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Copolymers of L-lysine and L/D,L-leucine differing in amino
acid composition were synthesized and characterized
for their self-assembly into nanoparticles. The effect of
polypeptide  composition on  critical  aggregation
concentration, hydrodynamic diameter of nanoparticles,
their stability and cytotoxicity was explored and discussed.
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Today, amphiphilic copolymers capable of self-assembly are
of great interest as polymeric systems for the delivery of
small drugs, peptides and nucleic acids.»2 Amphiphilic
block-, graft- and random copolymers in aqueous media can
form a variety of morphologies such as polymeric spherical
and worm-like micelles, polymersomes and vesicles as well
as nanogels.®®> Among the existing synthetic copolymers,
amphiphilic poly(amino acids) or polypeptides with random
sequence have a number of advantages. These include
biodegradability down to non-toxic natural metabolites as
amino acids, biocompatibility, diversity of natural and non-
natural amino acids with multiple side-chain functionality, as
well as the ability to form secondary structures (a-helixes and
B-sheets).67

Recently, the formation of nanoparticles from amphiphilic
block-copolymers based on polyserine-b-polyphenylalanine,?
polylysine-b-polyphenylalanine,® or polyserine-b-poly(glutamic
acid)!® and random copolymers based on poly(lysine-co-
phenylalanine),!* poly(lysine-co-2-aminoisobutyric acid),*? or
poly(glutamic acid-co-phenylalanine)® have been reported. The
most convenient and controlled route to synthesize such
polypeptides is ring opening polymerization (ROP) of
N-carboxyanhydrides (NCAs) of a-amino acids with the use
of primary amines as initiators.”14-16  Amphiphilic block-
copolymers would undergo self-assembling into polymeric
micelles or polymersomes” while amphiphilic random
copolymers form physically stabilized nanogels.1°

Polypeptide nanoparticles are widely considered as delivery
systems for substances with different physicochemical
properties: small drugs such as cytostatic and anti-inflammatory
drugs,-2 peptides,’® and nucleic acids.?%> The lysine-
containing polypeptides proved to be the efficient systems for
delivery of various genes, e.g. pPDNA, mRNA, siRNA.2-25
Recently, we have reported the efficient intracellular delivery of
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mRNA using nanoparticles self-assembled from amphiphilic
copolymer of lysine and isoleucine.?*

The aim of this study was the synthesis and characterization
of the amphiphilic copolymers of L-lysine (LLys) and L or
D,L-leucine (LLeu or D,LLeu) containing different ratios of the
amino acids. Special attention was also paid to the influence of
the chirality of hydrophobic amino acid (LLeu or D,LLeu) on
copolymer self-assembly and properties of the nanoparticles.

Synthesis of copolymers of LLys and L- or D,LLeu was
performed by ROP of e-benzyloxycarbonyl-L-lysine NCA 1
with either L- or D,L-leucine NCAs 2 or 2' (Scheme 1) in
1,4-dioxane (4 wt%) at 25°C for 48 h with the use of
n-hexylamine as initiator (for synthetic details and product
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characterization, see Online Supplementary Materials). The
initial 1/2 ratios were set as 50:50, 80:20 and 90:10 (mol%).
The monomers/n-C¢H4,NH, ratios were equal to 1:100. The
yields of copolymers were in the range of 62-86%. At this step,
copolymers containing Cbz protective group at lysine units were
hydrophobic and could be analyzed for their molecular weights
and dispersity by size-exclusion chromatography (SEC) in DMF
containing 0.1 M LiBr at 60 °C. According to SEC analysis, the
number average molecular weight (M,) and dispersity (D) of
copolymers of LLys? and LLeu obtained at monomer ratios of
50:50, 80:20 and 90: 10 were: M, in the range of 14500-24700;
P in the range of 1.20-1.31. For copolymers of LLys®? and
D,LLeu, they were: M, in the range of 21900-37800; B in the
range of 1.21-1.36 (see Online Supplementary Materials,
Table S1). In both cases, the molecular weight of copolymers
increased with increasing Lys content in the polymerization
mixture due to the differences in molecular weights of the
monomers since M(Lys®?) ~ 2M(Leu). The dispersity of the
copolymer samples was almost independent of the chirality of
hydrophobic amino acid, while the molecular weight of
copolymers was higher when racemic Leu NCA 2' was used.

The composition of final copolymers 3a-c/3'a—c was
determined by the quantitative HPLC-MS analysis for amino
acids obtained after acidic removal of the Cbz protective groups
(Figure 1). Regardless of whether LLeu or D,LLeu was used for
the synthesis, all copolymers 3/3' were enriched with this
hydrophobic amino acid. However, a more pronounced effect
was observed when enantiopure LLeu was used at monomer
content of 50 and 20 mol%.

After deprotection, copolymers 3a-c/3'a-c become
amphiphilic and capable of self-assembling in aqueous media. In
this study, nanoparticles were obtained via gradient phase
inversion (dialysis) method during purification of deprotected
copolymers, lyophilization and storage at 4 °C. Before use, a
weighed sample of polymer nanoparticles was redispersed under
short ultrasound treatment (10-20 s) in deionized water or buffer
solution depending on the goal.

First, the effect of Leu content and chirality on the
hydrodynamic diameter (D) and polydispersity index (PDI) of
the self-assembled nanoparticles was evaluated. Despite using
LLeu or D,LLeu, the hydrodynamic diameter was found to
decrease with increasing Leu content [Figure 2(a)]. An increase
in hydrophobicity leads to a lower solubility of the copolymer in
water, and consequently to stronger hydrophobic interactions
and the formation of more compact structures. In addition,
partial replacement of LLeu with DLeu in copolymer resulted in
a dramatic decrease in the hydrodynamic diameter of the self-
assembled polypeptide structures. It is known that the self-
organization of (poly)peptides and the properties of the formed
structures depend not only on their amino acid composition, but
also on the chirality of the amino acids included in the (poly)-
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Figure 1 Composition of random copolymers (a) 3a—c of L-lysine with
L-leucine and (b) 3'a—c of L-lysine with D,L-leucine synthesized at different
ratios of monomers 1 and 2/2'.
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Figure 2 Dependence of hydrodynamic diameter of nanoparticles based
on copolymers 3a—c/3'a—c of L-lysine and L/D,L-leucine on (&) content of
hydrophobic amino acid (0.01 M phosphate buffer, pH 7.4) and (b) pH value
(water, pH is adjusted with 0.01 M HCI/NaOH solution, intermediate
copolymer compositions).

peptides.?6:27 For example, the study of the L- and D-stereoisomers
of amyloid peptides showed that the formation of amyloid fibrils
was L-stereospecific. Moreover, mixing of enantiomeric peptides
altered the morphology and mechanical properties of the self-
assembled peptide systems.2:27 Used in this study LLeu belongs
to the amino acids responsible for the formation of the p-folded
secondary structure of proteins and polypeptides.?® Thus, the
differences in the hydrodynamic diameters of nanoparticles
formed from self-assembled amphiphilic copolymers of close
composition based on LLys and LLeu or D,LLeu may be related
to the different conformation of polypeptides.

PDI values for nanoparticles formed from LLeu-derived 3a—c
and those derived from D,LLeu 3'a—c were in the range of
0.27-0.36 and 0.26-0.28, respectively. According to the
literature, nanoparticles with PDI values up to 0.3 are considered
acceptable as drug delivery systems.2%-31 As expected, the values
of zeta-potential of the surface of nanoparticles were positive
and lied in the range of 48—-62 mV. For both series of polypeptides,
zeta-potential values increased with increasing lysine content in
the copolymer (Table S2).

The study of hydrodynamic diameter of nanoparticles
depending on pH of the medium showed some influence of
the pH on the characteristics of nanoparticles [see Figure 2(b)].
In the case of LLeu-based nanoparticles 3a—c, the change in pH
from 3 to 9 was accompanied by an increase in the hydrodynamic
diameter of the nanoparticles from 200 to 600 nm. When the pH
reached values of above 10, a pronounced aggregation of
nanoparticles was detected. At the same time, nanoparticles
3'a—c based on racemic Leu did not practically change their size
until pH 7 and started pronounced aggregation at pH >8. The
results obtained are in agreement with the known properties of
Lys (pK, of e-amino group of Lys is 10.5) supported by a
decrease in surface zeta-potential values (see Online
Supplementary Materials, Figure S1).

In addition, the critical aggregation concentration (CAC)
values for self-assembly of amphiphilic copolymers of different
composition were determined by conductometry method
(Figure S2). Figure 3 summarizes the obtained results. For the
copolymers under study, the CAC values were in the range of
11.7-22.9 ug mi! that corresponded to 0.6-1.5 uM. For the
series of copolymers containing LLeu 3 and D,LLeu 3', molar
CAC values demonstrated the same tendency, namely, they
decreased with increasing content of hydrophobic leucine in the
copolymer. This is in agreement with the reported data for self-
assembly of other amphiphilic copolymers.3233

The stability of nanoparticles based on the synthesized
copolymers was investigated in two model media: (1) 0.01 M
phosphate buffer solution, pH 7.4, and (2) 0.01 M phosphate
buffer solution, pH 7.4, with the addition of papain, an enzyme
with broad substrate specificity and active at the pH range of
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Figure 3 Trends of changes in molar CAC values depending on the
hydrophobic leucine in copolymer of L-lysine with L/D,L-leucine (3/3").

5.0-7.5 (see Online Supplementary Materials, section S6).
Stability was evaluated by incubating the nanoparticle dispersion
at 37 °C for 30 days and measuring the hydrodynamic diameter
of the particles at specified time intervals (Figure 4). In buffer
medium, a gradual aggregation of nanoparticles based on
polymers 3a—-c was observed after 10 days of incubation.
Addition of the enzyme to the buffer medium promoted a sharp
aggregation of 3a—c particles due to active degradation of
hydrophilic fragments leading to the exposure of the hydrophobic
fragment to the aqueous solution and, as a consequence,
aggregation of nanoparticles. Complete degradation of 3a-c
particles was observed after 20 days. At the same time, semi-
epimeric 3'a—c nanoparticles were stable in buffer solution and
much more stable in enzyme-containing medium compared to
their fully L-analog. The results obtained are in agreement
with the literature data. For example, the replacement of
L-amino acids with their D-stereocisomers in the
KKVVVFKVFKVKFKKKT peptide affected the secondary
structure, stability, and antimicrobial activity of the peptide. In
particular, amino acid substitutions for D-sterecisomers in the
middle of the amino acid sequence disrupted the alpha-helix
structure resulting in complete loss of peptide activity. At the
same time, the stability of the peptide in serum significantly
increased due to the substitution of L-amino acids into
D-stereoisomers.3*

Finally, the cytotoxicity of the obtained nanoparticles was
investigated in normal cells, namely, human embryonic kidney
cells (HEK293) and human lung epithelial cells (BEAS-2B) (see
Online Supplementary Materials, section S7). In all cases, the
incubation time of nanoparticles with cells was 24 h. From both
series, copolymers with maximum leucine 3a and 3'a content
were tested. The calculated values of half-maximal inhibition
concentration 1Cs, for the tested samples are summarized in
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Figure 4 Stability of nanoparticles based on copolymer samples of
L-lysine and L/D,L-leucine (3a/3'a) on time of incubation (37 °C) in 0.01 M
sodium phosphate buffer solution (pH 7.4): (1) 3a, (2) 3'a, (3) 3a+papain
and (4) 3'a+papain.

T Standard one-letter abbreviations used to represent peptide sequences:
K - lysine, V — valine, F — phenylalanine.

Table 1 Cytotoxicity of neat nanoparticles based on different copolymers
3a/3'a of L-lysine and L/D,L-leucine and those covered with heparin (24 h)
in HEK293 and BEAS-2B cell lines.2

1Cso/ug mit
Sample Dy/nm Zeta-potential/mV
HEK?293 BEAS-2B
3a 312+38 48+2 53+7 33+3
3a 265+22 55+1 61+3 38+2
3a/heparin 570+58  -22+1 >1000 >1000
3'a/heparin 456+51  -26+1 >1000 >1000

aCharacteristics were measured by DLS and ELS (H,0, 25 °C).

Table 1. For polypeptides containing LLeu or D,LLeu, the ICg,
values for the corresponding cells were comparable and indicated
cytotoxicity of the tested cationic nanoparticles. In general, the
values obtained are in agreement with the known properties of
positively charged polypeptide nanoparticles enriched with Lys
and/or Arg. The 1Cs, values determined using normal and cancer
cells were found to be dependent on the size and composition of
the cationic polypeptide nanoparticles and lay in the range of
15-80 pg mi-* (see refs. 7, 35, 36). Despite this fact, the cationic
nature of the polypeptides is necessary to provide efficient
binding of nucleic acids or other negatively charged drugs.
Moreover, cationic amphiphilic (poly)peptides are known to
possess antimicrobial properties.”3* At the same time, if
necessary, the positive charge of the nanoparticle surface can be
shielded by coating them with negatively charged polymers, e.g.,
carrageenan, heparin.’ Indeed, covering of polypeptide 3a/3'a
nanoparticles with heparin allowed one to recharge the particle
surface and avoid the cytotoxicity of nanoparticles.

In conclusion, increasing leucine content and partial
replacement of LLeu by DLeu to their racemic mixture in the
copolymers with LLys leads to self-assembly into more compact
nanoparticles in aqueous media. Moreover, nanoparticles formed
from copolymers of LLys with DLLeu demonstrated higher
stability both in buffer and enzyme-containing media without
apparent changes in biological properties in vitro.

This study was supported by Russian Science Foundation
(grant no. 21-73-20104). HPLC-MS analysis was carried out in
Chemical Analysis and Materials Research Centre of the
Research Park of Saint-Petersburg State University.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2024.04.017.
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