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ABSTRACT: Self-assembling peptides (SAP) have been extensively studied for their ability to form
nanoscale ordered structures driven by non-covalent molecular interactions. Meanwhile, polymeriza-
tion-induced self-assembly (PISA) has been exploited as a facile and efficient way to produce various
amphiphilic block copolymer nano-objects, whose self-assembly was governed predominantly by the
interactions of the different blocks with the polymerization medium. In this work, we combined PISA
with SAP to prepare novel peptide-polymer hybrid nano-objects, thus harnessing the advantages of
PISA and the self-assembling driving force of SAP. A tripeptide methacrylamide derivative (MAmM-Gly-
Phe-Phe-NH>, denoted MAmM-GFF where MAm means methacrylamide) was copolymerized with glyc-
erol monomethacrylate (GMA) to produce P(GMAes-stat-(MAm-GFF)7) macro-chain transfer agent
(macro-CTA) by Reversible addition-fragmentation chain transfer (RAFT) polymerization in DMF.
This peptide-based macro-CTA was then successfully chain-extended with poly(2-hydroxypropyl meth-
acrylate) (PHPMA) by aqueous dispersion PISA, forming P(GMAses-stat-(MAM-GFF)7)-b-PHPMA s
self-assembled objects. Fibrous structures were observed by TEM and Cryo-TEM in agreement with
DDLS, SLS and SAXS experiments that also revealed long anisotropic morphologies. Such structures
have not been reported previously for PISA-prepared nano-objects. This confirms the decisive influence
of the GFF SAP on the self-assembly. In addition, annealing the PISA suspension at different tempera-
tures led to a significant size decrease of the self-assembled objects and to a morphological transition
caused by the thermo-sensitivity of both the core-forming PHPMA block and the stabilizing P(GMA-

stat-(MAm-GFF)) block.

INTRODUCTION

Polymerization-induced self-assembly (PISA) is a way to produce block copolymer nano-objects, in
which the self-assembly is induced during the formation of the block copolymer. In PISA, a solvent—
soluble first polymer is chain extended with a second polymer generally using a reversible deactivation

radical polymerization (RDRP) technique.'”” The polymerization solvent is chosen to be selective of the
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first block so that the growing second block becomes insoluble as the polymerization progresses, thus
inducing the self-assembly in-situ. First reported in 2002,® although not called PISA then, this simple
synthetic method gained momentum in the last few years’ for its ability to produce well-defined poly-
mer nano-objects at high concentration and with high reproducibility. PISA has been demonstrated to

10-14

work well under dispersion or emulsion polymerization!*>!® both in polar solvents (water, alcohols,

..)!%% or non-polar solvents (alkanes, toluene, ...).26?° Less conventional solvents such as ionic lig-

31-33

uids®® or supercritical CO2 were also successfully used for PISA protocols. Although PISA can result

in a large variety of morphologies, spheres, worms or vesicles with controlled size and functionality?® '"

3438 are the most common PISA morphologies.

Hybrid peptide-polymers are an important class of materials combining interesting characteristics of
their peptide and polymer components. Ideally, these structures should possess the biocompatibility and
biofunctionality of peptides as well as the robustness and functional diversity conferred by the polymer
chains. They can be prepared by various approaches (i.e. post polymerization grafting, grafting-from or

grafting-through)*-*3

resulting in a wide variety of morphologies, functionalities and potential applica-
tions. Recently, our group reported the first polypeptide-polymer nanoparticles synthesized via PISA.*
These hybrid particles were composed of a hydrophilic trilysine-containing shell and a PHPMA hydro-

phobic core. The cationic oligolysine was shown to confer antibacterial properties to the self-assembled

structures.

Nano-objects based on peptides self-assembly have also gained attraction, especially for tissue engineer-
ing and drug delivery applications® due to their biocompatibility, and ease of synthesis and modifica-
tion to yield bioactivity.*> 4’ Self-assembling peptides (SAP) were used in a bottom-up approach to form
a variety of stable supramolecular nanostructures, such as fibers, rods, tubes, nano-vesicles or spheres.®

Their self-assembly is driven by non-covalent interactions such as hydrogen bonding, n-n stacking, van



der Waals forces or electrostatic interactions.*® Thus, their organization could be triggered and finely

regulated by different parameters such as ionic strength, pH and temperature.

In this context, exploring the combination of PISA and SAP peptide in block copolymer self-assembly
appears very interesting. Such systems could be significantly influenced not only by physicochemical
parameters such as the solubility and the hydrophobic/hydrophilic balance between the two components
of the block copolymers, but also by the specific self-recognition properties of the peptide moieties.
Consequently, a methacrylamide (MAm) functionalized tripeptide monomer (MAm-Gly-Phe-Phe-NHo,
denoted MAmM-GFF) was synthesized. The GFF motif was chosen for the simple diphenylalanine se-

quence which has been the most extensively studied SAP reported so far.** > Depending on conditions,

1 2

this dipeptide and its numerous derivatives can self-assemble into nanotubes,’’ nanowires,’® nano-
vesicles™ or fibers.®* Aromatic interactions and hydrogen bonds between diphenylalanine moieties are
considered critical for the formation of these distinct nanostructures.>>’ A glycine residue was used as a
spacer between the self-recognition element and the polymerizing unit. MAm-GFF was statistically co-
polymerized with a hydrophilic monomer (glycerol monomethacrylate, GMA) by Reversible addition-
fragmentation chain-transfer (RAFT) polymerization to form the target SAP-containing macromolecular
chain transfer agent (macro-CTA). This (MAm-GFF)-containing macro-CTA was chain-extended with
poly (2-hydroxypropyl methacrylate) (PHPMA) under aqueous dispersion PISA. GMA and HPMA were
chosen since they are highly biocompatible and because the PGMA-b-PHPMA PISA system has been
thoroughly studied and reported,'? 3% %862 thus it constitutes a very useful benchmark to understand the
influence of SAP on the final morphologies. The synthetic approach in this work is illustrated in scheme

1. Scattering and imaging techniques were used to characterize the resulting nano-objects. Particularly,

the change in shape and size of the objects was examined via cooling-heating cycles.

Scheme 1. Syntheses of the P(GMA-stat-(MAm-GFF)) macro-CTA using RAFT and of P(GMA-stat-

(MAm-GFF))-b-PHPMA block copolymers under PISA conditions.
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MATERIALS AND METHODS
Materials

Fmoc-amino acid derivatives (Fmoc-Phe-OH, Fmoc-Gly-OH), HATU (1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate) and
Polystyrene Fmoc Rink Amide resin (100-200 mesh) with a loading of 0.94 mmol/g were purchased
from Iris Biotech GmbH. Methacrylic acid, Piperidine, N,N-Diisopropylethylamine (DIEA), Trifluoroa-
cetic acid (TFA), 2-hydroxypropyl methacrylate (HPMA), Glycerol monomethacrylate (GMA), 4,4’-
azobis(4-cyanopentanoic acid) (ACVA) and all organic solvents (Dichloromethane (DCM), Acetonitrile
(ACN), Dimethylformamide (DMF), Ethanol) were purchased from Sigma-Aldrich. The NMR deuterat-
ed solvents (D20, DMSO-d6, DMF-d7) were purchased from Eurisotop. The RAFT agent 4-cyano-4-(2-
phenylethanesulfanylthiocarbonyl)-sulfanylpentanoic acid (PETTC) was prepared as previously de-

scribed.!? All reagents were used as received.
Synthesis of methacrylamide-functionalized peptide monomer (MAm-GFF)

The GFF peptide sequence was prepared using standard Fmoc Solid Phase Peptide Synthesis (SPPS)
method® with a CEM Liberty® microwave automated peptide synthesizer on a 4 mmol scale (4.26 g

resin). DMF was used as solvent, HATU was used as the activating agent in the presence of DIEA and
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Piperidine/DMF 20/80 v/v mixture was used as the Fmoc-deprotecting solution. For each amino acid
coupling, 35 mL of Fmoc-protected amino acid solution at concentration of 0.4 M in DMF (14 mmol,
3.5 equiv), 14 mL of HATU at concentration 1 M in DMF (14 mmol, 3.5 equiv) and 2.8 mL of DIEA
(16 mmol, 4 equiv) was loaded to the microwave reactor. After each coupling, the Fmoc-protecting
group was removed with mixture of Piperidine/DMF 20/80 v/v and the resin was washed prior to subse-
quent coupling. Once target peptide sequence was obtained, the resin was transferred into a reaction
vessel and reacted with 35 mL of a mixture containing 1.2 g of methacrylic acid (3.5 equiv), 532 g
HATU (3.5 equiv), 2.76 mL DIEA (4 equiv) in DMF for 1 h at room temperature. The resin was then
washed with DMF (20 mL x 3), then, with DCM (20 mL x 3) and dried by nitrogen purging. The N-
terminally methacrylated peptide was cleaved from the resin with a TFA/DCM (1/1) mixture for 2 h at
room temperature. The resin was then filtered and concentrated under reduced pressure. The peptide
was recovered by precipitation in cold diethyl ether, then taken up in ACN/water 50/50 v/v mixture and
freeze-dried. No further purification step was needed. MAm-GFF was obtained as a white solid (1.45 g,
83% yield) and analysed by LC-MS and 'H NMR (Figure S1, S2 Supporting Information). 'H NMR in
DMSO 6 (ppm): 1.85 (s, 3H, -CHz); 2.72 (dd, 2H, -NH-CH>-CO); 2.82-3.08 (m, 4H, -CH-CH>-Ph); 4.41
(m, 2H, -NH-CHCO-CH2>-); 5.38 (s, 1H, vinyl); 5.71 (s, 1H, vinyl); 7.10-7.28 (m, 10H, phenyl); 8.08-
8.20 (m, 3H, -NH-).

Note: All peptides used were enantiomerically pure. They were prepared from a single (L) isomer of
each amino acid, with state of the art and well established procedures of solid phase peptide synthesis.
In this strategy, the peptides were synthesized stepwise from the C to N terminus using urethane-

protected amino acids that avoid any risk of epimerization.

RAFT copolymerization of GMA and MAm-GFF

The general procedure for the synthesis of copolymer P(GMA-stat-(MAm-GFF)) macro-CTA is as fol-
lows: a round bottom flask equipped with a stirrer bar was charged with GMA (1 g, 6.242 mmol),
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MAm-GFF (378 mg, 0.865 mmol), PETTC RAFT agent (32.6 mg, 0.096 mmol), ACVA initiator (2.69
mg, 0.0096 mmol) and DMF. The flask was subsequently sealed with a rubber septum, the reaction mix-
ture was degassed by bubbling nitrogen for 30 min and the flask was immersed in a preheated oil bath at
70°C. The reaction was conducted under stirring for 24h. Then the copolymerization was quenched by
opening the reaction to air and the conversion was determined by 'H NMR. GMA conversion was de-
termined from the proton integral ratios of its residual vinyl signals at 5.65 ppm (1H) or 6.15 ppm (1H)
to the signals at 3.5-4.1 (S5H) whereas the MAm-GFF conversion was obtained from the comparison of
its residual vinyl signals at 5.42 (1H) or 5.85 (1H) to the phenyl group at 7.2-7.4 (10H). The reaction
solution was diluted in DMF and precipitated in cold THF. The yellow precipitate was then re-dispersed
in water and freeze-dried. DMF GPC analysis of final product indicated My = 18,290 g/mol with Mw/Mx
= 1.32 (Figure 6) while 'TH NMR gave the mean DP of PGMA and PMAm-GFF are 65 and 7 respective-

ly (Figure S3 Supporting Information).

For the copolymerization kinetic study, DMF-d7 was used as solvent. The reaction mixture was deoxy-
genated in a Schlenk flask then transferred into an NMR tube under nitrogen atmosphere. The 'H NMR
spectra were recorded at time t = 0 (just after putting the sample at 70°C in the NMR spectrometer), at
30 min intervals during the first three hours and every hour for the remaining time until the reaction was

finished.
PISA via RAFT aqueous dispersion polymerization

PISA protocol was performed via RAFT aqueous dispersion polymerization of HPMA with P(GMAgs-
stat-(MAm-GFF)7) macro-CTA as described below. The purified P(GMAss-stat-(MAm-GFF)7) macro-
CTA (200 mg, 0.0145 mmol), HPMA (58.5 mg, 0.406 mmol) and ACVA initiator (1.0 mg, 0.0036
mmol) were weighed into a 10-mL glass vial containing a stirrer bar. 2.34 mL MilliQ water was then
added to get a reaction solution at 10% w/w. The vial was sealed, degassed for 30 minutes and put into

an oil bath previously set at 70°C using a stirring hotplate. After 24h, reaction was opened to the air,
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cooled down to ambient temperature and aliquots were taken to run 'H NMR, GPC, TEM, Cryo-TEM,

DDLS, SLS and SAXS.
Liquid chromatography — mass spectrometry (LC-MS)

LC-MS analyses were performed on Waters Alliance 2695 HPLC system, coupled to a Water Micromass
7ZQ spectrometer (electrospray ionization mode, ESI+). The peptide monomer MAm-GFF was dissolved
in a small amount of DMF and diluted with acetonitrile/water (50/50 v/v) mixture containing 0.1 %
TFA. UV detection was performed at 214 nm.

Proton nuclear magnetic resonance spectroscopy ('"H NMR)

'"H NMR spectra were recorded on a 300 MHz Bruker Avance-300 spectrometer, processed and ana-

lyzed with MestReNova 9.0 software.
Gel Permeation Chromatography (GPC)

Polymer molar mass distributions were analysed using a GPC Varian 390-LC system fitted with 2
PL1113-6300 ResiPore 300 x 7.5 columns thermostated at 70°C and connected to a 390LC PL0390-
0601 refractive index detector (RI). The mobile phase was DMF containing 0.1% w/w LiBr at a flow
rate of 1 mL min!. The calibration was achieved with near-monodisperse poly(methyl methacrylate)
(PMMA) standards ranging from 550 to 1 568 000 g mol! (EasiVial-Agilent).

Circular Dichroism (CD)

The CD spectra were recorded on a JASCO J-815 Spectropolarimeter. MAm-GFF was dissolved in eth-
anol (0.02 and 0.04% w/w) and loaded into a 1 mm quartz cuvette. Spectra were obtained from 190-260
nm with 0.1 nm step, 1 nm bandwidth and 100 nm/min for scanning speed.

X-Ray Diffraction (XRD)

XRD was employed on the Philips Xpert Pro Diffractometer with Cu Ka radiation (k = 1.54 A). The

sample was scanned from 5° to 50° with steps of 0.033°.



Light scattering (LS)

The hydrodynamic radii were analyzed by dynamic light scattering at 90° using an Anton Paar Litesizer
TM 500. Samples were prepared at 0.1 % w/w by diluting the PISA suspension 100-fold with MilliQ
water. The measurements were performed at 25°C or for varied temperature from 20°C to 70°C with

10°C intervals, 30 minutes of equilibration was set at the target temperature prior each measurement.

Depolarized Dynamic Light Scattering (DDLS) measurements were also performed, thanks to the proto-
type of the Thetis multiangle DDLS setup commercialized by Cordouan Technologies (Pessac, France)
consisting of two detector cells located at various angles respectively to the incident laser beam. Each of
the cells detected either the polarized or depolarized transmitted beam, through the splitting of this beam
by a polarizing cube. The data for characterizing the anisotropy of the particles were then treated follow-

ing the theoretical model developed with Broersma's equations.®*

Small angle X-Ray scattering (SAXS)

The SAXS experiments were performed under transmission configuration using an in-house setup at the
Laboratory Charles Coulomb (Montpellier, France). A high brightness, low power X-ray tube, coupled
with an aspheric multilayer optic (GeniX>P from Xenocs) delivers an ultralow divergent beam (0.5
mrad, A = 0.15418 nm). Scatterless slits were used to give a clean 0.6 mm beam diameter with a flux of
35 Mphotons per second) on the sample. Samples were contained in lineman tubes of 1 mm external
diameter and 0.1 mm thickness. We worked in a transmission configuration and the scattered intensity
was measured using a 2D “Pilatus” 300K pixel detector by Dectris (490*600 pixels) with pixel size of
172*172 um?, at a distance of 1.9 m from the sample. Sample SAXS intensity is the average of six scans
obtained after an exposition time of 30min/scan that corresponds to 3 hours of data acquisition time.
The 2D signal on the plate was translated into I(q) signal using FIT2D. All intensities were corrected for
transmission, empty cell and solvent contribution. The measurements were run directly from the con-

centrated PISA suspension at 10% w/w.



Transmission Electron Microscopy (TEM)

TEM images were acquired using either a JEOL 1200 EXII — 120 kV or a JEOL 1400 P+ - 120 kV. 10
pL of diluted PISA suspension (0.1 % w/w) was deposited onto the grid for 60 s and then blotted with
filter paper to remove excess solution. Afterward, the sample-loaded grid was stained with 7 uL of 1 %
ammonium molybdate solution for 20 s before this solution wasremoved with filter paper. The grid was
allowed to dry for 5 minutes under the fumehood. For the study at 70°C or 5°C, 10% w/w PISA suspen-
sion was incubated at the desired temperature during 1 h and diluted to 0.1 % w/w with MilliQ water at
the same temperature. Samples were quickly loaded onto the grid using the protocol described above,

but in these cases, the grids were prepared in an oven chamber set at 70°C or in a fridge.
Cryogenic Transmission Electron Microscopy (Cryo-TEM)

Cryo-TEM analysis was performed using a CryoTitan (Fisher Scientific Corp) operating at 300 kV and
equipped with a field emission gun (FEG). The TEM grids were glow discharged with a Cressington
208 carbon coater. Vitrified samples were prepared from a 3 uL droplet of solution pipetted on the grid
inside the VitrobotTM at the highest relative humidity and room temperature. The samples were blotted
to remove the excess solution and plunged into liquid ethane by using the automated vitrification robot,
VitrobotTM (Mark III, FEI Corp) to achieve an electron transparent sample in amorphous ice around a

lacey carbon grid.
RESULTS AND DISCUSSION
Methacrylamide-functionalized peptide monomer MAm-GFF

Standard Fmoc solid phase peptide synthesis were successfully applied to prepare the methacrylamide-
functionalized peptide monomer MAm-GFF with a good yield (83%) and high purity, as proved by LC-
MS and 'H NMR spectrum shown in Figure S1 and S2 Supporting information. MAm-GFF is rather
hydrophobic, insoluble in water but could be dispersed in ethanol. DLS analysis the dispersion of

MAmM-GFF in ethanol at 0.1 % w/w indicated poor solubility shown by the presence of micrometric
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self-assembled objects. Representative TEM images of the structures obtained from this dispersion are
shown in Figure 1. These images show bundles of rather monodisperse fibers, 1.50+0.14 um long and
0.35+0.03 um wide, with dozen fibers per bundle, each about 40nm in width. X-Ray powder diffrac-
tion proved the crystallinity of these fibers (Figure 2). The sharp distinct peaks of MAm-GFF are con-
sistent with those seen in the X-ray diffractograms of L-phenylalanine-based molecules.’ %% Further-
more, CD spectroscopy was also employed to extract more information about the self-assembly of
MAmM-GFF in ethanol. The clear positive signal observed at 222 nm, also observed in previous studies
of L-phenylalanine derivatives, was assigned to m-n* transitions resulting from aromatic stacking of the
phenylalanine residues.® Hence, the self-organization into supramolecular structures of MAm-GFF was
attributed to aromatic stacking interactions between FF moieties. In addition, recent experimental and
theoretical studies suggested that the self-assembled nanostructures formed from FF-containing mole-
cules are also stabilized via H bonding (FF-FF, FF-solvent) and other weak forces such as hydrophobic,
electrostatic and Van der Waals interactions between non-polar moieties.>® In the case of MAm-GFF, H-

bonds between the amide groups most likely contribute to the self-assembly.

Figure 1. Representative TEM images of structures obtained from MAm-GFF solution in ethanol at 0.1

% wW/w.
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Figure 2. X-ray diffractogram of MAm-GFF powder (left), and CD spectra of MAm-GFF in ethanol at

0.2 and 0.4 mg/mL (right).

P(GMA-stat-(MAm-GFF)) macro-CTA

Due to the insolubility of PMAm-GFF in water, PISA protocols in water using such macromolecular
chain transfer agent (mCTA) cannot be easily performed. Instead, a more hydrophilic macro-CTAs pre-
pared by copolymerization in DMF of MAm-GFF and glycerol monomethacrylate (GMA, a common
monomer in PISA-formulations) was used.'? 2% 3 7073 The monitoring of the conversions of each mon-
omer during the copolymerization by in-situ '"H NMR kinetic study (Figure 3) shows that MAm-GFF
was consumed slightly slower than GMA. GMA was almost completely polymerized after Sh but MAm-
GFF conversion only reached 80%. However, both monomers started and stopped copolymerizing at the
same time (after about 240 mins). This suggests the formation of a statistical P(GMA-stat-(MAm-GFF))
copolymer. The slightly slower rate of polymerization observed for MAm-GFF could be caused by the
steric hindrance of the GFF moiety. Using these reaction conditions, a well-defined P(GMAg¢s-stat-
(MAm-GFF)7) copolymer was prepared (M, = 18,290, B = 1.32). This copolymer was easily dispersed

in water at 10 % w/w.
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DLS and TEM analyses were performed to investigate the assembled-state of this MAm-GFF-
containing macro-CTA. The copolymer was dispersed in MilliQ water at a concentration of 0.1 % w/w
and stirred gently overnight. TEM images of this dispersion, shown in Figure 4, revealed the formation
of bundles of fibers or ribbons with diameter between 60 and 500 nm. The bundles were about 10 pm
and contained a large number of ribbons. Compared to the bundles formed by MAm-GFF (Figure 1),

these copolymer bundles were less aligned and thus formed hyperboloids.
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Figure 3. Evolution of monomer conversion with polymerization time for the RAFT statistical copoly-

merization of GMA and MAm-GFF as studied by '"H NMR spectroscopy. Data points for the GMA and
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MAm-GFF are denoted by green lozenges and blue spheres respectively. Reaction conditions: [GMA]o :

[MAm-GFF]o: [PETTC]o: [ACVA]o = 65: 9: 1: 0.1 in DMF-d7 at 70°C.

The influence of temperature on the self-assembly behavior of the P(GMAgs-stat-(MAm-GFF);) macro-
CTA was investigated by DLS and TEM over the 30°C-70°C range. Heating is indeed known to disrupt
supramolecular interactions such as H-bonding or pi-stacking. The DLS analyses showed that the size of
the self-assembled structures gradually decreased with increasing temperature (Figure 5). At 30°C, a
trimodal size distribution was detected with broad peaks observed at 20 nm, 200 nm and 5 pm. At 40
°C, the smaller peak disappeared and the other distribution narrowed. From 50°C upwards, and at 70°C,
only one narrow peak centered at approximately 250 nm was observed. TEM samples prepared at 70°C
also confirmed the change in size of the structures, compared to the images taken for samples prepared
at ambient temperature (about 30°C). At 70°C, the copolymer still self-assembles into fibrous bundles
but of smaller length and diameter. This TEM image also show fuzzier interfaces for the morphologies

compared to those imaged at 30 °C, which is consistent with a higher degree of solvation.

Figure 4. Representative TEM images of P(GMAes-stat-(MAm-GFF)7) macro-CTA in MilliQ water at

0.1% w/w at ambient temperature (about 30°C) (left) and at 70°C (right).
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Figure 5. Intensity-average hydrodynamic diameter distribution of P(GMAes-stat-(MAm-GFF)7) mac-

ro-CTA in MilliQ water at 0.1 % w/w over the 30°-70°C range.

To examine the possible influence of HPMA on the structure of the P(GMAgs-stat-(MAm-GFF);) macro-
CTA, a mixture of macro-CTA with HPMA in water at 10 % w/w was prepared and heated overnight at
70 °C. This mixture was then diluted to 0.1 % w/w and analysed by DLS and TEM. As shown in Figure
S4 the TEM images do not show any specific change as compared to the images shown in Figure 4. In
addition, the object size obtained from DLS at 70 °C in presence of HPMA is comparable to the data
shown in Figure 5, suggesting that HPMA does not act as co-solvent for the macro-CTA, as the ob-

served morphology and size were unaffected.

P(GMA-stat-(MAmM-GFF))-b-PHPMA nano-objects via PISA

The RAFT aqueous dispersion polymerization of HPMA using the P(GMA¢s-stat-(MAm-GFF)7) macro-

CTA was conducted at 10 % w/w and yielded well-defined P(GMAg¢s-stat-MAm-GFF7)-b-PHPMA s
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diblock copolymer self-assembled nanostructures. As in a typical aqueous dispersion polymerization,
the reaction mixture became increasingly cloudy, signaling the formation of aggregates. 100% conver-
sion of the HPMA was obtained after 24 h as judged by 'H NMR spectroscopy. Formation of the di-
block copolymer via chain extension of the macro-CTA with PHPMA was confirmed by SEC as shown
in Figure 6 (D = 1.32). The resulting diblock copolymer dispersion was stable throughout the polymeri-
zation. No sedimentation or creaming was observed and the dispersion remained colloidally stable for

six months when stored at 4°C. To

58]
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Figure 6. DMF GPC traces (refractive index detector) for the P(GMAgs-stat-(MAm-GFF)7) macro-CTA

(orange) and the diblock copolymer P(GMAgs-stat-(MAmM-GFF)7)-b-PHPMA»s (blue) prepared by

RAFT aqueous dispersion polymerization of HPMA at 10 % w/w at 70 °C.

To investigate the morphology of the P(GMAss-stat-(MAm-GFF)7)-b-PHPMA 5 aggregates, TEM anal-
ysis was performed on diluted (100-fold) samples. Figure 7 shows that fibrous structures were obtained
and that these fibers (80-100 nm) tended to arrange into sharp spherulitic structures. These structures are
distinct but related to those observed for the P(GMAgs-stat-(MAm-GFF)7) macro-CTA (Figure 4). How-
ever they are completely different from those resulting from the PISA of PGMA-b-PHPMA.!? This
clearly underlines the influence of the GFF interactions on the self-assembly process.

16



Figure 7. Representative TEM images of the P(GMAss-stat-(MAM-GFF)7)-b-PHPMA 25 diblock copol-
ymer morphologies obtained by aqueous dispersion PISA and diluted to 0.1 % w/w at ambient tempera-

ture.

To eliminate possible structural changes due to drying and sometimes observed in the case of post-
mortem TEM imaging, cryo-TEM and scattering techniques were used to provide further structural in-
formation. Figure 8 shows a cryo TEM image of the PISA morphologies obtained from the P(GMAss-
stat-(MAm-GFF)7)-b-PHPMA s diblock copolymer in water: 1-2 um long and 50-100 nm wide fiber-
like objects. These images demonstrate that these fibers are formed during polymerization and are not
artefacts due to sample preparation and drying. The bundles visible in the non-cryogenic TEM, however,
are absent from the cryo-TEM images and thus likely result from the drying process during post-mortem

TEM grid preparation.
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Figure 8. Representative cryo-TEM images of P(GMAs¢s-stat-(MAm-GFF)7)-b-PHPMA g diblock co-

polymers morphologies obtained from aqueous dispersion PISA at 10% w/w.

Traditional DLS analyses where particles are assumed to be spherical are not adequate to examine such
anisotropic structures. Hence, simultaneous polarized and depolarized (90°) DLS measurements were
performed. In these experiments, two diffusion coefficients are determined: the translational coefficient
(Dy) and the rotational coefficient (D), thus giving the length (L) and also the width (W) of the objects.
The detail of the data analysis procedure can be found in supporting information (Figure S5- S7). The
average width (w = 250 nm) and the approximate length (200 nm <L <1 pm) are in agreement with the
cryo-TEM images. To further confirm the existence of the fibrous structures in solution, scattering tech-
niques were used. SLS measurement in the g-range 0.005 — 0.035 nm™ was combined with SAXS
measurement over the q range 0.005 — 2 nm™', providing the plot shown in Figure 9. A plateau of intensi-
ty is not obtained at low q, reflecting the presence of large object in the solution compared to the obser-
vation window. This plot displays q? scaling law at low q between 0.005 nm™ and 0.035 nm™ and q’!*
scaling law at intermediate (or high) q (between q ~ 0.05 nm™ and q ~ 0.2 nm™!. This scaling is close to
what is expected for elongated structures (q!). The power law at high q suggests that the interfaces are
not smooth. The bump at intermediate q (q ~ 0.22 nm™) reveals a characteristic distance (28 nm) that

most probably corresponds to the mean thickness of the ribbon/fiber. These results are consistent with
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the morphology observed in Cryo-TEM. However, the dimensions of the self-assembled objects could

not be determined from these SLS and SAXS data because they are much larger than the upper size lim-

it of 100 nm.
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Figure 9. Combined SLS and SAXS plot obtained at 20°C for PISA suspension of P(GMAg¢s-stat-
(MAm-GFF)7)-b-PHPMA»s diblock copolymer. The I(q) values of the y-axis were multiplied by the

suitable coefficients (C) according to the dilution factors for running samples.

To explain the formation of these block copolymer structures, we surmise that the P(GMAss-stat-
(MAm-GFF)7) macro-CTA aggregates at 70°C (the temperature of the PISA protocol here), act as an
exogeneous interface for heterogeneous nucleation for the self-assembly of the diblock copolymer. In-
deed, the P(GMAgs-stat-(MAm-GFF)7)-b-PHPMA»s diblock copolymer fibrous morphologies prepared
via PISA and described above have never been reported for PGMA-b-PHPMA block copolymers. A
PGMAss-b-PHPMA»g block copolymer would probably not self-assemble and if it did, would only lead
to small spheres.!" * 7> These results strongly suggests that: 1) the peculiar structures observed here are

directly caused by the GFF sequences in the macro-CTA, 2) the effect of the SAP is very strong even in
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polymers containing an average of only seven GFF moieties per molecule, and 3) the GFF sequences

are accessible and remain active during the PISA process.
Temperature-induced morphological changes

A remarkable temperature-induced morphological change of the fiber-like structures formed from the
P(GMAgs-stat-(MAm-GFF)7)-b-PHPMA g block copolymer was detected by both DLS and TEM analy-
sis. As seen in Figure 10, upon heating from 20 °C to 70 °C, the bimodal distribution centered at 2 pm
and 40 - 50 nm of the self-assembled objects was significantly modified: the peak at 2 pum decreased in
intensity and shifted to 200 nm while the smaller size distribution increased in intensity. It is important
to note that these changes were completely reversible as the DLS measurements carried out at 20°C be-
fore and after heating to 70°C were almost identical (Figure 10). TEM samples were prepared at 70°C
from colloidally stable solutions incubated at 70°C for at least 1 hour. These TEM images revealed
worm-like structures of roughly 25 nm in diameter (Figure 10) instead of the flower-like fiber bundles
seen at 20°C (Figure 7). Heating not only increase the mobility of the chains but is also known to weak-
en or even destroy hydrogen-bonds and - stacking.*®: ¢7® While both interactions between GFF moie-
ties and between GFF and water were significantly reduced at high temperature, the self-assembly of
P(GMAgs-stat-(MAm-GFF)7)-b-PHPMA s is mainly influenced by the PHPMA block which leads to
this morphological transition. PGMA-b-PHPMA block copolymer particles exhibit thermo-responsive
behavior with reversible morphology transition from worms to spheres upon cooling to 4°C.” Thus, the
effect of low temperature on the GFF-containing block copolymer was also studied. After incubation for
1 h at 4°C, another clear morphological change of the self-assembled structures was observed (Figure
11). The pure fiber phase was replaced by large spherical objects (ca. 600 nm in diameter) featuring a
nanostructure composed of small spheres of roughly 25 nm. These spherical clusters were reminiscent
of Mimosa. The hydrophilicity increase of the PHPMA core-forming block at low temperature> 782

likely triggered the reorganization of the P(GMAgs-stat-(MAm-GFF)7)-b-PHPMA»s self-assembled
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morphologies, suggesting that the self-assembly process of the GFF-containing block copolymer is not
only driven by the specific peptide interaction part but also by the delicate hydrophilic/hydrophobic bal-

ance for the whole system.

Figure 10. Evolution with temperature of the hydrodynamic diameter of P(GMAgs-star-(MAm-GFF)7)-
b-PHPMAs diblock copolymer objects at 0.1% w/w in MilliQ water (top) and representative TEM im-
ages of P(GMAgs-stat-(MAm-GFF)7)-b-PHPMA s block copolymer structures at 0.1% w/w in MilliQ

water incubated at 70°C for 1 h (bottom).
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Figure 11. Representative TEM images P(GMAgs-stat-(MAm-GFF)7)-b-PHPMA s block copolymer

structures at 0.1% w/w in MilliQ water incubated at 4°C for 1 h.

CONCLUSIONS

RAFT aqueous dispersion polymerization protocols using GFF self-assembling peptide (SAP) were
used to prepare novel nano-objects. The influence of SAP on the resulting PISA morphologies was ex-
amined. The resulting P(GMAgs-stat-(MAm-GFF)7)-b-PHPMA»s diblock copolymer formed self-
assembled structures at 10% w/w which remained colloidally stable over six months. These structures
and their evolution upon heating or cooling were examined using a combination of scattering techniques
and electron microscopy. At 70°C, the highly anisotropic fibers with 1-2 pm long and 50-100 nm wide
observed at 20°C were replaced by worm-like micelles. This morphological transition was fully reversi-
ble and is probably due to local rearrangement of the peptide moieties. The thermo-sensitive properties
at lower temperature of PHPMA were also observed for this P(GMAgs-stat-(MAm-GFF)7)-b-PHPMAxs
diblock copolymer morphology. After incubation at 4 °C, the rod—like structures turned into nanostruc-
tured spherical objects. This work demonstrates for the first time that the incorporation of SAP in a syn-
thetic polymer strongly influences the shape and size of PISA-generated structures. One particularly
salient point is that only seven GFF moieties per chain is sufficient to drastically change the self-

assembly behavior of a diblock copolymer. This study highlights the essential role of the peptide inter-
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actions in the final morphologies. Given the structural diversity of polypeptides, this paves the way for

the design of a wide range of self-assembled objects that might find application as asymmetric drug de-

4547 or original scaffolds for tissue engineering for example.
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