-I) for main chain
PBLG, an indicative band of a-helix conformation. The PXRD
diffraction peak at 26 = 6.30° represents the intermolecular dis-
tance between the two adjacent peptide chains within one
lamella having 2D hexagonal packing of cylinders comprised
of 18/5 o-helices. Solution-state CD study with OMe/POSS-
peptide-PBLG conjugates displayed one negative signal at
222 nm due to the n-n* electronic transition, which is signa-
ture band of the o-helical secondary structure. FE-SEM and
AFM images of these conjugates showed entangled helical
nano-fibres due to hierarchical self-organization governed by
the chiral PBLG segments. Clearly, incorporation of the
sequence registered OMe/POSS-LVF peptide at the chain end
of PBLG segment did not disturb the a-helical secondary con-
formation of PBLG in either the solid or solution state. Benzyl
group deprotection from these conjugates produced a wide
spectrum of morphological transitions, from spherical to
square-shaped particles. Therefore, - aromatic interactions
between side chain phenyl groups in PBLG induced stable
helical conformations in OMe/POSS-LVF-PBLG conjugates. In
the benzyl deprotected polymers, the hydrophobic POSS/OMe
terminated tripeptide is located in the core and hydrophilic
carboxylate ion containing poly(i-glutamate) chains are pro-
jected towards the corona of the micelles in aqueous medium.
Here, a judicious balance of hydrophobic/hydrophilic seg-
ments as well as the content of crystalline POSS moiety is
important to get a square-type morphology.
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