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of Chemistry Recent studies have shown that biodegradable nanoparticles can be efficiently prepared with
polymerization of N-carboxyanhydrides-induced self-assembly (NCA-PISA). However, thus far, the effect
of chiral monomer ratio on such NCA-PISA formulations and the resulting nanoparticles has not yet
been fully explored. Herein, we show, for the first time, that the morphology, secondary structure, and
biodegradation rate of PISA nanoparticles can be controlled by altering the chiral ratio of the core-
forming monomers. This chirality-controlled PISA (CC-PISA) method allowed the preparation of
nanoparticles that are more adjustable and applicable for future biomedical applications. Additionally, the
complex secondary peptide structure (ratio of a-helix to B-sheet) and m—m stacking affect the polymer
self-assembly process. More specifically, a PEG4s macro-initiator was chain-extended with - and b-
phenylalanine (.- and p-Phe-NCA) in various molar ratios in dry THF at 15 wt%. This ring-opening
(ROP) allowed the preparation of homo-
copolymers that self-assembled in situ into nanoparticles. For homo-chiral formulations, polymers self-

polymerization and hetero-chiral Phe-peptide block
assembled into vesicles once a sufficiently high phenylalanine degree of polymerization (DP) was

obtained. Hetero-chiral formulations formed larger nanoparticles with various morphologies and, much
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Accepted 17th Novernber 2022 to our surprise, using an equal enantiomer ratio inhibited PISA and led to a polymer solution instead.

Finally, it was shown that the enzymatic biodegradation rate of such PISA particles is greatly affected by
the polymer chirality. This PISA approach could be of great value to fabricate nanoparticles that exploit
chirality in disease treatment.
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prepared at high solids concentration in polar*>'® and non-polar
media.”** Generally, PISA comprises the chain extension of

Introduction

Polymer nanoparticles have interesting properties in biomedical
applications, as they can improve the stability and solubility of
drugs, and facilitate transmembrane transport effectively.' Such
nanoparticles are, therefore, suitable for drug loading and
delivery,”* vaccine adjuvants,® various disease treatments,*® and
antimicrobial applications.” An emerging method to prepare
polymer nanoparticles is Polymerization-Induced Self-Assembly
(PISA).*>** This is an efficient nanoparticle synthesis method
that combines polymer synthesis and self-assembly in a single
step. Moreover, nanoparticles with various morphologies
(spheres, worms, and vesicles) and chemical compositions can be
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a soluble polymer block (stabilizer block) with a second polymer
block (core-forming block) that becomes progressively insoluble
as the polymerization proceeds. These growing block copolymers
self-assemble during the polymerization reaction once a critical
degree of polymerization (DP) of the core-forming block is ach-
ieved. Other known PISA driving forces include hydrogen
bonding, electrostatic interactions, and crystallization.”*>*
Various nanoparticle morphologies can be targeted reproducibly
by adjustment of the stabilizer/core-forming block DP, and the
polymer concentration (solids content).'®2¢*

PISA is generally conducted at a relatively high solids content
(10-50 wt%), which makes PISA more efficient compared to
post-polymerization self-assembly methods such as the solvent
switch®®* or the rehydration approach,*® which are generally
conducted at approximately 0.1-3.0 wt%. PISA is well-
established in combination with reversible addition-fragmen-
tation chain-transfer (RAFT) polymerization.*-** However, other
polymerization methods have shown potential, including
photo-PISA.***” Despite the efficiency and versatility of PISA, it
remains challenging to prepare biodegradable nanoparticles. A
promising PISA method that solves this problem utilizes the
ring-opening polymerization (ROP) of N-carboxyanhydrides
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(NCA-monomers); this method is also known as NCA-PISA or
ROPISA.*** The resulting core-forming polypeptide block is
biodegradable since it can be hydrolyzed with acids or
enzymes.’**>

The first NCA-PISA example was reported by our group in
2019.*® Here, PEG,5-NH, was chain-extended with
phenylalanine-NCA (1-Phe-NCA) in THF to form biodegradable
PEG,5-b-1-PPhe, diblock copolymer nanoparticles. It was shown
that specific nanoparticle morphologies could be prepared by
varying the core-forming block DP and the copolymer concen-
tration: spheres formed at 10 wt% and vesicles were observed
when a longer core-forming block DP was used at 20 wt%.
Interestingly, NCA-PISA can also be directly performed in
aqueous media, as shown by Lecommandoux and co-workers.*®
Spheres, worms, and needles could be prepared by chain
extending a PEG,;o-NH, with y-benzyl-i-glutamate-NCA (BLG-
NCA) in water. The versatility of this PISA method was demon-
strated in a subsequent study where 1-leucine-NCA (Leu-NCA)
was used instead.” Additionally, a methionine (Met)-based
one-pot NCA-PISA procedure in DMSO was reported by Batta-
glia and co-workers.*' These PEG-b-PMet formulations allowed
the preparation of nanoparticles with various morphologies
(spheres, worms, and vesicles) and allowed the preparation of
a pseudo-phase diagram.

A so far scarcely explored factor on NCA-PISA is the role of
polymer chirality. This is of considerable interest since there are
various literature reports in which chirality is used in RAFT-PISA
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monomers.*>*® Here, the chirality of a (meth)acrylate monomer
is transferred to the polymer and is, afterwards, transferred
during PISA to the nanoparticles, a common example of a chiral
nanostructure is the twisted fiber morphology. Additionally, it is
known that the adjustment of chirality can lead to various
secondary peptide structures and that varying secondary struc-
tures can affect the morphology of peptide nanoparticles.*”*
Lecommandoux and co-workers showed that changes in
secondary structure can result in more stable nanoparticles.*®
Therefore, chirality and the secondary structure might play an
important morphology directing role in NCA-PISA. Additionally,
nanoparticles that consist of hetero-chiral block copolymers
should have an adjustable biodegradation rate. This is impor-
tant for future biomedical applications, for example, to adjust
the drug release rate of drug nanocarriers.>*

Herein, it is shown that monomer chirality can be used to
control the nanoparticle morphology during CC-PISA, the
resulting nanoparticles have a differing enzymatic biodegrad-
ability profile which depends on the degree of chirality. More
specifically, PEG,s-b-P(p/L-Phe), block copolymer nanoparticles
were prepared in THF at 15 wt% (Scheme 1). Homo-chiral
formulations (where either 1-Phe-NCA or p-Phe-NCA is used)
resulted in vesicles with a well-defined membrane. Hetero-
chiral compositions led to various other kinds of nano-
particles. Polymerizing equal amounts of 1- and b-NCA-
monomers is also possible; however, this prevents in situ poly-
mer self-assembly. This aspect allowed us to gain insight into

to prepare chiral nanoparticles with (meth)acrylate the unusual self-assembly mechanism during this PISA
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Scheme 1 Chirality-controlled polymerization-induced self-assembly (CC-PISA) for preparing nanoparticles with adjustable morphology and
biodegradation rate. The effect of core-forming monomer chirality on NCA-PISA was investigated by adjusting the initial ratio of L-Phe-NCA to
p-Phe-NCA in THF (15 wt%) at 25 °C. (a) Vesicles self-assembled from homo-chiral polymers were prepared from either L-Phe-NCA or p-Phe-
NCA. (b) Vesicles or compound micelles self-assembled from hetero-chiral polymers were prepared from a mixture of these two monomers.
PISA was inhibited when equal amounts of L-Phe-NCA and p-Phe-NCA were used, leading to a block copolymer solution. NB. The polymer
chains in section ‘b’ are a schematic representation, in reality the length and the sequence of the polymer chains vary.
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reaction. In summary, this work provides a new way to intro-
duce morphological control during NCA-PISA and gives novel
insights into the self-assembly mechanism during NCA-PISA.
This work is different from the RAFT-PISA formulations where
monomer chirality is used to prepare chiral nanoparticles.
Here, the chiral monomer ratio was used as a handle to control
a peptide-based PISA process, no chiral nanoparticles were ob-
tained. Furthermore, the enzymatic degradability of such
nanoparticles can be adjusted. Both factors make the herein
discussed nanoparticles suitable for potential future chiral
pharmaceutical applications.*

Results and discussion
Effect of chirality in CC-PISA

The effect of core-forming monomer chirality on the PEG,5-b-
P(Phe), PISA formulation in THF was explored. This was ach-
ieved by performing this PISA protocol with L-Phe-NCA, p-Phe-
NCA, and mixtures thereof (Scheme 1). A range of block
copolymers with a PPhe target core-forming block DP ranging
from 5 to 20 were prepared at 15 wt% in THF. The effect of
monomer chirality (and chiral ratio) was systematically inves-
tigated by adjusting the initial ratio between r-Phe-NCA and p-
Phe-NCA. Varying this parameter drastically affects nano-
particle self-assembly behavior (Fig. 1). Using equal amounts of
chiral monomers led to a free-flowing polymer solution for all
assessed core-forming block DPs. Homo-chiral formulations
formed dispersed nanoparticles in the form of a free-flowing
dispersion when a DP of 5 was targeted; a gel was formed
when longer DPs were targeted. Interestingly, formulations with
intermediate chiral ratios (with an .-Phe-NCA content of around
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L-Phe-NCA Content
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10-30%, and 70-90%) did not form a gel and appeared less
turbid than the homo-chiral formulations, indicating changes
in nanoparticle morphology. The nanoparticle-polymer chain
boundary seemed to be affected by the target DP. A transparent
solution was observed when an r-Phe-NCA content between 30~
70% was used for the DP 5 samples. This range decreased to 40—
60% when higher core-forming block DPs were targeted. This
indicates that both the targeted DP and the -Phe-NCA content
play an important role in this CC-PISA formulation. These data
show that the self-assembly process of the DP 5 species is more
affected by the introduction of hetero-chirality compared to the
DP 10 species. This can be expected as the ability of the shorter
chain to form a PISA-favoring secondary structure is more
hindered by the amount of hetero-chirality, compared to the
formulations with higher DPs (3 to 4 amino acid residues are
required to form an a-helix, a more detailed discussion on the
effect of the secondary peptide structure is given at a later stage
in this article).

"H nuclear magnetic resonance (NMR) and size exclusion
chromatography (THF-SEC) were used to confirm that the tar-
geted DPs were obtained during the polymerization (Fig. S1-
S31). Here, only the block copolymers with an 1-Phe content of
50% were evaluated, this is because an equivalent chiral ratio
ensures the highest polymer solubility (as in our previous work,
vesicles self-assembled from homo-chiral polymers remained
insoluble in a range of organic solvents®). Prior to analysis, the
samples were purified by dialysis against water and pure
copolymer powders were obtained after lyophilization. A small
amount of purified polymer was dissolved in deuterated tri-
fluoroacetic acid (d-TFA) prior to 'H NMR analysis. This
deuterated solvent was selected to minimize the effect of

CM

0% 10% 20% 30% 40%

e |5

e.% 4

3

Q0

2 |10
£

Kel

g |15
[&]

B

2

S |20
v

>
50% 60% 70% 80% 90% 100%

Fig.1 Digitalimages of the final dispersions and solutions obtained from the polymerization of L-Phe-NCA and/or b-Phe-NCA in various ratios in
THF at 15 wt%. The L-Phe-NCA content ranged from 0 to 100% (from left to right) and the target core-forming block DPs were 5, 10, 15, and 20
(from top to bottom). The red border identifies the experiments where PISA occurred (turbid dispersions). PISA did not occur in the other
experiments and transparent solutions were formed instead. Homo-chiral formulations with a target core-forming block DP > 5 formed a free-
standing gel. Here, p-V = p-Vesicles, o/L-V = p/L-Vesicles, CM = Compound Micelles, and L-V = L-Vesicles. Please note that 'p-, L.- and p/L-" only
refer to the type of chiral monomer, and hence the chiral composition of the polymer, not the nanoparticle chirality.
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(a) A linear increase in M,, (determined by SEC) was observed with an increased core-forming DP (blue squares), indicating good pseudo-

living character. The obtained PPhe DPs were determined by H NMR for a series of PEG4s-b-P(oL-Phe), (here, the L-Phe content is 50%)
prepared at 15 wt%. SEC dispersities (D) (red circles) tend to reach larger values as the target DP increases. (b) DLS study of PEG4s-b-P(p/L-Phe);q
copolymer formulations obtained from CC-PISA in THF at 15 wt%. Here, the L-Phe-NCA content is increased from 0-100%. L-Phe contents
between 40% and 60% do not show evidence of self-assembled nanoparticles obtained from PISA.

peptide folding on this analysis method. As expected, the 'H
NMR determined DPs were consistent with the targeted DP.
This was further supported by THF-SEC (Table S17). Plotting the
calculated '"H NMR DPs versus the obtained SEC M, gave
a linear correlation, indicating a good pseudo-living character
for this NCA polymerization (Fig. 2a). Nevertheless, relatively
large THF-SEC dispersities were observed for the samples with
target DPs of 15 and 20. However, it is known that the dis-
persities can be artificially enlarged owing to undesired peptide-
column interactions that become more prominent when longer
DPs are used, as our data confirms. Nevertheless, well-defined
vesicles and compound micelles were obtained in this DP range.
Dynamic light scattering (DLS) studies were performed to
assess the change in turbidity upon altering the r-Phe-NCA
content for the PEG,5-b-P(p/L-Phe),, formulations (Fig. 2b); the
hydrodynamic diameter (D) and the count rate were deter-
mined for all formulations (Fig. S41). These data support the
optical observation of a reduced turbidity in the range of 40-
60% 1-Phe-NCA. A derived count rate of approximately 2000
keps was observed for the homo-chiral compositions, this value
significantly reduced when mixtures of chiral monomers were
used. The formulations with an L-Phe-NCA content between 40—
60% exhibited the least light scattering. The Dy, of vesicles self-
assembled from homo-chiral polymers was around 465 nm (as
confirmed later by TEM). Interestingly, the DLS data of the
hetero-chiral formulation where an r-Phe content of 30% was
used showed a larger Dy, of approximately 1000 nm. This is likely
related to nanoparticle solvation by solvent, which suggests that
these block copolymer nanoparticles become more solvated
when a more equal chiral ratio is used: completely dissolved
block copolymer chains were observed for the PEG,s-b-P(p/L-
Phe),, group with a 1-Phe content between 40-60%.
Transmission electron microscopy (TEM) analysis was used
to examine the obtained nanoparticle morphologies. Nano-
particle dispersions in THF were directly applied to the TEM
grid and analyzed after the solvent evaporated, no TEM stain
was required. A range of various nanoparticle morphologies

14182 | Chem. Sci., 2022, 13, 14179-14190

were observed by altering the target core-forming block DP and
the chiral monomer ratio, which allowed the preparation of
a pseudo-phase diagram (Fig. 3). Vesicles with a well-defined
membrane (TEM diameter = 530 £+ 65 nm) were observed for
the homo-chiral PEG,s-b-P(p/t-Phe);, formulations (DP 10
series, t-Phe content of 0% and 100%). Compound micelles
(TEM diameter = 565 + 82 nm) were detected for nanoparticles
with an 1-Phe content of either 10% or 90%. Disrupted
compounds micelles (TEM diameter = 720 + 70 nm) were
observed for formulations with an r-Phe content of either 20%
or 80%. TEM images of the particles obtained from formula-
tions with a -Phe contents of either 30% or 70% appeared with
a dark spot in the nanoparticle core, indicating that the parti-
cles are more solvated at the particle exterior and are less
solvated by THF within the particle core. This morphology is
therefore classified herein as ‘swollen compound micelles’
(TEM diameter = 882 + 85 nm) (Fig. 3, Table S2t). Here, the
appearance of this dark spot in the center of the nanoparticle is
likely a result of the initial non-uniform solvated ‘wet’ state. The
drying process of such particles, during the preparation of the
TEM sample and the vacuum in the TEM, will lead to a dark spot
since the polymer chains are more compact in the core, in
comparison to the nanoparticle exterior. This more solvated
nature is also supported by DLS analysis, larger Dy, values were
observed for the hetero-chiral nanoparticle compositions (.-Phe
content: 10-30%) and compositions with an 1-Phe content of
40-60% appeared as dissolved chains.

Regarding the other compositions with other target DPs:
homo-chiral formulation with a DP of 5 resulted in polymer
vesicles with TEM diameters of 500 + 45 nm and homo-chiral
formulations with core-forming block DPs of 15 and 20
produced vesicles with a TEM diameter of about 542 + 85 nm
and 560 + 100 nm, respectively. Similar to the DP 10 series, the
introduction of hetero-chirality led to larger DLS and TEM
diameters (Table S2, Fig. S5-S77). A mixed vesicle/sphere phase
was observed for the DP 5 formulation with r-Phe contents of
10% and 90%. Surprisingly, but consistent with our previous

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (Top) Pseudo-phase diagram of PEG45-b-P(p/L-Phe), assemblies obtained via CC-PISA at 15 wt% in THF. Various morphologies were

targeted by adjusting the DP (y-axis) and the L-Phe-NCA content (x-axis). Here, b-V = p-Vesicles, b/L-V = p/L-Vesicles, CM = Compound

Micelles, and L-V = L-Vesicles. Please note that 'p-, L- and b/L-" only refe

r to the used type of chiral monomer, and hence the chiral composition of

the polymer, not the nanoparticle chirality. (Bottom) Representative TEM images obtained for PEG4s-b-P(p/L-Phe);o copolymer nano-objects
with different L.-Phe content ranging from 0-100%; the letters correspond to the samples in the pseudo-phase diagram (a, h) vesicles, (b, g)
compound micelles, (c, f) disrupted compound micelles, (d, e) swollen compound micelles.

study,* the samples that formed a gel did not consist of worm-
like nanoparticles, which is usually the case in PISA. Instead,
vesicular nanoparticles with a well-defined membrane were
detected. This observation deserves to be further examined in
a subsequent study; this characteristic could possibly be
explained with the percolation theory.>

More insight into the PISA reaction was obtained by deter-
mining the reaction kinetics by FTIR (Fig. 4a—c), additionally
this process was monitored by DLS (Fig. 4d and e). Three
representative formulations were evaluated: PEG,5-b-P(L-Phe);,
PEG,s5-b-P(p-Phe),, and PEG,5-b-P(p1-Phe);, at 15 wt%. Samples
were withdrawn from the reaction solution and directly
analyzed by FTIR (Fig. S8-S10, Tables S3-S5t). The distinctive
NCA-monomer bands at 1779 cm™' and 1848 cm™ ' progres-
sively disappeared as the reaction proceeded, the PEG band at

© 2022 The Author(s). Published by the Royal Society of Chemistry

1108 cm ' was used as an internal standard. The FTIR data
shows that full conversion was reached after 120 min. DLS
analysis during CC-PISA (Fig. 4d and e) gave insight into the
self-assembly behavior. The reaction mixture of the two homo-
chiral formulations turned into a turbid dispersion after
approximately 5-10 min. These data show that nucleation
occurred during the polymerization reaction, this was further
confirmed optically as the dispersion turned gradually more
turbid over time (Fig. S117). DLS data show that both the Dy, and
PD approach a stable value at around 120 min and the derived
count rate (DCR) became constant at this time, indicating the
end of the CC-PISA reaction. These data are consistent with the
FTIR reaction kinetics (Fig. 4a and b). The final Dy, of the
prepared vesicles is ~500 nm.

Chem. Sci., 2022, 13, 14179-14190 | 14183
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Fig. 4 FTIR reaction kinetics of the PEG4s-b-P(p/L-Phe);o formulations with a varying L-Phe content at 15 wt% and DLS analysis during these
reactions. (a, b) For the homo-chiral CC-PISA synthesis, where L-Phe content is either 0% or 100%, full conversion was achieved after
approximately 120 min. (c) The hetero-chiral formulation exhibited a slower polymerization rate; full conversion was achieved after 270 min. All
data were fitted to first order reaction kinetics (red line). (d, e€) DLS analysis during homo-chiral CC-PISA, where L-Phe content is either 0% or
100%. Here, the Dy, values are reported from the point when the count rate started to increase (i.e., after nucleation at ~5-10 min). A stable
derived count rate (DCR) was observed after 120 min and vesicles with a diameter of approximately 500 nm (PD ~ 0.15) were obtained.

Interestingly, the hetero-chiral formulation, where no PISA
occurred, reached full conversion at approximately 270 min.
These observations are expected since it is known that nucle-
ation causes an increase in reaction rate during PISA, owing to
the monomer solvation of the nascent nanoparticles.”
However, no characteristic increase in first-order reaction
kinetics was observed to support nanoparticle swelling by
monomer. The increased reaction rate can also be explained by
the secondary peptide structure of the core-forming block. It is
known that an o-helix structure has the ability to enhance the
polymerization rate.>* The secondary peptide structure of the
obtained nanoparticles and polymers was investigated next.

It is known that various factors can influence the secondary
PPhe structure.*”~**%°¢ For example, stable PPhe nanoparticles
with a B-sheet secondary structure can be formed in water/
DMSO mixtures.”””*® PPhe can also form nanoparticles with a-
helix secondary structure in THF or water/HFIP mixtures.**** It
seems, therefore, likely that the secondary structure is affected
in the herein discussed CC-PISA formulation when monomer
chirality is altered. This was confirmed by FTIR analysis®"~** for
the DP 10 formulations in THF (with an 1-Phe content ranging
from 0-100%). The FTIR spectra of all the formulations have
bands in the amide I region at 1658 cm™ ' and 1630 ¢cm ™"
(Fig. 5a and S12). The two homo-chiral formulations have

14184 | Chem. Sci, 2022, 13, 14179-14190

a dominant band at 1658 cm ™', which indicates the presence of
an o-helix. As the 1-Phe content reaches 50%, a reduction in the
band intensity at 1658 cm " is observed, while the band
intensity at 1630 cm™" increases; the latter band indicates the
presence of a B-sheet secondary structure.>”->%62665

The bands in the amide I region were deconvoluted and
band areas were plotted against the L-Phe content Fig. 5b. The a-
helix content in the homo-chiral formulations were both 87%,
this amount reduced as a chiral content of 50% r-Phe was
approached. A minimal a-helix amount of 33% was observed
when equal amount of chiral monomers were used. In contrast,
the content of the B-sheet fraction increases from 17% to 67%
when approaching an r-Phe content of 50% (Fig. S13, Table
S6t1). When comparing these observations with the nanoparticle
morphology (Fig. 3), no polymer self-assembly occurs when the
B-sheet fraction exceeds the a-helix fraction. Indeed, these data
indicate that an increasing amount of B-sheets leads to weaker
self-assembly and more solvated nanoparticles; PISA does not
occur above a B-sheet fraction of approximately 50%. Similar
FTIR data were obtained for the DP 5, 15, and 20 formulations
(Fig. S14, Table S77).

Interestingly, the appearance of a B-sheet fraction seems
counterintuitive since a B-sheet can connect various peptides
via inter-molecular interactions, which, in turn, should lead to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in THF. The bands in the amide | region at 1658 cm ™! and 1630 cm™! correspond to the a-helix and B-sheet secondary structure, respectively.
The complete FTIR spectra of these samples are shown in Fig. S12.1 (b) Deconvoluted amide | band areas of PEG45-b-P(p/L-Phe);o copolymer

nanoparticles plotted against the L-Phe content.

aggregation. Nevertheless, these samples did not appear as
nanoparticles by DLS and TEM and the fully dissolved state even
allowed SEC analysis. Therefore, we suggest that the B-sheet
originates from intra-molecular interactions when the core-
forming block is sufficiently long, or is present in the form of
a single B-strand. We refer to this secondary structure as B-sheet
throughout the manuscript.

Another common method to gain insight into the secondary
structure is circular dichroism (CD) spectroscopy (Fig. S157).
Unfortunately, this method seemed to be of little value in the
herein presented research. This is because of the high solvent
cut-off wavelength of THF (212 nm) and, more importantly,
because of the nature of the prepared polymer; it is well-known
that mixtures of enantiomers have reduced optical activity.*
Nevertheless, the homo-chiral formulations exhibited a strong
band around 230 nm, which can be assigned to n-m* transi-
tions resulting from aromatic stacking interactions of the
phenylalanine residues, suggesting an ordered secondary
structure.>

More insight into the interactions of the secondary peptide
structure were obtained by using UV-Vis spectroscopy
(Fig. S16t). This method allows insight into the aromatic
interactions, such as m-m stacking, within the nanoparticles
and dissolved polymer chains. A larger redshift indicates the
presence of stronger aromatic interactions. It was found that
the maximum absorbance was detected at a higher wavelength
for the homo-chiral formulations, compared to the hetero-
chiral formulations. Lower wavelengths were detected for
formulations with an r-Phe content between 40-60%. Interest-
ingly, this 1-Phe content has the largest B-sheet fraction, as
shown by FTIR. This result indicates that a larger a-helix frac-
tion, and a larger amount of homo-chirality, promote aromatic
stacking and, therefore, favor nanoparticle stability. Indeed, it is

© 2022 The Author(s). Published by the Royal Society of Chemistry

known that such aromatic interactions can support the forma-
tion of stable nanostructures.’®*

Self-assembly mechanism

The FTIR data of the PEG,5-b-P(p/1-Phe),, with a varying 1-Phe
content show two main bands in the amide I region. The band
at 1658 cm ' corresponds to an o-helix secondary structure,
whereas the band at 1630 cm ™" represents a B-sheet secondary
structure.>°%¢*63%%  Clearly, these data indicate that an
increasing B-sheet fraction, in addition to hetero-chirality,
disfavors polymer self-assembly in THF. Indeed, a greater o-
helix fraction, and a higher degree of homo-chirality, seem to
work in favor of in situ polymer self-assembly and causes a faster
rate of polymerization. In other words, a more ordered
secondary structure promotes in situ self-assembly,***” this is
likely because a more ordered structure has stronger intermo-
lecular interactions.*”*® These observations are consistent with
the literature where the formation of an a-helix structure is
energetically favorable when the peptide comprises r-amino
acids, in contrast to chiral mixtures.®®® Our data also indicate
that self-assembly does not initially promote a-helix formation
during CC-PISA. This is because our data suggest that the
structure of the polypeptide chain drives the PISA process. If
self-assembly promotes a-helix formation, we should observe
polymer aggregation before the formation of the secondary o-
helix structure within the nanoparticles. If this was the case, we
should observe nanoparticles regardless of the secondary
peptide structure. Since we do not see any self-assembled
structures for the 50% 1-Phe composition (where a dominant
B-sheet fraction was found), we can discount this possibility.
It is known that the a-helix secondary structure can promote
homo polypeptide-assembly, as shown by Gimeno and co-
workers.** Here it was shown that the a-helix secondary struc-
ture of PPhe aids self-assembly into nanorods in water on the
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addition of hexafluoro-2-propanol. It was hypothesised that the
formation of nanorods is likely triggered by the long-range
orientation of peptide bonds along the axis, which creates
a hydrophilic region inside the a-helix with outside-oriented
hydrophobic aromatic rings. However, the herein reported
CC-PISA system is conducted in THF instead of water. The
hydrophobicity of the a-helix plays therefore a less important
role compared to aqueous formulations.

Consistent with our previous work, the nanoparticles self-
assembled from homo-chiral 1- and p-PPhe polymers were
insoluble in all common solvents (water, DMSO, DCM, CHCl;,
etc.). This indicates that these nanoparticles with a large frac-
tion of a-helix secondary structure form robust intra-molecular
interactions, which are likely not able to originate from dis-
solved random coils. Additional forces that can contribute to
polymer self-assembly are -7 stacking interactions from the
aromatic group on the PPhe core-forming block.®*™ It is
possible that the strength of these aromatic interactions is
affected by the changing secondary structure and/or that these
interactions are governed by the degree of hetero-chirality.
Nevertheless, more research is required to further elucidate
the driving force for this intriguing PISA formulation that is
aided by the structure of the peptide chain.

Additionally, the herein presented data show that the solvent
choice is evidently important in the formation of the secondary
structure, as other reports showed that this polymer (PPhe) can
form stable nanoparticles with a B-sheet secondary structure in
water/DMSO mixtures.?”*® To further elaborate on the impor-
tance of the choice of solvent during such PISA formulations,
the herein described inter-molecular interactions are not
necessarily the main driving force for all the so-far reported
NCA-PISA formulations.**** This is because peptide solubility
might vary depending on the solvent type.
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Chirality to control biodegradation rate

As shown in this work, polymer chirality can be used to control
the final PEG,5-b-P(p/1-Phe), nanoparticle morphology during
PISA. In addition, control over polymer chirality should affect
the nanoparticle biodegradability, since enzymes are generally
designed to cleave amide bonds with only left-handed R-
groups.*®*”»7* Introduction of polymer hetero-chirality in such
nanoparticles should therefore influence the rate of enzymatic
degradation. To test this hypothesis, we performed an enzy-
matic degradation experiment where nanoparticles were
transferred to water by extensive dialysis and degraded with the
enzyme trypsin at 37 °C. As expected, the vesicle morphology
was preserved during this THF-to-water transfer procedure. The
degradation process was monitored by in situ DLS, the DCR and
Dy, were monitored for 192 h (8 days) (Fig. 6a, b, and S177).
Additionally, samples were taken at intermediate time points
and analyzed by TEM (Fig. 7, S18, and S19t). The DLS data of the
nanoparticles with an 1-Phe content of 100%, 80%, and 20%
showed 71%, 36%, and 12% reduction in DCR after 192 h (8
days), respectively (Fig. S177). This indicates that the biode-
gradability of these polymer nanoparticles decreased when an
increased fraction of p-Phe was used for their preparation. TEM
was used to gain insight into the nanoparticle morphology
during the degradation experiment. Final degraded nano-
particles appeared as less defined heterogeneous aggregates, for
the nanoparticles with an r-Phe content of 80% and 20%. In
contrast, vesicles that were solely prepared from p-Phe-NCA
monomer did not show any signs of degradation. A constant
count rate and hydrodynamic diameter were observed for 192 h
and TEM images show that the vesicles remained stable during
the experiment. Decreasing the trypsin concentration from
1.0 mg mL ™" to 0.8 mg mL ™" led to slower and less complete

—
=
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In vitro enzymatic degradation studies of PEG4s-b-P(Phe);g polymer nanoparticles prepared with varying L-Phe-NCA content. The

enzyme trypsin was used at 37 °C at 1.0 mg mL™ (0.8 mg mL™2 for the red data) and samples were monitored over time by DLS for 192 h (see
complete data set in Fig. S17%). Copolymer nanoparticles were obtained via NCA-PISA in THF and transferred to water by dialysis prior to this
study. (a) Percentage of the initial derived count rate (DCR) plotted over time. No significant reduction in PEG4s-b-P(p-Phe);g copolymer
nanoparticles was observed over 96 h. Two separate degradation stages were observed for the PEG45-b-P(L-Phe);o copolymer nanoparticles:
membrane degradation (blue arrow), followed by fragmentation (brown arrow). (b) Hydrodynamic diameter (Dy,) plotted over time. No significant
change in the size of PEG45-b-P(p-Phe); o copolymer nanoparticles was observed over 96 h. In contrast, an initial increase in Dy, up until 30 h was
observed for PEGys-b-P(L-Phe)q; this might be caused by a progressively more solvated membrane upon enzymatic degradation. Error bars
correspond to the observed average DCR and Dy, range.
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Fig. 7 TEM images obtained during the enzymatic degradation process for both PEG45-b-P(p-Phe)ig and PEG4s-b-P(L-Phe);g polymer nano-
particles. These data show minor membrane disruption after 12 h, major membrane disturbance after 24 h, nanoparticle fragmentation into
smaller vesicles after 48 h, and dissolving nanoparticles after 72 h. These TEM observations correspond to the two-stage DLS degradation

patterns.

nanoparticle degradation, but gave us valuable insights into the
nanoparticle degradation mechanism for the 100% vr-Phe
formulation. Nevertheless, a similar degradation profile was
observed for both evaluated enzyme concentrations (Fig. S17¢
and df). The 100% 1-Phe formulation was chosen for this
purpose owing to its well-defined initial nanoparticle structure
and good degradability. Here, an initial abrupt drop in DCR was
observed, which becomes constant after 18 h (remaining DCR ~
75%) (Fig. 6a, blue arrow). Subsequently, a very modest decrease

© 2022 The Author(s). Published by the Royal Society of Chemistry

in DCR was observed until 42 h (remaining DCR ~ 70%), after
which a second rapid reduction was observed (Fig. 6a, brown
arrow). No further reduction in DCR was observed after 96 h
(remaining DCR ~ 40%). Interestingly, the Dy, of the 100% L-Phe
formulation also undergoes a two-stage degradation profile
(Fig. 6b). In the first 30 h, the Dy, increases due to a progressively
more solvated membrane upon enzymatic degradation. A
subsequent decrease in Dy was observed afterwards. TEM
images further supported the degradation profile obtained from
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the in situ DLS study (Fig. 7 and S187). Initially, vesicles with
a TEM diameter of 570 + 60 nm were observed. The TEM image
after 12 h shows vesicles with a similar diameter, but with
membrane disruptions. After 24 h, the vesicle membrane
appeared more disturbed and smaller vesicles started to form.
Only smaller vesicles with a disrupted membrane were observed
by TEM analysis after 48 h (TEM diameter of 350 + 60 nm).
Finally, fragmented heterogeneous aggregates were observed
after 72 h and 96 h. These TEM observations suggest a two-step
mechanism: first, the vesicle membrane is disturbed; secondly,
vesicle fragmentation occurs once the membrane is sufficiently
degraded. For the 80% 1-Phe formulation (using a trypsin
concentration of 1.0 mg mL ™), a similar degradation profile
was observed where the DLS nanoparticle diameter seemed to
increase at an initial stage. This result indicates that the
nanoparticles become more solvated as the degradation
proceeds (Fig. S17 and S19%). As expected, no full degradation
was observed within 8 days as the degradation products suffer
from inferior solubility compared to that of the initial nano-
particles. Others have reported that this poor solubility signifi-
cantly hinders the degradation rate.”” However, the degradation
rate and extent of degradation can be enhanced by increasing
the trypsin concentration and degradation time (Fig. S177);
eventually full degradation can be expected owing to the
degradable nature of the polypeptide block.

In summary, these enzymatic degradation experiments show
that nanoparticle chirality has a significant effect on the
biodegradation rate. These data show that the adjustment of the
chiral ratio is an efficient strategy to control the biodegrad-
ability of such PISA nanoparticles. Such insights are important
in terms of biological applications and could, for example, be
a potential handle to control the drug release rate.

Conclusion

PEG,5-b-P(p/1-Phe), block copolymer nanoparticles were
prepared via CC-PISA in THF at 15 wt%. This NCA-PISA
formulation can be controlled by altering the chirality of the
core-forming peptide block simply by using various ratios of t-
Phe-NCA and p-Phe-NCA monomers during PISA. "H NMR and
SEC analyses showed that the polymerization proceeds regard-
less of the monomer chirality and that good control over such
polymerizations was achieved, as the desired DPs were ob-
tained; however, relatively high SEC dispersities (~2.3-2.7) were
observed when the targeted DPs are above 15. These are likely
artificially enlarged during the SEC analysis due to undesired
polymer-column interactions that become more pronounced
when targeting longer DPs. Nevertheless, well-defined vesicles
and compound micelles were obtained in this DP range.

For the first time, it was shown that the enantiomeric ratio
greatly affected the final nanoparticle morphology and the
secondary structure during NCA-PISA. Homo-chiral formula-
tions self-assembled into vesicular nanoparticles, regardless of
the targeted core-forming DP. In contrast, compositions with an
1-Phe content between 40-60% did not self-assemble into
nanoparticles, dissolved block copolymer chains were observed
instead. Hetero-chiral formulations outside this range self-
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assembled into nanoparticles with various morphologies: vesi-
cles, compound micelles, disrupted compound micelles, and
swollen compound micelles. Interestingly, the DLS diameter of
such nanoparticles self-assembled from hetero-chiral polymers
increased when using a more equal chiral ratio as such nano-
particles become more solvated under such conditions.

FTIR was used to obtain reaction kinetics. A higher rate of
reaction was observed for the homo-chiral CC-PISA formula-
tions compared to the non-self-assembling hetero-chiral solu-
tion polymerization (with an 1-Phe content of 50%). This
increased rate of reaction likely originates from the forming o-
helix secondary structure, but unlikely from monomer solvation
which is usually the case in PISA, since no characteristic
increase in first-order reaction kinetics was observed.

The presence of this secondary structure was confirmed with
FTIR and CD spectroscopy; it was shown that the nanoparticles
of these CC-PISA formulations contained both an a-helix and -
sheet secondary structure. Additionally, for the first time, it was
shown that the ratio of these secondary structures can be
controlled during PISA by using judicious amounts of r- and b-
Phe-NCA. An increased amount of hetero-chirality leads to
a larger B-sheet fraction and more solvated nanoparticles with
various morphologies. An -Phe content in the range of 40-60%
inhibited PISA and gave rise to polymer chains where the B-
sheet fraction exceeds that of the o-helix fraction. Our data
indicate that the formulations with a larger degree of hetero-
chirality have weaker -7 stacking interactions, and that the
stronger -7t stacking interactions that are present in the
homo-chiral formulations and the secondary structure play an
important role in this PISA process. In other words, herein, in
situ self-assembly is likely driven by the inter-molecular attrac-
tion between growing polypeptide blocks that adopt a secondary
structure once a critical DP is obtained, instead of polymer-
solvent interactions (polymer solubility).

Furthermore, adjustment of the degree of polymer chirality
can also be used to control the enzymatic nanoparticle degra-
dation rate. Nanoparticles that were solely prepared from r-Phe-
NCA degraded via a two-step mechanism: first, the vesicle
membrane degrades, afterwards this nanoparticle fragments
into smaller vesicles that further degrade and finally dissolve. In
contrast to the nanoparticles self-assembled from homo-chiral
L-Phe-based polymers, vesicles self-assembled from homo-
chiral polymers with a p-Phe core-forming block appeared to
be stable in the presence of trypsin. Increasing the p-Phe
content leads to a slower degradation reaction and more robust
nanoparticles that suffer from more incomplete degradation.

In summary, we show that: (1) the secondary peptide struc-
ture of the CC-PISA nanoparticles can be controlled by adjust-
ment of the chiral molar ratio of the core-forming monomers.
(2) The monomer chirality affects the polymer self-assembly
behavior during the CC-PISA process. (3) The driving force for
this CC-PISA formulation is related to inter-molecular peptide-
peptide interactions, instead of polymer-solvent interactions.
(4) In addition to morphological control, monomer chirality can
be used to prepare PISA nanoparticles with different enzymatic
degradation rates.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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These observations are of great interest for further PISA
studies since it suggests a new handle to control the nano-
particle morphology and secondary structure during PISA, and
offers a new way to control the biodegradability of nanoparticles
that are prepared via PISA. These aspects make such PISA
nanoparticles more applicable for future biomedical applica-
tions. Additionally, this PISA approach could be of great value
for preparing pharmaceutical nanoparticles that use chirality in
disease treatment.””®

Nevertheless, more work is required to precisely establish
the peptide interactions that drive this PISA process and the
effect of the peptide sequence. This work is, therefore, of
considerable interest to scientists that work in the fields of
polymer nanoparticle synthesis and applicable biomedical
nanoparticles (such as drug carriers).
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