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Doxorubicin delivery systems based on polypeptide nanoparticles
for subcutaneous administration in cancer therapy
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Polypeptide-based doxorubicin delivery systems were prepared
and their physicochemical and functional properties, such as
size, encapsulation efficiency, stability, release of doxorubicin
in various media and cytotoxicity, were characterized. An in vivo
study revealed an effective reduction of tumor growth when
these systems were administered subcutaneously.
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Cancer still remains one of the leading causes of death in the world.
Approximately 19-20 million people are diagnosed with cancer
annually, of whom 10 million die each year.! One of the most
common types of cancer is breast cancer, affecting one in eight
women.?

Doxorubicin (DOX) is a powerful broad-spectrum anthracycline
antibiotic that inhibits the growth of tumors, including solid breast
tumors. The action of DOX is based on DNA damage through
intercalation.® The high efficacy of DOX is accompanied by dose-
dependent systemic toxicity and rapid elimination from the body.*
With recent advances, nanoscale delivery systems loaded with
anticancer drugs are increasingly being considered for cancer
treatment.> However, sometimes nanoscale systems, even in non-
cytotoxic concentrations, have negative effects on body cells.

The main modern requirements for nanoscale delivery systems
foranticancer drugs, including DOX, are improved bioavailability,
reduced toxicity and sustained release.>” To achieve sustained
release of the drug into the bloodstream as well as reduce systemic
toxicity, various DOX delivery systems have been developed in
recent decades.>®11 There are currently a number of commercially
available liposomal and PEGylated liposomal systems for the
delivery of DOX.12 For instance, liposomal formulations include
Myocet (Elan Pharma, USA), Lipodox (Bharat Seram, India)
and Doxyl (Janssen, Belgium), while Caelyx (TTY Biopharm,
Taiwan) is based on PEGylated liposomes. Although liposomal
DOX delivery systems are used in clinics, the main drawbacks of
liposomes are their low stability in the bloodstream and lack of
sustained release. Recently, HPLC was used to determine the levels
of DOX released from different delivery systems at different
time points in the plasma of healthy female outbred rats.!3 It has
been shown that after intraperitoneal injection of 4 mg of encapsulated
DOX to rats, it is detectable in the blood for up to 21 days. At the
same time, free DOX administered in the same way is eliminated
from the body after 3 days.

© 2024 Mendeleev Communications. Published by ELSEVIER B.V.
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.

In this work, we developed nanoscale DOX formulations based
on random and block copolymers of a polypeptide nature, evaluated
the loading and release rate of the drug, cytotoxicity in vitro and
also studied the developed formulationsin vivounder subcutaneous
administration. Unlike intravenous or intraperitoneal administration,
subcutaneous administration ensures slow penetration of DOX
into the bloodstream due to the poorly developed network of blood
vessels in the subcutaneous adipose layer. However, free DOX is
known to cause local tissue damage and necrosis when administered
subcutaneously and intramuscularly.** In turn, subcutaneous
administration of encapsulated DOX may minimize this side effect
and at the same time create a drug depot to ensure a sustained
therapeutic effect.

Recently, nanoparticles based on poly(L-glutamic acid-co-L/D-
phenylalanine) have been studied in vitro as potential delivery
systems for various peptide drugs.1>17 Here we used self-assembled
nanoparticles based on poly(L-glutamic acid-co-D-phenylalanine)
[P(Glu-co-Phe)] and poly-L-serine-b-poly(L-glutamic acid) (PSer-
b-PGlu) for the preparation of DOX nanoformulations. Both
copolymers were synthesized by ring-opening polymerization of
N-carboxyanhydrides of the corresponding amino acids using
n-hexylamine as an initiator. During the synthesis of P(Glu-co-Phe),
the [Glu]/[Phe] ratio in the polymerization mixture was four. In
the synthesis of PSer-b-PGlu, PSer was first synthesized and
then used as a macroinitiator for PGlu. In all cases, the ratio of
monomer(s) to (macro)initiator was 50. For details on the
polymerization and purification of the copolymers, see Online
Supplementary Materials. The structure of the copolymers was
confirmed by 'H NMR spectroscopy (Figure S1, see Online
Supplementary Materials). The molecular weight (M,,), dispersity
(D) and composition (monomer ratio) of the copolymers were
determined by size-exclusion chromatography and reversed-
phase HPLC analysis of free amino acids obtained after total
acid hydrolysis of polypeptides (Figures S2, S3 and Table S1,
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Figure 1 TEM images of polypeptide nanoparticles of different composition: (a) P(Glu-co-Phe), (b) P(Glu-co-Phe)/DOX, (c) PSer-b-PGlu and (d) PSer-b-

PGIu/DOX.

Table 1 Physicochemical characteristics of empty nanoparticles and DOX nanoformulations determined in the dry state (TEM, 22 °C) and agueous media

(DLS, ELS, 25°C).

TEM DLS ELS
Polymer nanoparticles Medium —

D/nm Dy/nm PDI ¢ potential/mV
P(Glu-co-Phe) PBS (pH 7.4) 90+32 168 0.19 -50.0£0.2
P(Glu-co-Phe) H,0O 188 0.25 -
PSer-b-PGlu PBS (pH 7.4) 116+56 295 0.24 -27.7+£0.9
PSer-b-PGlu H,0 - 189 0.22 -
P(Glu-co-Phe)/DOX? PBS (pH 7.4) 59+41 130 0.34 -445+0.2
PSer-b-PGIu/DOXP PBS (pH 7.4) 17951 270 0.38 -20.1+0.8

aThe sample contains 459+ 15 pg of DOX per 1 mg of P(Glu-co-Phe). ® The sample contains 490+ 10 ug of DOX per 1 mg of PSer-b-PGlu.

see Online Supplementary Materials). The synthesized copolymers
have the following characteristics: M,, = 6500, B =1.28 and
[Glu)/[Phe] = 2.9 for P(Glu-co-Phe) and M,, = 7750, b = 1.21
and [Glu]/[Ser] = 1.6 for PSer-b-PGlu.

Both copolymers in an aqueous medium are capable of self-
organization into soft spherical nanoparticles (Figure 1). Since
both polypeptides were synthesized using n-hexylamine as an
initiator, each copolymer chain has a terminal Cg aliphatic tail,
which may also contribute to self-assembly.™ In the case of
amphiphilic P(Glu-co-Phe), the driving force for self-organization
is hydrophobic interactions between Phe units and the hexyl tails of
different macromolecules. In turn, the more hydrophilic PSer-b-
PGlu forms nanoparticles due to hydrophobic interactions of the
hexyl tails at the initial stage. Afterwards, the nanoparticles may
additionally be stabilized by hydrogen bonds between the carboxyl
groups of Glu and the hydroxy! groups of Ser. The characteristics of
the nanoparticles determined from transmission electron microscopy
(TEM) images and measured by dynamic and electrophoretic light
scattering (DLS/ELS) methods are presented in Table 1. For
details on sample preparation and characterization, see Online
Supplementary Materials.

The average hydrodynamic diameter (D) of P(Glu-co-Phe)
in buffer solution is lower than that of PSer-b-PGlu nanopatrticles,
while their hydrodynamic diameters in water are the same.
Moreover, the hydrodynamic diameter for P(Glu-co-Phe) is
almost independent of the redispersion medium, which can be
explained by the high stabilization of nanoparticles due to
hydrophobic interactions inside the nanoparticles. At the same
time, PSer-b-PGIu nanoparticles exhibit significantly higher Dy
in weakly alkaline buffer solution compared to deionized water.
This may be due to the higher ionization of the PGlu block and
the repulsion of uniformly charged polymer chains. As expected, the
hydrodynamic diameter for the charged self-assembled soft nano-
particles is at least twice as large as their average diameter determined

T Nanoparticle dispersions were prepared by simply redispersing lyophilized
copolymers in deionized water or 0.1 M phosphate-buffered saline (PBS,
a phosphate buffer solution containing 0.9% NaCl) at concentrations of
1-5 mg mI~* under short-term sonication (30 s).

in the dry state using TEM.>17 This fact can be explained by the
depletion of the hydration shell and the collapse of charged polymer
chains upon drying. Thus, the obtained nanoparticles can be
classified as nanogels formed as a result of the physical self-
assembly of functional polypeptides.®

Drug loading and encapsulation efficiency were determined by
varying the initial DOX content from 200 to 1000 pg mg! nano-
particles (Table S2). For both types of nanoparticles, encapsulation
is high and ranges from 85 to 97% for P(Glu-co-Phe) and from
93 to 99% for PSer-b-PGlu. This high drug loading is attributed
to ionic interactions and hydrogen bonds between the y-carboxyl
groups of glutamic acid in the copolymers and the amino group, as
well as the numerous hydroxyls of DOX. In addition, hydrophobic
interactions may also play a role in loading DOX into P(Glu-co-Phe)
nanoparticles. To evaluate the physicochemical characteristics,
samples of P(Glu-co-Phe) and PSer-b-PGlu nanoparticles
containing 459+ 15 pg DOX mg~t and 490+10 ug DOX mg2,
respectively, were selected. DOX encapsulation resulted in a
slight decrease in hydrodynamic diameters and an increase in
polydispersity index (PDI) and zeta potential (see Table 1). Several
factors can lead to such results. For both polypeptides, self-
assembly of nanoparticles occurs, the structure of which is not
fixed, but flexible and sensitive to interactions with other
components. Therefore, drug loading can affect the reorganization
and packing density of nanoparticles depending on the drug—polymer
interaction. Hydrophobic interactions, most pronounced when
DOX is loaded into P(Glu-co-Phe), lead to densification of the
nanoparticles. This results in a decrease in both the hydrodynamic
diameter (DLS) and the average diameter (D) determined by the
TEM method. In turn, DOX loading into PSer-b-PGlu is supported
mainly by hydrogen bonding and ionic interactions, since this
copolymer lacks a sufficient fraction of hydrophobic moiety.
As a result, these nanoparticles have a looser structure, which
allows drug uptake with a less pronounced change in hydrodynamic
diameter.

The functional property of potential delivery systems, such as
the rate of drug release in different media, is very important, since
thedrug release profile determines the frequency of administration
of the nanoformulation. The release of DOX from polypeptide
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Figure 2 DOX release profiles in different media and at different DOX
loadings: (@) release from (1),(3) PSer-b-PGlu and (2),(4) P(Glu-co-Phe) in
(2),(2) 0.1 M sodium phosphate buffer (pH 5.0) and (3),(4) 0.1 M PBS (pH 7.4)
at a DOX load of 278+12 ugmg™ nanoparticles; (b) release from
(2),(2) PSer-b-PGlu and (3),(4) P(Glu-co-Phe) in blood plasma at a DOX
load of (1),(3) 278 +12 ug mg* nanoparticles and (2),(4) 982+11 pug mg™*
nanoparticles. The standard deviation does not exceed 10% of the mean.

nanoparticles was studied in two buffer media with pH 7.4 and
pH 5.0, simulating the pH of blood and tumor tissue, respectively,
as well as in blood plasma. Figure 2(a) shows that the release of
DOX from both nanoformulations occurs more intensely in an
acidic environment. Specifically, 17-25% of DOX is released at
pH 5.0 versus 5% at pH 7.4. This result is consistent with
previously published data on the release of DOX from PEG-b-
PGlu?® and PEG-b-PGIu/Ca?° nanoparticles. Due to the presence
of y-carboxylic groups with pK, ~4.3, PGlu is a pH-sensitive
polymer, protonation of which in acidic media reduces drug
retention by the polymer, which in turn promotes more pronounced
drug release.

However, the most pronounced release of DOX was found in
plasma, which is a complex biological fluid containing enzymes
and proteins [Figure 2(b)]. In this case, the release reached 55
and 70% for P(Glu-co-Phe) and PSer-b-PGlu, respectively. The
slower release of DOX from the P(Glu-co-Phe)-based delivery
system may be due to the presence of a hydrophobic moiety that
better retains DOX compared to the hydrophilic PSer-b-PGlu.
Note that the release of DOX depends not only on the medium,
its composition and pH, but also on the initial loading. Indeed, in
the case of the polypeptide nanoparticles under study, the release was
more pronounced with increasing load [see Figure 2(b)]. At load
values differing by a factor of 3.5, the release of DOX into the
blood plasma increases by 15 and 30% in the case of PSer-b-PGlu
and P(Glu-co-Phe), respectively.

Before an in vivo experiment, it is recommended to study the
in vitro cytotoxicity of any biomaterials. For instance, Le et al.
recently reported the correlation of in vitro cytotoxicity studies
with in vivo results.?! The authors observed that the cytotoxicity
of DOX against 4T1 breast cancer cells was consistent with
tumor growth suppression in 4T1-bearing mice in vivo.

In this work, both the cytotoxicity of empty nanoparticles and
the inhibitory activity of their DOX-containing formulations
were evaluated in MCF-7 (human breast adenocarcinoma) and
A431 (human epidermoid carcinoma) cancer cells. The viability
of MCF-7 cells as a function of the concentration of DOX loaded
into the nanoparticles and their contact time is shown in Figure 3(a).
Even at minimal concentrations, DOX in different nanoparticles
killed cancer cells upon prolonged interaction. Dose-dependent
inhibition of cancer cells for both kinds of DOX nanoformulations
was also observed for A431 cancer cells [Figure 3(b)], whereas
empty carriers showed no cytotoxicity to them. Optical microscopy
images of A431 cells demonstrating the effects of different concentra-
tions of DOX are shown in Figure S4.

In addition, the time stability of both DOX nanoformulations
was tested in a complex biological medium such as Dulbecco’s
Modified Eagle Medium (DMEM). P(Glu-co-Phe)/DOX nano-
particles were found to be stable after incubation at 37 °C for 4 days.
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Figure 3 Viability of MCF-7 and A431 cells at various DOX concentrations.
(a) Incubation of MCF-7 cells with (1)—(3) P(Glu-co-Phe)/DOX and
(4) PSer-b-PGIu/DOX for (1) 24, (2) 48 and (3),(4) 96 h. (b) Incubation of
A431 cells with (1) PSer-b-PGlu and (2) P(Glu-co-Phe) nanoparticle formula-
tions for 72 h.

Inturn, the PGlu-b-PSer/DOX nanoformulation quickly aggregates
in DMEM culture medium under the same conditions (Figure S5).
This result can be explained by better stabilization of amphiphilic
P(Glu-co-Phe) nanoparticles due to hydrophobic interactions of Phe
units. Considering these results, more stable P(Glu-co-Phe)-based
DOX nanoformulations were selected for further in vivo studies.

In this work, the efficacy and tolerability of therapy using DOX
delivery systems at doses exceeding the maximum tolerated dose
(MTD) were studied in in vivo experiments on transgenic FVB/N
mice. FVB/N is a transgenic mouse line that overexpresses
HER-2/neu proteins and serves as a model for breast cancer
research.?2 These mice are characterized by the development of
spontaneous mammary adenocarcinomas in females. In males,
tumors arise in 100% of cases as a result of tumor cell trans-
plantation.??

The P(Glu-co-Phe)/DOX nanoformulation at a total dose of
10 mg per mouse was administered subcutaneously to mice in the
experimental group,* while mice in the control group were not
subjected to chemotherapy. P(Glu-co-Phe)/DOX was administered
as a double injection of single doses of 5 mg per mouse. The second
dose was administered 21 days after the first injection. In this case,
the total dose of DOX exceeded the MTD of DOX by 38 times.
As already noted, free DOX, when administered subcutaneously
or intramuscularly, causes tissue damage and necrosis. Comparative
photographs of animals one week after subcutaneous administra-
tion of 10 mg per mouse of the DOX nanoformulation and free
DOX are shown in Figure S6. After subcutaneous injection of
the DOX nanoformulation, no necrotic changes were observed.
For details on examining mice and sampling liver and subcutaneous
tissue at the injection site for histological examination, see
Online Supplementary Materials.

The median life expectancy in the control group was 61.5 days,
while inthe experimental group itwas 81 days (p < 0.01) (Figure S7).
The tumor volumes of mice in the control and experimental
groups were 13+4 and 5+2 cmd, respectively. The antitumor
effect of the tested formulation can be characterized by tumor
growth inhibition (GI) and efficacy index (EI) values (see Online
Supplementary Materials), which were found to be GI = 65.3% and
El = 2.9. A morphological examination of animal livers revealed
vacuolar dystrophy of hepatocytes as a manifestation of DOX
hepatotoxicity. The reversibility of toxic manifestations was
evidenced by the absence of vacuolar dystrophy, starting from
61 days after administration of the DOX nanoformulation.

* The experimental group consisted of five male animals. Males were
previously transfected with a mammary adenocarcinoma tumor from
females onto the outer surface of the pelvic limb. All procedures with
animals complied with the ethical standards approved by the Russian
Federation State Standard (no. 33216-2014) and the principles of the Basel
Declaration.
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In summary, the polypeptides P(Glu-co-Phe) and PSer-b-PGlu
were synthesized, which form spherical nanoparticles with high
DOX loading capacity. It was shown that, in contrast to PSer-b-PGlu,
P(Glu-co-Phe) nanoparticles retain their hydrodynamic diameter
in a complex biological medium for several days. In various media,
sustained release of DOX was demonstrated in vitro, which was
enhanced in acidic buffer solution and blood plasma. The poly-
peptide nanoparticles were found to be nontoxic to cancer cells,
while their DOX nanoformulations exhibited dose-dependent
inhibition of cell growth. In vivo experiments on transgenic
FVBI/N mice showed that the P(Glu-co-Phe)-based DOX nano-
formulation when administered subcutaneously at a dose exceeding
the MTD does not induce damage and necrosis of epidermal tissue.
Moreover, the developed nanoformulation provides a cytostatic
effect and effectively controls tumor growth.

This work was performed within the framework of State
Assignments of the Institute of Macromolecular Compounds
RAS and the Ministry of Health of the Russian Federation.
HPLC-MS and TEM analyses were carried out at the Chemical
Analysis and Materials Research Center and the Center for
Molecular and Cell Technologies of the Research Park of Saint-
Petersburg State University with the support of project no.
075-15-2021-637.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2024.01.006.
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