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The Production of Polysarcosine-Containing Nanoparticles
by Ring-Opening Polymerization-Induced Self-Assembly

Anna H. Morrell, Nicholas J. Warren,* and Paul D. Thornton*

N-carboxyanhydride ring-opening polymerization-induced self-assembly (NCA
ROPISA) offers a convenient route for generating poly(amino acid)-based
nanoparticles in a single step, crucially avoiding the need for
post-polymerization self-assembly. Most examples of NCA ROPISA make use
of a poly(ethylene glycol) (PEG) hydrophilic stabilizing block, however

this non-biodegradable, oil-derived polymer may cause an immunological
response in some individuals. Alternative water-soluble polymers are
therefore highly sought. This work reports the synthesis of wholly poly(amino
acid)-based nanopatrticles, through the chain-extension of a polysarcosine
macroinitiator with L-Phenylalanine-NCA (L-Phe-NCA) and Alanine-NCA
(Ala-NCA), via aqueous NCA ROPISA. The resulting polymeric structures
comprise of predominantly anisotropic, rod-like nanoparticles, with
morphologies primarily influenced by the secondary structure of the

hydrophobic poly(amino acid) that enables their formation.

1. Introduction

Polymerization-Induced Self-Assembly (PISA) has emerged over
the past decade as a convenient and highly rational method of
producing block copolymer nanoparticles with a range of mor-
phologies, including spherical micelles, wormlike micelles and
vesicles in addition to more complex structures, such as oligo-
lamellar vesicles, framboidal vesicles and branched worms.[123-6]
Unlike post-polymerization processing methods, such as sol-
vent exchange or thin-film rehydration,”?! PISA facilitates syn-
thesis and self-assembly in one-pot, at solid concentrations of
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up to 50% w/w.’l This alleviates several
issues associated with post-polymerization
self-assembly methods such as the require-
ment for multiple solvents,’® poor repro-
ducibility, and low concentrations which
limit scale-up opportunities.!1°!

PISA is most commonly mediated by
RAFT polymerization due to its tolerance of
a range of reaction conditions and its appli-
cability to a number of different monomer
types.>!!l It can be carried out in non-
polar!®12718] and polar media,*??! includ-
ing water.!>=?’] It is also possible to mediate
PISA using other reversible de-activation
polymerization techniques (RDRP), includ-
ing atom transfer radical polymerization
(ATRP)!%-3% and nitroxide-mediated poly-

merization  (NMP).31321  Additionally,
PISA has been reported using several
non-radical  polymerization = methods,

including living anionic polymerization,?334  ring-opening
metathesis polymerization (ROMP)357] and traditional ring-
opening polymerization (ROP).[383]

Despite its versatility, the preparation of degradable nanoparti-
cles via PISA has been relatively sparse. One common approach
involves radical ring-opening polymerization (rROP), which in-
troduces cleavable bonds in the carbon backbone of vinyl poly-
mers through co-polymerization of traditional monomers with
cyclic ketene acetals (CKA)* and thionolactones.[*1#?] These
bonds can be hydrolytically degraded to produce low molecular
weight vinyl polymers and oligomers. The formation of degrad-
able nanoparticles has also been explored using reverse-sequence
RAFT PISA. This avoids some of the complex syntheses of pre-
cursor monomers and rate hindrance observed during rROP!*?]
by using a hydrophobic poly(caprolactone) (PCL) macro-CTA sol-
ubilized with a hydrophilic vinyl monomer. These were degraded
under mild conditions leaving only the soluble vinyl polymer
block.

Another important technique that has recently emerged is
PISA mediated by N-carboxyanhydride ring-opening polymeriza-
tion (NCA ROPISA).[383944-48] This technique provides potential
benefits on several fronts: the resulting polymers are not only
degradable but owing to their derivation from amino acids —
which are endogenous to biological systems — the degradation
products are environmentally benign. NCA ROPISA was first ex-
plored by Jiang et al. in THF, where PEG-poly(phenylalanine)-
based nanoparticles were produced in situ and shown to de-
grade under enzymatic conditions.®! From a structural per-
spective, poly(amino acid)s have a unique ability to adopt
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Scheme 1. NCA ROP of a) Sarcosine-NCA in DMF using benzylamine initiator b) Phe-NCA in aqueous solution using a PSary,3 macro-initiator.

an ordered secondary structure through readily forming hy-
drogen bonds between polymer chains. Further studies have
therefore investigated the factors that determine morphology
of nanoparticles produced.[*~*] These have reported that, un-
like with more well-established methods of PISA - where
nanoparticle morphology is determined by block volume frac-
tions and reaction solid content — morphology and anisotropy
are predominantly determined by the poly(amino acid) sec-
ondary structurel***] and monomer chirality.l*®] Despite its re-
cent success, examples of NCA ROPISA are still limited, 38471
particularly in an aqueous environment.?>#**8] Research com-
monly features a poly(ethylene glycol) hydrophilic stabilizing
Dblock!38:3944-4648] which has inherent limitations. These include
its non-degradability,[*>>% the possibility of an immune response
in some individuals,***1°2] and accelerated blood clearance, facil-
itating build up in the liver and kidneys if used over a prolonged
period, or at high dosages.[>*>4]

Alternatives to PEG are therefore highly sought, particularly
in the production of polymer nanoparticles that may be de-
ployed in vivo. One plausible alternative to PEG is polysar-
cosine (PSar), a water-soluble polypeptoid that, as a result of
methylation at the amide nitrogen atom, is exclusively a hydro-
gen bond acceptor.”>! Consequently, PSar forms favourable in-
teractions with water and limited interactions to proteins, ex-
hibiting resistance to protein fouling.*! This leads to compa-
rable aqueous solubility and a similar stealth profile to PEG.[¢!
However, as sarcosine is an amino acid endogenous to the
human body,*® there are mechanisms suggested for the in
vivo degradation of PSar.>®! PSar macro-CTAs have been re-
ported in RAFT PISAP7%8 but were used in the produc-
tion of nanoparticles containing non-degradable, vinyl-based
cores.

Herein, we report a unique example of a wholly poly(amino
acid)-based PISA system through the chain extension of a PSar
macroinitiator by NCA ROPISA of L-phenylalanine-NCA (Phe-
NCA) and L-alanine-NCA (Ala-NCA) resulting in two classes
of all-poly(amino acid) nanoparticles: PSar-b-PPhe, and PSar-b-
PAla,. The self-assembly is investigated, particularly the influ-
ence of poly(amino acid) secondary structures on nanoparticle
morphology. The structural diversity in the g-structures that the
hydrophobic amino acid blocks afford was shown to affect the
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anisotropy and morphology of the resulting nanostructures, both
across classes of nanoparticles and within the same series, high-
lighting further factors in determining nanoparticle morphology
in NCA ROPISA. Importantly, this research also provides an in-
sight into the use of PSar as an alternative to PEG for the ROPISA
of NCAs, which has significant implications for biomedical appli-
cations.

2. Results and Discussion

2.1. Polysarcosine,,;-b-Poly(Phenylalanine), Synthesis

Initially, the target PSar-b-PPhe block copolymer was synthesized
using a two-step protocol (Scheme 1) whereby benzylamine was
used to initiate the polymerization of Sar-NCA via solution ROP
in DMF. This yielded the hydrophilic PSar macroinitiator for sub-
sequent ROPISA. Upon completion, 'H NMR spectroscopy re-
vealed peaks between 7.22 and 7.35 ppm corresponding to the
aromatic protons of the benzylamine initiator. Additionally, broad
peaks at 2.74-2.96 and 3.92 — 4.35 ppm were present that cor-
respond to the methyl and methylene groups of the sarcosine
repeat units, respectively. The average degree of polymerization
(DP) of PSar was determined to be 113 by comparing the inte-
gral of the benzylamine phenyl group (normalized to 5 protons)
and integrating the proton peaks corresponding to the sarcosine
repeat units. A narrow monomodal chromatogram was obtained
by GPC, with a number average molecular weight (M) of 6000 g
mol™! and a narrow molar mass dispersity (D) of 1.22, which is
indicative of a well-controlled NCA ROP.

PSar,,;-NH was then used as the macroinitiator for the ROP
of the Phe-NCA in aqueous NaHCO; solution (pH 8.5, 50 mM)
at a total solids concentrations ranging from 3% to 10% w/w, and
targeting Phe-NCA DP values ranging from 8 to 33 (Scheme 1b).
In all cases, Phe-NCA was initially dispersed as a solid, but as
the polymerization proceeded, the volume of solid reduced sub-
stantially until a homogeneous solution formed. Polymerization
occurs if the NCA is sufficiently well-dispersed upon agitation,
enabling the insoluble monomer to react with the solution-phase
macroinitiator at their interface. Low levels of monomer may
be dissolved at sufficient concentration to facilitate polymeriza-
tion from the macroinitiator. This contrasts to classical PISA in
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Table 1. PSar-b-PPhe, block copolymers obtained by NCA ROPISA at different [M]/[] ratios and different solid contents.

Copolymer Composition® Target DP Solids / % M.D /g pb) D, / nm PDI9
mol~!
PSary,3 Macroinitiator N/A N/A 6000 1.22 N/A N/A
PSar;3-b-PPheg 8 3 8800 1.13 100 0.26
PSary;;-b-PPhe 16 3 9800 114 109 0.22
PSar,3-b-PPhey, 25 3 10 300 113 150 0.20
PSaryy3-b-PPhey, 33 3 10 400 1.10 250 0.28
PSary3-b-PPhe,, 16 5 10 000 1.13 95 0.28
PSar,;-b-PPhe,, 16 10 9400 114 118 0.17

2 Copolymer composition determined by "H NMR spectroscopy; ®

diameter and polydispersity index determined using DLS.

which the monomer used for chain extension typically has good
solubility.l°]

Carrying out the polymerization in basic solution at reduced
temperatures was necessary to retard the rate of NCA hy-
drolysis, which leads to uncontrolled polymerization and side
reactions®>" that have higher activation energies relative to
chain propagation.>*6!]

According to '"H NMR spectroscopy, the resulting PSar,,;-b-
PPhe, block copolymers had DP values ranging from 5 to 21 for
the Phe block (Table 1). The 'H NMR spectra were indicative of
successful polymerizations, exhibiting minimal presence of re-
maining NCA, and broadened multiplet resonances attributable
to the nitrogen, phenyl and methylene protons of the PPhe
block at 8.07 — 8.5, 7.12 — 7.20, and 4.49 — 4.5 ppm, respectively
(Figure 1). This was also confirmed by *C NMR spectroscopy
and FTIR analysis. The *C NMR spectrum revealed the loss of
CO, during the polymerization through the absence of a peak
at 151 ppm, which corresponds to the N—C=0 group of Phe-
NCA. FTIR analysis showed the replacement of the Phe-NCA an-
hydride bands, at ~1845 and 1770 cm™!, with an amide I band
originating from the polymer at 1630 cm™. Monomodal chro-
matograms were obtained for the block copolymers which shifted
to lower retention times, relative to that of the corresponding
PSar macroinitiator (Figure 2). This confirmed block extension.
GPC also revealed relatively narrow molar mass dispersity values,
ranging from 1.10 to 1.13 (Table 1).

'H NMR spectroscopy and GPC were also used to determine
DP and average polymer M, values, respectively. For the block
copolymer samples targeting DPs of 8 to 25, prepared at 3% w/w
solids, both "H NMR spectroscopy and GPC analyses reported
an increase in the DP and M, in line with the upward trend
in monomer-to-initiator ratio ([M]/[1]) albeit with values slightly
below the target DP of 25 Phe repeat units, whereby PSar,;-b-
PPhe,, was produced. Following this, a stagnation in DP and M,
occurred as a block copolymer of PSar,,;-b-PPhe,, was produced,
with a comparable M, to that of PSar,;;-b-PPhe,,, despite target-
ing eight additional Phe repeat units. It is likely that this stag-
nation in DP is a consequence of a combination of reasons in-
cluding the stable secondary structure formed by the PPhe block,
and the chemical and geometrical restrictions that the Phe side
chains pose. Grazon et al. reported that for ROPISA to be suc-
cessful, micelles must form during growth of the short diblock
polymers which are capable of preferentially accommodating un-
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M, and D determined by GPC, in DMF + 1 mg mL~" LiBr, using PMMA standards; 9 Hydrodynamic

reacted monomer.3? These act as alocus to facilitate further poly-
merization in a similar manner to RAFT mediated PISA.[?*] The
insolubility of Phe-NCA in aqueous solution likely led to slow dif-
fusion of the remaining insoluble monomers within the reaction
media. Additionally, although nanoparticles are formed at rela-
tively short block lengths compared to copolymers that do not
feature hydrogen bond donor and acceptor groups, the propen-
sity to form secondary structures may have also impeded further
monomer ingress to the growing polymer chain end, resulting in
an upper limit to the core DP. The Phe residues pack very tightly
due to their hydrophobic naturel®” and the phenyl R group par-
ticipates in multiple non-bonded interactions which significantly
stabilizes secondary structures.[**] Any late stage monomer dif-
fusing into the core may have been blocked from reaching the
growing polymer end by the secondary structure network pro-
duced by the PPhe block, along with the possible formation of
hydrogen bonds by the unreacted NCA itself. Additionally, the
R groups of any unreacted NCAs close to the polymer extrem-
ity may form weak hydrogen bonds reducing the nucleophilicity
of the amine chain end.®") In contrast to traditional PISA,[*69]
where monomer preferentially moves to the core, the monomer
becomes increasingly excluded from the secondary polypeptide
structure which forms within the particles. This results in the
stagnation in polymerization, limiting further particle growth or
morphology evolution. Such factors may affect the extent of NCA
ROPISA, emphasising the importance of amino acid selection
when designing these copolymers.

Following successful polymer synthesis, the production of
nanostructures formed in situ during Phe-NCA polymeriza-
tion was probed. To the best of our knowledge, nanostructure
creation would signal the first report of ROPISA using PSar
as the stabilizing block to form block copolymer nano-objects
consisting solely of amino acid repeat units. DLS studies re-
vealed that for syntheses conducted at 3% solids content, the
sphere-equivalent z-average diameter (D,) of the nano-objects
increased systematically with respect to target DP, from 100 nm
up to 250 nm with polydispersity index (PDI) values ranging
from 0.20 to 0.28 (Figure SS5a, Supporting Information). Whilst
expected for PSar-b-PPhe;,, which have increasing M, values
according to GPC, the difference in Dy, of 100 nm between
PSar-b-PPhe,, and PSar-b-PPhe,, is perhaps surprising. These
block copolymers have very similar average DP and M, values
(Table 1), and therefore comparable D, values are expected,
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Figure 1. "H NMR spectra of Phe-NCA, the PSar macro-initiator, and
PSar,13-b-PPhe;g, illustrating the loss of resonances attributable to Phe-
NCA and indicating successful PPhe synthesis. Spectra obtained at
400 MHz using DMSO-d6 and D,O.

suggesting there may be morphological differences between
the samples. Direct analysis by TEM is therefore necessary
as DLS provides a sphere-equivalent z-average diameter and
caution in data interpretation must be practiced with non-
spherical particles. Actual particle physical dimensions and the
hydrodynamic diameter reported by DLS analysis likely vary
owing to differences in the rotational and translational diffusion
coefficients of spherical and non-spherical particles. However,
such data provides evidence of the presence of nanoparticles
and a comparative indication of nanoparticle sizes prior to
their direct analysis by Transmission Electron Microscopy
(TEM).
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Figure 2. GPC traces showing the chain extension of PSar;;; with Phe
repeat units for samples, a) produced at 3% solid content with varying
PPhe lengths, and b) produced at varying solid contents with a PPhe
[MJ/[1] of 16.

TEM analysis (Figure 3) highlighted that all samples contained
non-spherical aggregates which included both isolated and clus-
tered anisotropic nanostructures. However, there was a notice-
able morphological difference between the samples of PSar-b-
PPhes,, and PSar-b-PPhe,; the latter sample contained more
elongated and plate-like nanostructures.

Secondary structure has been reported as a factor in de-
termining the nanoparticle morphology produced in aqueous
NCA ROPISA when exploring morphological differences be-
tween polymers with different poly(amino acid) blocks.**l As
a result, the type of secondary structure present in the block
copolymers was determined, using FTIR spectroscopy and cir-
cular dichroism (CD) (Figure 4), to assess if this may cause mor-
phological differences in samples with the same poly(amino acid)
block too. In particular, the amide I band in the FTIR spectrum
was monitored as the positioning of this band is dependent on
the type of secondary structure present. The amide I bands for
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Figure 3. TEM images displaying the anisotropic nanostructures for PSary,3-b-PPhe,, produced at 3 w/w % (scale bar = 200 nm).
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Figure 4. a) FTIR spectrum displaying an amide | band at 1633 cm™’, in line with the expected value for poly(amide)s exhibiting f-sheet secondary
structure, and b) CD spectrum of PSar;,3-b-PPhe;s, exhibiting a curve characteristic of -sheets.

random coils and a-helices are present at 1656 and 1650 cm™
respectively, whereas for f-sheets, a characteristic signal is found

at 1630 cm~1.[%°]

As discussed previously, in all cases an amide I band was
present at 1630 cm™!. This alludes to the presence of beta sheets,

Macromol. Rapid Commun. 2024, 45,2400103 2400103 (5 of 10)

expected in phenylalanine-containing poly(amino acids) due to
their bulky phenyl pendant groups.[®®®’] Additionally, the CD
spectra obtained are all indicative of structures made up of pre-
dominantly f-structures, with a positive band at ~195 nm and
a broad negative band at ~220 nm in all cases.l®! However,
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Table 2. Percentages of different f-structures present in nanoparticles, produced by NCA ROPISA at different [M]/[l] ratios and solid contents, using

either Phe-NCA or Ala-NCA as the monomer.

Copolymer Composition Solids / % Anti-parallel Parallel p-turns? | % Others? [ %
B-sheets?® | % p-sheets? /
%

PSar3-b-PPhes 3 20.4 12.1 13.9 53.1
PSary;3-b-PPheys 3 26.1 17.8 0.7 553
PSaryy3-b-PPhe,, 3 44.4 7.1 0 485
PSary;-b-PPhey 3 33.4 66 0 0
PSaryy;-b-PPhe, 5 12.2 25.7 14.8 473
PSar;y3-b-PPhe, 10 316 4 16.3 48.1
PSargs-b-PAla, 10 274 12.1 8.7 48
PSaryg-b-PAlay 10 815 185 0 0
PSargs-b-PAlay, 10 93.1 6.9 0 0
PSargg-b-PAla, 10 100 0 0 0

2

clear differences in the CD spectra of PSar-b-PPhe ,; and PSar-
b-PPhe,, were found In particular, the former three samples ex-
hibited an additional, smaller peak at ~205 nm that was indistinct
in PSar-b-PPhe,, Spectral diversity across samples of g-structure
rich macromolecules is not unusual in CD spectroscopy as there
is a large amount of structural diversity in f-sheets, due to vari-
ation in their orientation and twisting.!%”] Quantitative analysis
was therefore carried out using f-structure selection (BeStSel), a
secondary structure estimation method that takes into account
the twist of f-structures,!®! to investigate the presence of dif-
ferent types of f-structures across the samples (Table 2). The
samples of PSar-b-PPhes,, exhibited mixtures of anti-parallel
and parallel sheets, along with turns and other structures such
as f-bridges, bends and loops. Conversely, PSar-b-PPhe,, exhib-
ited only anti-parallel and parallel sheets. This difference likely
causes the observed morphological differences across samples,
although is unexpected given that PSar-b-PPhe,; and PSar-b-
PPhe,, possess comparable DP and M, values. The change in
morphology must therefore be linked to the increased amount
of monomer present during the polymerization. The 'H NMR
spectra of all samples exhibit some evidence of a very small
amount of unreacted monomer, wherein there is a small peak
at ~5 ppm attributable to the methylene proton in Phe-NCA.
Despite being present in all samples, error within NMR analy-
sis prevented sufficient characterization to quantify the amount
of unreacted monomer remaining in each sample. It can how-
ever be assumed that because PSar-b-PPhe,, has the largest dis-
crepancy between target and actual DP, the largest quantity of
unreacted monomer most likely remains. Some of this unre-
acted monomer may have entered the micellar core but been
unable to reach the growing polymer chain end. The R groups
of NCAs can form hydrogen bonds which may have interacted
with the PPhe polymer and other unreacted monomer, altering
the overall secondary structure of the PPhe block.”%! Whilst it
is likely this also occurred to some extent with the other sam-
ples of PSar-b-PPhe,, PSar-b-PPhe,, contained the largest quan-
tity of unreacted monomer, resulting in more pronounced sec-
ondary structure disruption and alteration to the nano-object
dimensions.
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Determined using circular dichroism followed by f-structure selection (BeStSel), a secondary structure selection method.

Synthesis of block copolymers with a DP of 16 at higher
solid contents of 5 and 10% were also attempted, which
successfully yielded nanoparticles comprising PSar;,;-b-PPhe,,
and PSar,,;-b-PPhe,,, respectively. Both samples had simi-
lar M, and D values (Table 1 and Figure 2b) to those pro-
duced at 3% solid content indicating that this synthesis can
be successfully carried out at higher concentrations. Addition-
ally, DLS reported the formation of nanoparticles at 5% and
10% solids. These exhibited only a small variation in hydro-
dynamic diameter, increasing from 95 to 118 nm, with as-
sociated PDI values between 0.17 and 0.26, as expected for
block copolymers of comparable lengths (Figure S5b, Supporting
Information).

DLS was also used to assess the stability of selected nanopar-
ticles, with equivalent DPs at different solid contents, stored
in aqueous suspensions at room temperature after 12 months
(Figure S7, Supporting Information). The nanoparticles all ex-
hibited comparable sizes to their initial D, with PDI values that,
importantly, remained consistently relatively low. This suggests
that polymer aggregation had not taken place, and that the parti-
cles, at this targeted DP, are stable in aqueous solvent for at least
one year.

2.2. Polysarcosineyg-b-Poly(Alanine), Synthesis

To assess the versatility of using Psar as the stabilizing hy-
drophilic block in NCA ROPISA, polyalanine (PAla) was grafted
from the Psar macroinitiator in aqueous solution. PAla is an
excellent candidate to drive stable nanoparticle formation dur-
ing ROPISA owing to the extensive hydrogen bond interac-
tions that form between PAla chains. The secondary structures
that form between poly(amino acids), such as a-helices and g-
sheets, and the type of structure adopted by the polymers is
dependent on the amino acids present in the polymer. Work
carried out by both Grazon et al.,, and Li et al, reported this
to have an effect on the anisotropy and aspect ratio of the
nanoparticles produced through the PEG,-NH, NCA ROPISAs
of BLG-NCA and Leu-NCA, and Phe-NCA, respectively.!*446]

© 2024 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Table 3. PSar-b-PAla, block copolymers obtained by NCA ROPISA at different [M]/[l] ratios.

Copolymer Target DP Solids / % D,? / nm PDI®) Mean
Composition? Length® / nm
PSargg Macroinitiator N/A N/A N/A N/A N/A
PSargg-b-PAla, 8 10 243 0.26 90 +31
PSargg-b-PAlas 16 10 113 0.38 65+ 17
PSargs-b-PAla,, 25 10 260 032 88 + 24
PSaryg-b-PAlay, 33 10 262 0.29 82 + 26

2 Copolymer composition determined by 'H NMR spectroscopy; b Hydrodynamic diameter and polydispersity index determined using DLS; 9 Mean length determined by

measuring 50 nanoparticles on TEM images.

Consequently, morphologies of nanostructures formed from
poly(amino acids) are dependent not just on block length, as
per standard polymer synthesis, but also from secondary struc-
ture contributions. As a result, we explored the NCA ROPISA of
Ala-NCA.

PSary, was used to initiate a series of polymerizations with
target Ala DPs of 8, 16, 25, and 33 at 10% w/w. Extensive in-
tramolecular hydrogen bonds between PAla chains ensures that
even a relatively small number of Ala repeat units can insti-
gate and maintain stable nanoparticle formation, a key feature
of poly(amino acids)-based nanoparticles in general. According
to 'H NMR spectroscopy, a series of copolymers were produced
with DP values comparable to the target values (Table 3). In this
case, no stagnation in DP was observed. This could be attributed
to the greater conformational flexibility in PAla secondary struc-
tures, due to the small size of the methyl side chain, relative to
PPhe.l’!! More unreacted monomer is therefore able to reach
the polymer extremity over the course of the reaction. M, and
dispersity analyses of these polymers by GPC were challenging
because of poor polymer solubility in commonly used organic
solvents, owing to the strong intra-chain hydrogen bonding that
takes place between PAla chains. However, the abilities of PSarq,-
b-PAla, to form nanoparticles in aqueous solution could still be
explored.

DLS analysis confirmed the presence of nanoparticles in
all cases (Figure S6, Supporting Information) with sphere-
equivalent z-average diameters ranging from 113 to 262 nm and
PDI values of 0.26 to 0.38 (Table 3). Nanoparticle size did not
increase systematically though, with similar sizes for PSary,-b-
PAla, where x is 7, 23, or 32, but a D, of 113 nm when x
is 15. TEM analysis revealed narrow, worm-like nanostructures
(Figure 5) in all cases suggesting that a difference in morphol-
ogy between samples was not the cause of this unusual DLS
trend, as per PSar,,;-b-PPhe,. The images produced by TEM
did however highlight the presence of large aggregates in the
Psaryg-b-PAla, sample, not obvious in the other samples, and
upon measuring the lengths of the nanoparticles exhibited in
each sample, Psary,-b-PAla;s was shown to have the shortest
mean length (Table 3). Despite this, there was much less vari-
ation in the sizes across samples measured by TEM compared
to DLS measurement. This may be the result of incompatibil-
ities between DLS analysis and non-spherical nanoparticles, as
the PDI values are also higher than expected. Again, although
DLS provides a guide to the size and any trends that are present
in non-spherical nanoparticle samples, direct nanoparticle anal-
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ysis by TEM is required to accurately determine the nanoparticle
distribution.

TEM analysis was also extremely useful in highlighting the
difference in morphology exhibited by PSary,-b-PAla, relative
to the PPhe-based nanostructures. FTIR analysis and CD spec-
troscopy were carried out to determine the secondary structures
present in these nanoparticles (Figure 6) and assess if morpho-
logical differences across the two nanoparticle classes is a con-
sequence of variation in the polymer secondary structure. FTIR
exhibited an amide I band at #1630 cm™! alluding to the pres-
ence of f-structures in all cases, and CD confirmed this with
characteristic f-structure bands exhibited at ~195 and ~220 nm.
The peak at ~206 nm, present in most of the spectra for PSar-
b-PPhe, samples, was not exhibited in the PSar-b-PAla, samples
though. As noted previously, this is not unusual in the CD spec-
tra of f-structure rich proteins. BeStSel was therefore used to
quantify the f-structure diversity within the samples of PSar-
b-PAla,, and relative to the samples of PSar-b-PPhe, (Table 2)
PSar-b-PAla; was found to have a mixture of anti-parallel and
parallel sheets, turns and other structures, such as loops and
bridges, which is expected because sequences shorter than 10
Ala units produce minimal f-sheet formation, ensuring that
secondary structure with limited definition forms.”>74 From
PSar-b-PAla,s onward, the nanoparticles exhibit exclusively anti-
parallel and parallel g-sheets with the percentage of anti-parallel
structures increasing up to 100%, as the PAla block increases
in length. In addition, this quantification confirmed the differ-
ences in f-structures present between PSar-b-PPhe, and PSar-
b-PAla, which is most likely causes the difference in morphol-
ogy across the samples. This difference is expected as the two
amino acids have different R groups of different steric prop-
erties and capability to form non-bonded interactions, leading
to secondary structures with differing levels of conformational
flexibility.

3. Conclusions

ROPISA to create nanoparticles consisting of amphiphilic block
copolymers that contain solely amino acid repeat units is re-
ported for the first time. PSar acts as an effective macroinitiator
and stabilizing block to facilitate in situ nanoparticle formation
during polymerization in aqueous solution. Polymeric nanos-
tructures created from PSar;;;-b-PPhe, were anisotropic with
many possessing rod-like structures maintained by pf-sheets
formed by hydrogen bonds between adjacent PPhe blocks.

© 2024 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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a) Psarge‘b'PAla7 10 % b) PSargg-b-PAla;5 10 %
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Figure 5. TEM images displaying the rod-like nanoparticles and plate-like aggregates for PSarqg-b-PAla,, produced at 10 w/w % (scale bar = 200 nm).
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Figure 6. a) FTIR spectrum of PSargg-b-PAla,; exhibiting an amide | band at 1625 cm™" characteristic of f-sheets and b) associated CD spectrum alluding
to a f-sheet secondary structure.

Differences in morphologies were exhibited across the series,  The versatility of PSar to act as an effective macroinitiator and
which was found to be a result of diversity within the g-structures  stabilizing block for ROPISA was further demonstrated by the
formed by the PPhe blocks, possibly resulting from the pres-  polymerization of a second amino acid NCA, Ala-NCA, yielding
ence of unreacted NCA. Significantly, such nanostructures  PSar-b-PAla,. Narrow nano-objects were produced, with worm-
remained stable in aqueous solution for at least 12 months. like character, which differed from the PSar-b-PPhe, structures
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produced. PAla-containing polymers formed p-structures but
the types of these differed from those produced by PPhe-
containing polymers. In turn, this affects the morphologies of
the nanostructures formed. The amino acid selected for chain
extension may therefore be altered to affect the morpholo-
gies of exclusively poly(amino acid) nanostructures formed by
ROPISA.
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