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Abstract

The synthesis of anisotropic nanoparticles by polymerization-induced self-assembly (PISA) remains
challenging yet holds significant potential for biomedical applications. In this context, aqueous ring-
opening polymerization-induced self-assembly (ROPISA) of N-carboxyanhydrides (NCAs) has
emerged as a promising strategy, offering a straightforward route to peptide-based nanomaterials. The
present study was undertaken to evaluate the versatility of aqueous ROPISA across a range of NCAs,
elucidating how their hydrophobicity and the chemical structure of the lateral chains provide access to
nanoparticle anisotropy. A comparative analysis was conducted between NCAs with different
protecting groups and those derived from distinct hydrophobic amino acids. Beyond hydrophobicity,
the aqueous ROPISA of glycine NCA, phenylalanine NCA and tyrosine NCA revealed the crucial role
of additional factors such as the hydrophilic/hydrophobic balance, n-n stacking interactions, and
hydrogen bonding in shaping nanoparticle anisotropy. Overall, this work highlights the broad
applicability of aqueous ROPISA across a wide range of NCA monomers and its ability to generate

tailored anisotropic nanoparticles for advanced applications.



Introduction

Polymerization-induced self-assembly (PISA) has emerged as a highly versatile method in
the field of dispersion polymerization, enabling the synthesis of well-defined nano-objects in a
single-step process and at high concentrations.!?> The PISA process results in the formation of
amphiphilic block copolymers that self-assemble in situ, leading to the generation of self-
stabilized nanoparticles with diverse morphologies (e.g. spheres, worms, vesicles) eliminating
the need for additional surfactants.’>® These morphologies can be controlled by modifying
intrinsic parameters, including the chemical nature of the polymer segments,’ the

10,11

solvophilic/solvophobic ratio,®® the architecture of the copolymer, and the molar mass

dispersity. Additionally, other important factors, including the solvent,'? pH, salt

13,14 ‘monomer concentration,!> temperature,'® stirring rate,!* and initiator

concentration,
concentration can also influence the morphology of the nanoparticles.!’
PISA has been proposed as a highly attractive method for the development of drug delivery

systems (DDS) used in nanomedicine, %29

where size, dispersity and shape control are critical
factors. Especially, the use of anisotropic nanoparticles (i.e., nanoparticles with a length-to-
width ratio greater than 1), although still relatively uncommon, shows great promise for further
development of DDS. Indeed, several studies have demonstrated that anisotropic rod-like
nanoparticles exhibit longer blood circulation half-life and enhanced cellular internalization
compared to their isotropic spherical counterparts.?!~2> Despite this, the controlled formation
of anisotropic nanoparticles using PISA remains limited to a narrow range of conditions that
rely solely on hydrophilic to hydrophobic balance.?® The PISA process has alternatively been
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extended to other supramolecular interactions, such as hydrogen bonding,”’ electrostatic

8 9

interactions,?® 7-m interactions,? crystallization®® and liquid crystal interactions.?! This has
enabled the formation of anisotropic nanostructures with larger aspect ratios.

The study of PISA has been predominantly conducted within the frameworks of reversible
addition-fragmentation chain transfer (RAFT) polymerization,®>*> atom-transfer radical
polymerization (ATRP),>® and nitroxide-mediated polymerization (NMP).3* With these
approaches, the scope of vinyl-based monomers that enable a PISA process in pure aqueous
solutions remains restricted, and the majority of PISA processes require the use of organic
solvents.?>3% Moreover, PISA-based radical polymerization processes mostly result in vinyl-
based nanomaterials constraining their applicability to further biomedical applications. For
instance, the non-degradable nature of the nanomaterials raises concerns about toxic
accumulation as they cannot be metabolized or excreted, potentially leading to adverse effects.

This highlights the need for better control over the fate of nanoparticles in vivo, prompting the



design of fully (bio)degradable and biocompatible polymer assemblies. In this regard, the
recent emergence of ring-opening PISA (ROPISA), of lactone,’”-38 cyclic carbonate,> amino
acid N-carboxyanhydrides (NCA)***! and O-carboxyanhydrides*? offers promising new
solutions.

We have recently reported a distinctive PISA process occurring in pure aqueous solutions
that yields the formation of peptidic nanomaterials, the aqueous ROPISA of y-benzyl-glutamate
and leucine N-carboxyanhydrides (NCA).*!*3 Despite the sensitivity of NCA to moisture, the

4445 was addressed

issue of monomer hydrolysis and subsequent uncontrolled polymerization
by adjusting the reaction conditions (pH and solids content) to allow for the ring opening by
the amine propagating species to occur at a faster rate than hydrolysis due to micellization and
confinement of the polymerization. In addition, the aqueous phase enabled the synthesis of
protein-polymer conjugates and nanomaterials composed entirely of amino acids, and
displaying protein-like properties.*¢*® As other PISA, the aqueous ROPISA of NCA is a
process that enables anisotropic nanoparticles, the shape of which could be controlled by the
chirality of the monomer and/or the secondary structure of the polypeptide block.*
Nevertheless, only a limited number of monomers have been investigated so far,*’-*>°9 and the
conventional principles of PISA, such as varying the hydrophilic/hydrophobic block ratio or
concentration to achieve diverse morphologies, seem not applicable in this context.

Herein, we explore the versatility of this approach by investigating the aqueous ROPISA of
various NCA monomer structures displaying different hydrophobicity, n—mn stacking and H-
bonding interactions and ability to stabilize polypeptide conformation when polymerized
(Scheme 1). First, the aqueous ROPISA of lysine monomers bearing different protecting
groups (benzyloxycarbonyl, Z; trifluoroacetyl, TFA; and tert-butyloxycarbonyl, Boc) was
studied and compared. We found that the choice of the protecting group for an amino acid
could be means of influencing the anisotropy by promoting good monomer dispersion,
hydophobicity and n—n stacking during the propagation. Subsequently, to gain insight into the
influence of side chain hydrophobicity, glycine, alanine, leucine and phenylalanine NCAs were
subjected to further investigation. Interestingly, all these monomers produced anisotropic
nanomaterials, and we clearly observed that varying hydrophobicity but also n-n stacking or
H-bonding ability impacted the kinetic of the ROP and the aspect ratio of the resulting
nanomaterials. Finally, and to specifically decipher the influence of the m-m stacking, the
polymerization of phenylalanine NCA and tyrosine NCA, both emerging amino acid to design
DDS,>! were subjected to a comprehensive study. With these two monomers, we confirmed
that the tuning of anisotropy is not only driven by the hydrophobicity of the monomer alone,

but also by the =n-m stacking interactions of the side chains and the overall
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hydrophilic/hydrophobic ratio. Altogether, our results highlight the versatility of aqueous
ROPISA in designing anisotropic nanoparticles, a morphology achievable with numerous NCA
monomers (eight in this study). Moreover, side-chain functionalities serve as a key leverage to

fine-tune the length-to-width ratio and rigidity.
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Scheme 1. Schematic representation of aqueous ring-opening polymerization induced self-assembly
(ROPISA) with a range of amino acid N-carboxyanhydrides used as monomers (in orange, influence
of the protecting group; in green, influence of the hydrophobicity and in purple, influence of the n—n
stacking).

Results and discussion

ROPISA is influenced by the chemical nature of the protecting groups

Although recent advances in ROP have enabled the rapid generation of polypeptides with
predictable molar masses (M,), low dispersity (P), and well-defined reactive end group, the synthesis
of NCA monomers and their polymerization usually requires the use of organic solvents and therefore,
amino acids units with protected side chains.’? We first investigated the influence of protecting groups
with varying steric hindrance and water solubility on the aqueous ROPISA of three lysine-derived

NCA monomers, all known to stabilize similar conformations: e-trifluoroacetyl-L-lysine-NCA



(Lys(TFA)-NCA) , e-tert-butyloxycarbonyl-L-lysine-NCA (Lys(Boc)-NCA)) and &~
benzyloxycarbonyl-L-lysine-NCA (Lys(Z)-NCA).>* The aqueous ROPISA was conducted for each
monomer using a-amino-poly(ethylene glycol) (PEG5k-NH>) as the macro-initiator in an ice-cold
aqueous sodium bicarbonate solution (pH 8.5, 50 mM) with 20 equivalents of NCA monomer, under
vigorous stirring conditions. In all three cases, the NCA monomers were fully converted in a few hours,
as evidenced by '"H NMR spectroscopy and SEC chromatography. The resulting SEC chromatograms
exhibited a monomodal distribution with narrow molar mass dispersity values, and the retention times
shifted to lower values compared to the PEG macroinitiator, confirming effective block extension.
Moreover, 'H NMR spectra indicated that block copolymers exhibited similar degree of
polymerization (DP) values ranging from 22 to 24 (see Table 1, Figure 1, Figure S1-S3). Following
dialysis against water to remove salts, the nanomaterial suspensions were characterized using
microscopy and light scattering techniques. Dynamic light scattering (DLS) analyses revealed the
presence of nanoparticles with Z-average diameters of 101 nm for PEGsk-b-PLys(Z)20, 92 nm for
PEGsk-b-PLys(Boc)z20 and 114 nm for PEGsk-b-PLys(TFA)20, with polydispersity index values of
0.15, 0.38 and 0.21 respectively (Table 1, Figure S4). In the case of nanomaterials with anisotropic
shape, the Z-average diameter provided by DLS is only equivalent to that of a sphere, which can be
misleading for particles that are not spherical. This anisotropic shape was indeed revealed by imaging
the opalescent solutions obtained upon ROPISA using transmission electron microscopy (TEM). For
the three NCA monomers, the microscopy images established the presence of flexible, worm-like
nanoparticles (Figure 1) and approximately fifty nanoparticles were randomly selected and compared

to statistically analyze the length and width of the nanomaterials (Figure S5).

Table 1. Macromolecular characteristics of diblock copolymers obtained by aqueous ROPISA with
different monomers, using a-amino poly(ethylene glycol) as macroinitiator, at a feeding ratio of 20.



% Number average molar-mass (M) and molar-mass dispersity determined by SEC in DMF +1% LiBr using PS calibration,
% in HFIP+0.05% KTFA using PMMA calibration ¥ Number average molar-mass (Mx) and degree of polymerization (DP)

Theory SEC 'H NMR . DLS
Yield
Copolymer Monomer o Dy [nm] (0)
M, [g.mol'] M, [g.mol '] D M,[gmol']  DP (%) ‘ o

PEGsk-b-PLys(TFA )z NT}'{;iLys 9200 13100 ¢ 1.06 ¢ 10400 ¢ 249 77 (0'12114 iiO%Ol)
PEGsk-b-PLys(Boc)y  L-NBocLys 9 400 12100 ¢ 1.05% 10 000¢ 229 82 (0. 3982ii03. 04)
PEGsk-b-PLys(Z)20 L-NZLys 9900 13 900 ¢ 1.129 10 800¢ 229 92 ( O,aglii0%02)

PEGsk-b-PGlyso Gly 6100 49100 % 1.07% 64009 259 56 265+8
(0.53 +0.02)

PEGs-b-PAlay L-Ala 6400 33 600 ¥ 1.07% 65009 219 73 149+ 1
(0.41 +0.03)

PEGs-b-PLeuyg L-Leu 7200 9200 ¥ 1.039 7 4009 219 90 1012
(0.34 + 0.05)

PEGs-b-PPhes L-Phe 7900 9000 1039 82000 229 79 85+ 1
(0.27 +0.02)

PEGsk-b-PTyrag L-Tyr 8 200 9400 ¢ 1.07 9 7 6009 169 89 TT+4
023 +0.1)

determined by '"H NMR in DMSO-ds, ¢ in TFA-d, ¢ Hydrodynamic diameter (Dz) and polydispersity (c) determined by
DLS at 90°.

Remarkably, anisotropic nanoparticles were obtained with all 3 monomers. TEM imaging with
PEGsi-b-PLys(TFA)» exhibited a coexistence of spherical micelles and necklace-type nanoparticles
with a total mean length of 59 + 37 nm, and a width of 21 + 4 nm, while in TEM imaging of PEGsxk-
b-PLys(Boc)20 suspensions, long and thick worm-like nanoparticles were observed, with a mean length
of 116 +43 nm, and a width of 30 + 5 nm. As already reported by Liu et al.,** TEM imaging of PEGs-
b-PLys(Z)20, displayed homogeneous superhelix type nanoparticles of 173 + 80 nm length and 38 + 7
nm width. Overall, the DLS results and TEM imaging indicated that nanoparticles formed with the Z
protecting group are longer and thicker than those with the tert-butyl carbamate (Boc) protecting group,
and more homogeneous than those with the trifluoroacetyl (TFA) one. As has been previously
established, the influence of the secondary structure is an important factor that may guide the
anisotropy upon ROPISA,* and to further elucidate this influence, we analyzed the lyophilized powder
obtained with the 3 different monomer units using ATR-FTIR spectroscopy (see Figure S6).
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Figure 1. Representative TEM images of the different copolymer nanoparticles obtained with
Lys(TFA), Lys(Boc), Lys(Z) at an initial [M]/[I] ratio of 20, initiated by PEGs-NH», with
corresponding parameters influencing the anisotropy.

With both Boc and Z protecting groups, the spectra demonstrated the presence of a prominent
peak at 1630 cm™!, which was attributed to the amide I and associated to a peak at 1530 cm! (the amide
IT region), along with a peak at 1690 cm™! (side chain carbonyl). These stretching corroborated the
presence of an antiparallel B-sheet structure, a conformation that was previously associated to the
formation of ribbon-like nanostructures.*” In our ROPISA conditions, no notable differences in
conformation were observed between the Boc and Z protecting groups. However, the anisotropic
shapes of the nanomaterial exhibited significant variation (116 nm versus 173 nm) that we attributed
to the m-m stacking introduced with Z. With TFA protecting groups, the ATR-FTIR spectra revealed
that the amide I region exhibited a prominent peak at 1625 cm!, while the amide II region displayed
peaks at 1555 cm™! and 1540 cm!. These findings suggest that this last B-sheet structure was more
constrained (i.e., parallel B-sheet), which resulted in less pronounced anisotropy. Overall, the present
study demonstrated that besides the secondary structure, the dimension (parallel/antiparallel) and the
chemical nature of the protecting group (n-m stacking) were also key parameters modulating the

anisotropy.

To further investigate the influence of the overall hydrophilic/hydrophobic ratio with the 3
lysine derivatives, various aqueous ROPISA were implemented using different feeding ratios (e.g.,

initial [M]/[I] from 10 to 40) and a-amino-poly(ethylene glycol) (PEGs-NH>) as the macro-initiator.



The results of the 'H NMR spectroscopy performed upon ROPISA indicated that the PEGsk-b-
PLys(Z) block copolymers exhibited degree of polymerization (DP) values ranging from 15 to 44,
which were in close agreement with the targeted values (Table S1, Figure S1). The corresponding
SEC chromatograms exhibited a monomodal distribution with narrow molar mass dispersity values,
and the retention times shifted to lower values compared to the PEG macroinitiator, confirming
effective block extension (Erreur! Source du renvoi introuvable.a). DLS analysis revealed a
progressive increase in the size of the nanoparticles (Figure S7) while TEM imaging showed the
formation of heterogeneous helical ribbons for PEGsk-b-PLysZ10. However, with increasing Lys(Z)
block length, larger aggregates were observed. Overall, anisotropic morphologies were obtained at
specific hydrophilic/hydrophobic ratios, but increasing the length of the hydrophobic block resulted in
uncontrolled aggregation. This highlights the critical balance needed in tuning block copolymer

composition to achieve well-defined self-assembled structures with the ROPISA of Lys(Z)-NCA.

In the absence of n-m stacking stabilization, the aqueous ROPISA of Lys(TFA)-NCA also led
to the formation of copolymers whose degree of polymerization (DP) as determined by 'H NMR was
found to be in agreement with the theoretical values (see Table S1, Figure S2). However, beyond M/I
= 20, SEC profiles (Erreur! Source du renvoi introuvable.b) exhibited peak splitting, which
correlated with increasing molar mass and the emergence of a peak at lower molar masses. This
phenomenon suggested the formation of an oligomeric population generated through residual
hydrolysis of NCA monomers (“water-initiated”). This was attributed to less efficient dispersion of the
NCA monomer in the aqueous phase that could originate from the strong hydrophobic nature of TFA.
Finally, the aqueous ROPISA of Lys(Boc)-NCA, displaying more steric hindrance than the two other
lysine derivatives, led to the formation of copolymers whose degree of polymerization (DP) calculated
by 'H NMR indicated that the molar masses remained unchanged at increasing feeding ratio (see
_c, Table S1, Figure S3). Moreover, the SEC profiles
exhibited an increased number of oligomers formed through water initiation, suggesting that the
polypeptide chains were unable to maintain an optimal propagation rate during ROPISA. Overall,
comparing the aqueous ROPISA of Lys(TFA)-NCA, Lys(Boc)-NCA, and Lys(Z)-NCA, demonstrated
that the hydrophobicity of the different protecting groups significantly influenced the polymerization
process and the anisotropy. At higher [M]/[I], water initiation was observed with Lys(TFA)-NCA and
Lys(Boc)-NCA. Moreover, we found that the benzyl group facilitated a superior dispersion of the
monomer powder in the aqueous medium and favored a more pronounced anisotropic shape through

n-n stacking. All these factors, in turn, enable a more regulated aqueous polymerization and self-



assembly for Lys(Z)-NCA, which results in a more uniform distribution of nanoparticles than that

observed with Boc- and TFA-protected groups.
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Figure 2. Size exclusion chromatograms of (a) PEGsi-b-PLyS(Z)n, (b) PEGsk-b-PLys(Boc)a
and (c¢) PEGsk-b-PLys(TFA), with targeted DP of 10, 20, 30 and 40 in DMF + 1% LiBr (The

peaks observed at lower mass, below the macroinitiator, were attributed to water-initiated
ROP).

ROPISA is influenced by the hydrophobicity of the amino-acid side chain

The study of the lysine derivatives with different protecting groups clearly showed that
the hydrophobicity of the side chain can play an important role in the ROPISA process and
modulate the anisotropy of the nanoparticles that are obtained. To better evaluate this influence,
we selected a series of 5 NCA monomers, Glycine-NCA, Alanine-NCA, Tyrosine-NCA,
Leucine-NCA, and Phenylalanine-NCA, arranged in order of increasing hydrophobicity, with
calculated Log Poct values of -0.31, 0.02, 1, 1.33 and 1.48 respectively.>*>% Alanine NCA (Ala-
NCA) was synthesized by the Leuchs method (see Figure S8), while the others were

commercially available. The aqueous polymerization was carried out under the same
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conditions as those previously used with lysine derivatives, with an initial feed ratio [M]/[I] of
20. According to '"H NMR spectroscopy, the different ROPISA afforded copolymers with DP
values similar to the targeted ones (Table 1, Figure S9-S13). SEC analyses demonstrated that
well-defined amphiphilic block copolymers with a narrow dispersity (P < 1.2) were
consistently produced, confirming the effectiveness of the aqueous ROPISA at low [M]/[I] for
all hydrophobic monomers and surprisingly, even for the non-hydrophobic monomer Glycine-
NCA (Table 1, Figure S14-S18).

Following dialysis to remove salts, the suspensions of nanoparticles were analyzed by
DLS and imaged by TEM. For PEGsk-b-PGly20, DLS showed sizes with high dispersity (¢ =
0.5) (Figure S19), likely due to the nanoparticles' morphology. Indeed, TEM images revealed
the presence of flexible fibrils, both simple and branched, with an average diameter of 13 + 2
nm (Figure 3, Figure S20). The length of these fibrils could not be determined because of the
variability in branching. It is important to note that the glycine monomer was fully soluble at
the initial stage of the ROPISA process and that the aggregation of the polypeptide is
attributable to its ability to form intermolecular hydrogen bond and other dipolar interactions
such as CO—-CO interactions.”” Interestingly, the sphere-equivalent Z-average diameter of the
nanoparticles suspensions was found to be larger for PEGsk-b-PAlaz than for PEGsk-b-
PLeuz, although the dispersity was high (o > 0.2) in both cases (Table 1, Figure 3, Figure
S21, S22). For both NCA monomers, TEM revealed the presence of long, thin, and rigid rod-
like nanoparticles with homogeneous diameters (151 = 58 nm in length and 11 + 2 nm diameter
for PEGsk-b-PAlazg; 102 + 42 nm in length, 11 + 2 nm diameter for PEGsk-b-PLeu2o, Figure
3, Figure S23, S24). PEGsk-b-PAlaz nanoparticles had a higher aspect ratio than PEGsk-b-
PLeuzo nanoparticles. Nanoparticles suspensions prepared from PEGsk-b-PPhezo exhibited a
sphere-equivalent z-average diameter distribution that was more homogenous, with a mean
diameter of 85 + 1 nm and a polydispersity index (o) of 0.27 + 0.02 (Table 1, Figure S25).
However, in marked contrast to the findings reported by Morrel et al. using a polysarcosine
macroinitiator,*’” we observed by TEM a heterogeneous mixture of long, thick and rigid
nanorods with spherical micelles. The distribution of nanoparticles was rather heterogenous in

length (105 £+ 82 nm), but the dispersion of diameters was narrow (26 + 4 nm) (Figure S26).
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Figure 3. Representative TEM images of the different copolymer nanoparticles obtained with Gly,
Ala, Leu, Phe and Tyr at an initial [M]/[I] ratio of 20, initiated by PEGs-NHo». In green, influence of

the hydrophobicity and in purple, influence of the n—n stacking, with increasing Log Poc:.

Finally, DLS analyses of PEGsk-b-PTyrzo, indicated a Z-average hydrodynamic
diameter of 77 + 4 nm (Figure S27). In comparison to PEGsk-b-PPhezo, this ROPISA yielded
nanoparticles with a smaller diameter and a significantly lower proportion of spherical micelles
as shown by TEM (Table 1, Figure 3, Figure S28).

Beyond hydrophobicity, the influence of the secondary structure is an important factor
that may also guide the anisotropy of the proposed 5 monomers. To further elucidate this
influence, we also analyzed the lyophilized powder obtained upon ROPISA using ATR-FTIR
spectroscopy. First, glycine, the simplest and achiral amino acid, lacks the classic structural
features of typical polypeptides affording secondary structure. However, glycine’s specific
conformational structure involving hydrogen bonding have already been reported and found
similar to beta sheets.’®>® The spectrum displayed a prominent peak in the amide I region at

1644 cm™' and another in the amide II region at 1560 cm™, which are characteristic of the
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poly(glycine II) (PGII) conformation—an extended helical structure commonly found in
solution (Figure S29).°%%0 In comparison, the FTIR spectrum of PEGsk-b-PAlaz showed a
peak at 1625 cm™' in the amide I region and at 1538 ¢cm™! in the amide II region, indicating a f3-
sheet conformation. For PEGsk-b-PLeuzo, a prominent peak at 1627 cm™ and a smaller one at
1653 cm™! in the amide I region, along with a peak at 1544 cm™ in the amide II region, suggest
a mix of B-sheet and a-helical structures (Figure S30). For all 3 monomers, the “B-sheet”
conformation was likely responsible for the increased rigidity observed particularly comparing
alanine and leucine. FTIR analyses were also conducted on dried powders of PEGsk-b-PPhezo
and PEGsk-b-PTyrzo (Figure S31). The phenylalanine-based copolymer displayed a peak at
1632 cm™! in the amide I region and at 1545 cm™ in the amide II region, indicative of B-sheet
structures. Similarly, the tyrosine-based copolymer exhibited characteristic peaks in both the
amide I and amide II regions, also confirming the presence of B-sheet conformations. The
observed anisotropic structures likely arise from the combined effects of hydrophobic
interactions and the intrinsic B-sheet secondary structure of the polypeptides. The B-sheet
conformation provides a rigid and directional framework, while the degree of hydrophobicity

modulates the overall rigidity and prominence of the anisotropy.

Recent studies carried out in organic solvents and with lactide suggested that the ROPISA
process may be strongly influenced by ROP kinetics and that the speed of these kinetics,
compared with self-assembly kinetics involving a CDSA process, may explain the formation
of more anisotropic morphologies.” To better understand such influence, aqueous ROPISA
kinetics were studied by monitoring the different monomer conversion using 'H NMR at a
feed-ratio of 20 and initiated by PEGsk-NH2. HCI was used to quench polymerization at
different timepoints (Figure S32-S36). Remarkably, in the case of glycine and alanine, the
aqueous ROP was “superfast” and achieved in less than 5 minutes. Plots of In ([M]o/[M])
versus time indicated a first-order dependence on the monomer concentration (Figure 4). A
detailed investigation of polymerization kinetics yielded an apparent kinetics rate constant (k)
value of 1.52 min! and 1.535 min! respectively. The k values with the use of leucine,
phenylalanine and tyrosine NCAs were found slightly higher with values of 0.286 min‘!, 0.152
min! and 0.004 min! respectively. This kinetic study indicates that the aqueous ROP kinetics
are directly influenced by the hydrophobicity of the NCA monomer. Hypothetically, the more
hydrophobic the monomer, such as Phenylalanine-NCA, the slower the dispersion and
diffusion of the solid-state In addition, consistent with previous studies on the ROPI-CDSA of
lactide, slower ROP kinetics observed with Phenylalanine-NCA and Tyrosine-NCA may lead

13



to reduced anisotropy. This could explain the coexistence of spherical and rod-like

nanoparticles for these monomers.
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Figure 4. Kinetic profiles of (a) conversion vs time and (b) In([M]o/[M];) vs time at an initial [M]/[I]
ratio of 20 determined by 'H NMR spectra.

In summary, aqueous ROPISA enables the polymerization of diverse NCA monomers with
varying hydrophobicity. The hydrophobicity, chemical structure, and steric hindrance of these
monomers significantly influence polymerization kinetics and self-assembly behavior. In
contrast to classical dispersion methods, such as RAFT-PISA in water, which impose
limitations on the available monomers, ROPISA appears to exhibit a wider range of monomer
options. In RAFT-PISA, the hydrophobicity of core-forming monomers and their
corresponding oligomers requires careful control.’®> In contrast, aqueous ROPISA
accommodates a wider range of hydrophobic monomers, as long as they are sufficiently

dispersed to diffuse into the polymerization locus.
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Besides hydrophobicity, n-w interactions versus hydrophilic content :

Phenylalanine NCA

Our previous studies*!#6

and the current investigation indicate that the majority of our
ROPISA attempts result in the formation of anisotropic nanomaterials, in marked contrast to
other PISA processes. Nevertheless, nanoparticles solutions comprising PEGsk-b-PPhezo and
PEGsk-b-PTyrzp also exhibited the simultaneous formation of spherical micelles during ROP.
This difference can be attributed to slower ROP kinetics, which are not amenable to a CDSA
process, as shown by recent studies on lactide.®! Indeed, the presence of spherical shapes
suggests that self-assembly is closer to an equilibrium in which the amphiphilic character may
have more influence. To determine whether morphology could be influenced by the
hydrophilic/hydrophobic ratio, we further investigated the ROPISA of Phe-NCA by varying
the M/I ratio. The objective was also to decipher how the aromatic ring of the side chain of
phenylalanine could arrange stabilizing n-m interactions that are especially relevant in drug
delivery applications.®>% So far, the traditional ring-opening polymerization performed in
organic solvent still presents significant challenges when used to polymerize Phe-NCA and this
monomer has been mainly studied in copolymerization systems.®*-%¢ In a non-aqueous ROPISA
approach, Du et al. investigated the fate of Phe-NCA in THF, initiated by PEG2k-NH>, and
achieved the formation of polymersomes with a block ratio of 1:20 and a solid content of
20%.*° Subsequently, Morrel et al. employed aqueous ROP to extend polysarcosine with Phe-
NCA, with the objective of synthesizing a polymer with DP ranging from 8 to 33. In this second
case, the process also resulted in nanomaterials exhibiting anisotropic characteristics.*’

We first performed the aqueous ROPISA of Phe-NCA, utilizing a 2kDa PEG amine
macroinitiator, with the aim of targeting lower hydrophilic fractions than the one already
studied (Figure 3). The monomer powder was combined with the initiator using extensive
stirring at 4°C and in sodium bicarbonate aqueous buffer (pH 8.5, 50 mM) at a monomer-to-
initiator ratio of 2 (fpeg of 0.6, PEGak-b-PPhe3), 5 (frec of 0.5, PEGak-b-PPhes), 10 (fpeg of
0.4, PEG2k-b-PPhe1o) and 20 (freg of 0.3, PEGak-b-PPhezo) and at a solid content of 7 wt%.
Upon ROPISA, the solutions were dialyzed against ultra-pure water (RC cut-off 1kDa) for 2
days, with regular changes of water. NMR analyses confirmed the expected chemical structures
and enabled the estimation of number-averaged molar mass M, values that were slightly higher
than the targeted values (Table 2, Figure S37). Furthermore, the chain extension proceeded
effectively, as demonstrated by the SEC chromatograms and corroborated by the low molar
mass dispersity (P) values between 1.05 and 1.07 (Figure 5A). Following dialysis, the

nanomaterial suspensions were characterized using microscopy and light scattering techniques.
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Nanoparticle formation was confirmed by DLS and TEM analyses, even at a DP of 8, with a
mixture of short rod and aggregate structures (Figure 6, Figure S38). As the length of the
polypeptide block increased, the nanoparticles developed into progressively longer and more
elongated structures at DP of 11. At a DP of 15, the nanoparticles exhibited enhanced rigidity,
and at a DP of 20, they formed aggregates (Figure 6). To enhance the hydrophilic/hydrophobic
ratio and examine its influence on the resulting nanoparticle morphology, we proceeded to
conduct the aqueous ROPISA of Phe-NCA with the incorporation of 5 kDa or 10 kDa PEG
amine (fpeg between 0.6 and 0.9, Table 2). The macroinitiator was combined with the monomer
powder through extensive stirring at 4°C and in a sodium bicarbonate aqueous buffer (pH 8.5,
50 mM) at a monomer-to-initiator ratio ranging from 2 to 20. In all instances, the NCA
monomers underwent complete conversion, as substantiated by 'H NMR spectroscopy.
Additionally, 'TH NMR spectroscopy and SEC chromatograms demonstrated effective control
over the polymerization process. The calculated DP values by 'H NMR exhibited a high degree
of correlation with the targeted values, as evidenced by the data presented in Erreur ! Source

du renvoi introuvable. (Figure S11, S39, S40).

Table 2. Macromolecular characteristics of diblock copolymers obtained by aqueous ROPISA
with Phe-NCA.

Copolymer Theory SEC 'H NMR Yield (%) DLS
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M, [g.mol'] M, [gmol']¥  PY M, [gmol']9 DP9 fopg? Dz [nm] (o) ¢

PEG;i-b-PPhe; 2300 3900 1.07 3200 8 0.62 9 -
PEG-b-PPhes 2 800 3900 1.05 3 600 11 055 50 (0_12173 jo%m)
PEG:-b-PPhey 3500 4100 1.05 4200 15 0.48 86 (0.12%2ii0?02)
PEG:-b-PPhey 4900 ns? ns? 5100 21 0.39 81 (072115i351 6)
PEGs-b-PPhe; 5300 7000 1.07 5300 2 094 58 (O,;;Sii()‘SOD
PEGs-b-PPhes 5700 7 400 1.07 5 800 5087 65 (0.2852ii 02‘01)
PEGsi-b-PPheyy 6 400 7900 1.07 6500 10 0.77 74 (0,§7ii0,101)
PEGsk-b-PPhey 7900 9 000 1.03 8 200 22 0.61 79 (0‘2875501‘02)
PEGok-b-PPhe; 10 300 18 400 1.02 10 400 3 0.96 82 (031?33 iioé.‘() 6)
PEGoi-b-PPhes 10 800 19900 1.03 11 000 7 0.91 95 (0‘3686f02‘04)
PEGok-b-PPhe;y 11 500 19900 1.03 11 500 10 0.87 76 (0‘3870501‘02)
PEGuu-b-PPhey 12900 ns” ns " 13700 25 073 84 (o.gg:o‘lozt)

% Number average molar-mass (M) and molar-mass dispersity determined by SEC in DMF +1% LiBr using PS calibration,
# not soluble in common SEC solvents, ¥ Number average molar-mass (M) and degree of polymerization (DP) determined

by '"H NMR in in TFA-d, ¥ Hydrophilic fraction or PEG fraction determined by this equation #‘:ﬁm with M, from
'H NMR. ¢ Hydrodynamic diameter (Dz) and polydispersity (c) determined by DLS at 90°.

SEC analysis confirmed the effective extension of the PEG chains and the attainment of
a low molar mass dispersity (ranging from 1.03 to 1.07) (Figure Sb, ¢). To further distinguish
the influence of the polypeptide molar mass from any influence of the secondary structure, we
also analyzed the lyophilized powder obtained upon ROPISA using ATR-FTIR spectroscopy.
The IR spectra of all copolymers, regardless of the size of the PEG component, exhibited B-
sheet conformation, as evidenced by the presence of amide I and II peaks at 1630 cm™! and at
1545 cm™! (see Figure S30, S40-S43).

Overall, good control over the polymerization was achieved when initiated with PEG5k
and PEG10k, demonstrating effective chain extension, no water initiation, and high yield. In
contrast, the initiation with PEG2k showed less control, resulting in lower yields and higher
average DPs than targeted. This suggests the potential hydrolysis of Phe-NCA into its
corresponding amino acid, which was subsequently removed by dialysis. Notably, no evidence

of water initiation was observed in this case.
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Figure 5. SEC profiles of (a) PEG2k-b-PPhen, (b) PEGsk-b-PPhe, and (c) PEGiok-b-PPhe, with
targeted DP of 2, 5, 10 and 20 in DMF + 1% LiBr.

Following dialysis against water to remove salts, the nanomaterial suspensions were
also characterized using microscopy and light scattering techniques. DLS analysis confirmed
the presence of nanoparticles with Z-average diameter ranging between 82 and 715 nm, with a
relatively narrow size dispersity in the case of PEGsk (Table 2, Figure S44, S45). Overall,
TEM observations of the different suspensions indicated that the PEG fraction exerted a
significant influence on the morphology of the nanoparticles. Representative TEM imaging is

depicted in Figure 6 as a function of PEG content or n—n stacking ability.
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ni—7 stacking

fPEG

Figure 6. Representative TEM images of the different copolymer nanoparticles obtained with Phe,
with different hydrophilic/hydrophobic block ratio and degree of n—n stacking (Scale-bar: 200 nm).

First, the addition of a longer polypeptide block and subsequent reduction of the
hydrophilic fraction from 0.94 to 0.61 resulted in the formation of more rigid and thicker
nanoparticles when PEGsk was used (second line Figure 6). The PEGsi-b-PPhesnanoparticles
were characterized by a long, thin and flexible morphology. The PEGsk-b-PPheio
nanoparticles were thicker and more rigid, yet they were also mixed with shorter nanoparticles.
With a lower PEG fraction value of 0.61, PEGsk-b-PPhe;o exhibited thick and rigid structures
but also mixed with spherical micelles. In comparison, when PEG1ox was used to increase the
PEG fraction, the nanoparticles were of a shorter length and exhibited a markedly reduced
degree of anisotropy. This phenomenon was attributable to the increased curvature that results
from the larger hydrophilic PEG block and the higher hydrophilic fraction (0.73-0.96). Indeed,
an increase in the hydrophilic block size enhances the surface area in contact with the aqueous
environment, thereby facilitating the formation of more spherical or less elongated structures.
In marked contrast, when the hydrophilic ratio was lower, as observed in the case of PEG2xk-b-

PPhezo (frec = 0.48), resulting nanoparticles exhibited reduced anisotropy and aggregates
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morphology. Additionally, despite having a similar hydrophilic fraction close to 0.75, PEG1ox-
b-PPhezo and PEGsk-b-PPheyo displayed distinct aspect ratio with more anisotropy arising
from lower PEG molar mass. The ROPISA of phenylalanine, using poly(ethylene glycol)
initiators of different molar masses, demonstrated that controlled polymerization could be
achieved, leading to the formation of nanoparticles with different aspect ratios. In this context,
the tuning of anisotropy is not solely dependent on the secondary structure (as beta-sheets are
formed in all cases) or the monomer's hydrophobicity. It is also influenced by the
hydrophilic/hydrophobic ratio and the =m-m stacking interactions of phenylalanine. These
findings highlight the potential of ROPISA as a powerful tool for generating anisotropic
nanoparticles whose morphologies are tailored by various non-covalent interactions, including

the use of monomers such as Phe-NCA, which are usually challenging to polymerize.

Towards more functional w-x interactions: Tyrosine NCA

In the field of nanomedicine, another NCA monomer of interest is derived from tyrosine,
which shares similarities with phenylalanine. In contrast to phenylalanine, tyrosine possesses
a polar side chain that undergoes a change in solubility when the pH of the solution exceeds
the pKa of its phenol group. In drug-delivery, this specific feature enables the formation of

67.68 Aiming to design

strong m-m stacking and H-bonding interactions with drug molecules.
anisotropic nanomaterials made of this amino acid, a goal not yet achieved in literature, an in-
depth study was conducted on the aqueous ROPISA of Tyrosine NCA and compared to
phenylalanine. A series of block copolymers were synthesized by implementing the aqueous
ROPISA using PEGsk-NH> as the macroinitiator in an ice-cold aqueous sodium bicarbonate
solution (pH 8.5, 50 mM) with 10, 20, 30, and 50 equivalents of Tyr-NCA monomer, while
stirring vigorously. These stoichiometries were chosen to best cover the different PEG
fractions, from 10 to 80% (see Table 3). It was noteworthy that for targeted DPs of 30 and 50,
the aqueous medium exhibited a gradual gelation over time. The gelation ability of tyrosine in
aqueous media has been previously investigated for its potential applications in biomedical
fields, including drug delivery.®®-7! This encompasses the research conducted by Huang et al.,
who synthesized amphiphilic block copolymers based on PEG-b-(oligo)Tyr.”? The previous
research indicated that gelation properties were a result of the interaction between the polar
phenolic side chains and the hydrophobic Tyr block.

Following purification, either from the gel or from the aqueous solution, the copolymers
presented in table 3 were subjected to analysis by 'H NMR and SEC. The results of the 'H

NMR spectroscopy revealed that the average number molar mass (Mn) values were in
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agreement with the initial [M]/[I] ratio (Table 3, Figure S13, S46). However, the SEC
chromatograms indicated that as the [M]/[I] ratio increases, there was a corresponding rise in
the proportion of populations observed at higher retention times (Figure S47). We attributed
this residual oligomer populations to water initiated polytyrosine that may have been produced
by the gelation of the medium during ROPISA, which likely reduced the efficiency of monomer
dispersion when stirring was ceased. We also conducted ATR-FTIR spectroscopy on the
lyophilized powder obtained after ROPISA. All copolymers exhibited -sheet conformation,
an expected result, as evidenced by the presence of amide I and II peaks in their IR spectra (see

(Figure S31, S48).

Table 3. Macromolecular characteristics of diblock copolymers obtained by aqueous ROPISA
with Tyr-NCA.

Theory SEC 'H NMR DLS
Copolymer Yield (%
POy M, [g.mol ] M, [gmol"]¥ PY M,[gmol"]?”  DP”  foec? ) “p, [nm] (o) ¥
73+3
PEGsk-b-PTyry 6 600 9300 1.05 6300 8 0.79 67 (0.21+0.01)
77+4
PEGsi-b-PTyr 8200 9900 1.07 7 500 15 0.67 85 0.23+0.1)
PEGsk-b-PTyr3 10 100 11 100 1.15 9900 30 0.50 91 Gel
PEGsk-b-PTyrs 13 300 12 000 1.13 12 300 45 0.40 81 Gel
PEG750-b-PTyrz 3900 3300 1.46 4300 22 0.14 85 Aggregates
560+ 16
PEGk-b-PTyry 5200 5500 1.13 5300 20 0.46 84 (0.21 £ 0.05)
441 £ 56
PEGiok-b-PTyrzo 13 300 22200 1.06 17 700 47 0.56 46 (0.75 £ 0.06)

% Number average molar-mass (M) and molar-mass dispersity determined by SEC in DMF +1% LiBr using PS calibration,
» Number average molar-mass (M) and degree of polymerization (DP) determined by 'H NMR in in DMSO-ds, ¢

Mn PG \ith M from 'H NMR.? Hydrodynamic

My, copolymer

Hydrophilic fraction or PEG fraction determined by this equation
diameter (Dz) and polydispersity (o) determined by DLS at 90°.

After dialysis against water to remove salts, the nanomaterial suspensions were
characterized using TEM microscopy and light scattering techniques. Dynamic light scattering
analysis of PEGsk-b-PTyri0 and PEGsk-b-PTyrzo revealed a close size distribution around 70
nm with a dispersity index of about 0.2 (Figure S49). However, TEM revealed that PEGsk-b-
PTyrio formed spherical aggregates with an average diameter of 38 + 8 nm (Figure S49) and
PEGsk-b-PTyrzo long and thin nanoparticles mixed with spherical micelles with an average
length of 119 + 83 nm and 12 + 2 of diameter (Figure S28) as shown in Figure 5.

PEGsk-b-PTyr3zo and PEGsk-b-PTyrso could not be analyzed by DLS due to gel
formation. However, TEM analysis revealed the presence of non-homogeneous anisotropic

nanoparticles, whose entanglement likely contributed to gel formation. These nanoparticles
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exhibited dimensions of 113 + 71 nm in length for the targeted DP of 30 and 61 + 33 nm for
the targeted DP of 50, with widths of 11 =2 nm and 17 = 7 nm, respectively (Figure 7, Figure
S50-S52).

Achieving anisotropy control and modulation with tyrosine proves to be challenging.
Adjusting the feeding ratio during polymerization introduces additional complexities,
including gel formation, which promotes water initiation and reduces control over
polymerization. These factors result in less homogeneous self-assembled structures,
highlighting the need for further optimization.

To better assess the influence of the PEG fraction, aqueous ROPISA was also attempted
using PEG-NH: of different sizes, specifically 750 Da, 2 kDa, and 10 kDa, to vary the
hydrophilic fraction as well as the number of tyrosine units (hydrophilic/hydrophobic ratio).
ROPISA experiments were performed using ice-cold aqueous bicarbonate sodium buffer, with
a feeding ratio of 20. Following the purification, 'H NMR analysis was conducted, revealing
that the DP values were close to the targeted one, with the exception of PEGox which exhibited
a higher molar mass than the theoretical one (see Table 3, Figure S53, S54). In the SEC
chromatograms, a shift to lower retention times confirmed the successful chain extension from
the macroinitiator (Figure S55). PEG7s50-b-PTyr2 displayed a rather high molar mass
dispersity (P = 1.46) as compared to the other copolymers but this result was attributed to the
high dispersity of the commercial PEG7s0-NH> used in this experiment (D = 1.38). For PEG1ok-
b-PTyrz, the presence of tyrosine oligomers was observed, likely due to water-initiated
polymerization of Tyr-NCA. At higher DP, NMR analyses indicated a loss in the control over
the polymerization, confirming the SEC analyses. FTIR spectra revealed the presence -sheet
amide I and II bands for all the copolymers (Figure S56).

Following dialysis against water to remove salts, the nanomaterial suspensions were
characterized using microscopy and light scattering techniques to assess the formation of
anisotropic nanomaterials. PEG7s0-b-PTyr20, which has the lowest PEG fraction (fpec value of
0.14), displayed aggregates with a lamellar morphology in TEM (Figure 7). This morphology
has already been reported by Jiang et al. with PEGak-b-PTyr10 and upon nanoprecipitation.”
Increasing the hydrophilic fraction while keeping the same targeted number of Tyr units
appeared to stabilize the formation of elongated, heterogeneous nanoparticles, as observed by
TEM and DLS. PEGak-b-PTyr2¢ nanoparticles (101 = 51 nm, 15 + 2 nm) were a bit thicker
than PEGs-b-PTyr2o (12 = 2 nm) (Figure 7, S28, S58). For PEGiok-b-PTyrzo, the
nanoparticles were long and rigid but exhibited significant heterogeneity in length with a
nanosheet morphology (see Figure 7, S59). The rigidity observed in the PEGiok-b-PTyr20

nanoparticles could be due to strong m-m interactions among the tyrosine residues, but the
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variation in their lengths suggests that the assembly process was not entirely uniform, possibly

due to the lack of control during the ROPISA process.

ni—n stacking, H-bonding

>
PEG,,-b-PTyr,, PEG,,-b-PTyr,, PEG,,-b-PTyr,, PEG,,-b-PTyr.,

fPEG

Figure 7. Representative TEM images of the different copolymer nanoparticles obtained with Tyr,
with different hydrophilic/hydrophobic block ratio and degree of n—n stacking and H-bonding.

Overall, the aqueous ROPISA of Tyrosine NCA demonstrated that both the PEG
fraction and the m—n stacking influenced the polymerization process and the anisotropy. Indeed,
aqueous ROPISA performed with Tyrosine NCA afforded anisotropic nanomaterials with a
complex influence of various factors, beyond the secondary structure, hydrophobicity, n-n
stacking, and the hydrophilic/hydrophobic ratio. At higher M/I, water initiation and gel
formation were observed but we found conditions in which a more pronounced anisotropic
shape could be induced. Eventually, additional factors, such as hydrogen bonding ability and
the amount of water-initiated polymerization could have also played a pivotal role in

determining the final morphology, but these parameters were not studied in this work.

Conclusions
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The synthesis of anisotropic nanoparticles by polymerization-induced self-assembly (PISA)
remains a challenging process, yet it holds great promise to design drug-delivery systems. In this
regard, the emerging use of aqueous ring-opening polymerization induced self-assembly (ROPISA) of
N-carboxyanhydrides (NCAs) offers a promising strategy, enabling straightforward access to peptide-
based nanomaterials. The present study was undertaken to evaluate the versatility of aqueous ROPISA
across a range of NCAs, elucidating how their hydrophobicity and the chemical structure of the lateral
chains provide access to nanoparticle anisotropy. In the initial phase of the study, lysine NCAs with Z,
Boc, and TFA protecting groups were subjected to ROPISA. A more regulated aqueous polymerization
and self-assembly was found for Lys(Z)-NCA, which results in a more uniform distribution of
nanoparticles than that observed with Boc- and TFA-protected groups. Subsequently, to gain insight
into the influence of side chain hydrophobicity, glycine, alanine, leucine and phenylalanine
NCAs were subjected to further investigation. Interestingly, all these monomers produced
anisotropic nanomaterials and we clearly observed that varying hydrophobicity but also n-n
stacking or H-bonding ability impacted the kinetic of the ROP and the aspect ratio of the
resulting nanomaterials. The incorporation of glycine, a hydrophilic monomer that polymerizes
into a via hydrogen bonding, results in flexible fibrils due to its specific conformation.
Nanoparticles derived from alanine exhibited greater anisotropy, which was attributed to a
reduction in steric hindrance and a lower degree of hydrophobicity. The complexity of the
system was increased by introducing phenylalanine, a more hydrophobic amino acid that
promotes m-t stacking, which is of great interest in drug delivery. A comprehensive analysis
was conducted by varying the size of both the hydrophilic poly(ethylene glycol) block and the
hydrophobic polypeptide block, demonstrated that the hydrophilic/hydrophobic ratio and the
number of phenylalanine units, which affect the extent of n-n stacking, had a significant impact
on nanoparticle anisotropy. Similarly, the ability of tyrosine to influence nanoparticle
morphology was examined, following the same approach used for phenylalanine. Tyrosine,
with its phenol side chain, participates in n-n stacking and introduces hydrogen bonding, which
is influenced by the pH of the medium. This property is advantageous in drug delivery
applications as it potentially improves the drug loading contents due to these dual interactions.
These interactions, in conjunction with the hydrophilic/hydrophobic equilibrium, were

demonstrated to influence both the polymerization and self-assembly processes.

In summary, this study demonstrates the versatility and the robustness of aqueous ROPISA,
a process that can be applied with almost all NCA monomers and its capacity to afford a wide range
of tailored anisotropic nanoparticles. Most notably, it elucidates that factor such as hydrophobicity

and steric hindrance, by influencing the polymerization kinetics, as well as n-m stacking,
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hydrophilic/hydrophobic ratio, and hydrogen bonding serve as pivotal driving forces in
regulating anisotropic self-assembly, in conjunction with secondary structure and monomer

chirality.
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