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Abstract: The development of effective anti-cancer therapeutics remains one of the current phar-
maceutical challenges. The joint delivery of chemotherapeutic agents and biopharmaceuticals is a
cutting-edge approach to creating therapeutic agents of enhanced efficacy. In this study, amphiphilic
polypeptide delivery systems capable of loading both hydrophobic drug and small interfering RNA
(siRNA) were developed. The synthesis of amphiphilic polypeptides included two steps: (i) synthesis
of poly-αL-lysine by ring-opening polymerization and (ii) its post-polymerization modification with
hydrophobic L-amino acid and L-arginine/L-histidine. The obtained polymers were used for the
preparation of single and dual delivery systems of PTX and short double-stranded nucleic acid. The
obtained double component systems were quite compact and had a hydrodynamic diameter in the
range of 90–200 nm depending on the polypeptide. The release of PTX from the formulations was
studied, and the release profiles were approximated using a number of mathematical dissolution
models to establish the most probable release mechanism. A determination of the cytotoxicity in
normal (HEK 293T) and cancer (HeLa and A549) cells revealed the higher toxicity of the polypeptide
particles to cancer cells. The separate evaluation of the biological activity of PTX and anti-GFP siRNA
formulations testified the inhibitory efficiency of PTX formulations based on all polypeptides (IC50

4.5–6.2 ng/mL), while gene silencing was effective only for the Tyr-Arg-containing polypeptide
(56–70% GFP knockdown).

Keywords: amphiphilic copolymers; polypeptides; polymer particles; drug delivery systems;
dual-drug delivery; paclitaxel; siRNA

1. Introduction

Currently, the joint delivery of anticancer drugs has received a lot of attention due
to the increased anti-tumor efficacy compared to the administration of single-drug
systems [1,2]. To date, there have been a number of publications on the development
of dual-drug delivery systems of doxorubicin and paclitaxel based on graphene nanopar-
ticles and graphene oxide [3], 177-Lu-bombesin and paclitaxel delivery systems [4] and
afatinib and paclitaxel based on poly(lactide-co-glycolide) (PLGA) [5], paclitaxel and cis-
platin delivery systems based on micellar systems derived from poly(2-oxazoline) [6], or
nanotubes based on triple amphiphilic block copolymer poly(ethylene glycol)-b-polylactide-
b-poly(ethylene glycol) [7].

In addition to the combination of traditional chemotherapeutic agents with each other,
there are also ongoing investigations in the field of complex therapy, combining chemother-
apeutic substances with protein or gene-therapy agents [8–10]. Possible synergistic effects
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caused by actions on several targets in tumor cells and tissues can lead to an increased
efficiency of tumor inhibition, a decrease in the dose of toxic drugs and side effects, and, as
a consequence, improved survival. The use of cytokines and antibodies, as well as small
interfering RNA (siRNA) in cancer therapy, is a relatively new and rapidly developing
area [11,12]. The action of proteins is connected either with the direct induction of apoptosis
in tumor cells through specific pathways or is caused by indirect effects of tumor inhibition
by immune response stimulation or tumor targeting [13,14]. Currently, there are a number
of monoclonal antibodies approved by the Food and Drug Administration (FDA), as well
as undergoing clinical trials for the treatment of various cancers [15]. It has been shown that
the combination of antibodies with chemotherapeutic drugs leads to significant synergistic
effects in cancer therapy [16]. For example, trastuzumab is known to inhibit the prolifer-
ation of HER2-overexpressing human cancer tumors. Combined treatment regimens of
trastuzumab and conventional chemotherapeutic agents such as paclitaxel, doxorubicin,
cisplatin, and cyclophosphamide lead to an increased antitumor efficacy [17].

A significant problem in the therapy of solid tumors is their ability to evade the
immune system. One of the reasons for this is the vascular abnormalities caused by
increased levels of proangiogenic factors such as vascular epithelial growth factor (VEGF)
and angiopoietin 2 (ANG2). The drug bevacizumab (Avastin®), which specifically binds
to VEGF and suppresses its activity, has been approved for clinical use as an angiogenesis
inhibitor [18], resulting in decreased vascularization and tumor apoptosis [19]. However,
many patients become resistant to treatment, and no clinical or biological factors have been
identified that can clearly predict which patients will react well to bevacizumab and which
will be resistant to it.

Besides immunotherapy, special attention is paid to the development of gene therapeu-
tic substances. In particular, small interfering RNAs (siRNAs) and microRNAs (miRNAs),
which can suppress the posttranslational stage of gene expression, are of significant in-
terest [18]. In this case, there is no interaction with DNA—which avoids mutations and
reduces teratogenic risks. Moreover, si/miRNAs act in small amounts and are character-
ized by high efficiency. One of the main obstacles limiting the use of si/miRNAs is their
instability under physiological conditions due to their fast destruction by serum nucleases.
Furthermore, the negative charge of nucleic acids limits their entrance into cells. Therefore,
a therapy with gene-therapeutic agents requires the use of delivery systems.

A number of studies have shown that the simultaneous delivery of anti-cancer drugs
and siRNA through the same delivery system appears to be more effective than sequentially
administering two separate single-drug formulations [20–22]. In recent years, delivery
systems that allow simultaneous delivery of the chemotherapeutic drug and siRNA to the
tumor are considered to be one of the most promising tools in cancer treatment [23,24].
However, the development of delivery systems combining together such chemically differ-
ent substances as small cytostatic drugs (often uncharged or hydrophobic) and negatively
charged siRNA poses a great challenge. It is known that cationic liposomes, polymers
(polyethyleneimine (PEI), polylysine, polyarginine, chitosan and its derivatives), and den-
drimers (polyamidoamine, abbreviated as PAMAM) are the best non-viral candidates for
the delivery of nucleic acids [25–27]. These carriers form interpolyelectrolyte complexes
with nucleic acids, resulting in increased intracellular transport and stability to cleavage by
nucleases [28]. However, they are poorly suited to the encapsulation of many common an-
ticancer drugs. In order to overcome this drawback, various solutions have been proposed
to develop combined delivery systems that effectively encapsulate cytostatic drugs and
bind siRNA.

In particular, the composition of PLGA- and PEI-protected gold nanoparticles was
investigated by Kumar et al. for codelivery of doxorubicin and EGFP siRNA [1]. Alinejad
et al. reported the development of a formulation based on chitosan-carboxymethyl dextran
nanoparticles for codelivery of doxorubicin and IL17RB siRNA [29]. In experiments on
the MDA-MB361 cell line (human breast cancer cells), it was shown that two-component
systems were superior to single-component and free doxorubicin. Biswas et al. proposed
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an siRNA and doxorubicin delivery system based on cationic dendrimers modified by
PEG and lipids [30]. The efficacy of siRNA delivery was demonstrated by suppression
of GFP (green fluorescent protein) expression in C166-GFP cells, which was assessed
by the disappearance of GFP fluorescence. Zhu et al. reported the creation of cationic
micelles based on conjugates of cationic dendrimers and polycaprolactone containing
paclitaxel and GFP siRNA [31]. The efficacy of intracellular delivery was evaluated by
the suppression of GFP expression in GFP-expressing MDA-MB-435 cells. Chen et al.
developed a VEGF siRNA and doxorubicin delivery system based on calcium phosphate
nanoparticles encapsulated into cationic liposomes [32]. In this case, doxorubicin was
loaded into calcium phosphate cores during nanoprecipitation, while siRNAs were bound
to the cationic liposomes through ionic interactions. Evaluation of the obtained systems
in vivo also revealed the best suppression of tumor growth when using two-component
delivery systems.

Amphiphilic cationic copolymers represent one the most promising candidates for
the joint delivery of hydrophobic chemotherapeutics and siRNA, since their hydrophobic
and cationic segments are involved in the retention of the hydrophobic drug and nucleic
acid, respectively [22,33]. Amphiphilic copolymers that are now widely utilized usually
consist of hydrophobic aliphatic polyesters such as poly(ε-caprolactone) (PCL), PLGA and
polylactide (PLA), and hydrophilic cationic polymers such as PEI, polylysine, chitosan, or
their PEGylated derivatives [31,33–35]. Such amphiphilic copolymers form nanoparticles
with siRNA that are more stable than simple polyplexes formed from polycations or their
PEGylated forms with siRNA [36].

One of the promising classes of synthetic polymers for drug delivery is poly(amino
acids) (or polypeptides) [37,38]. To date, various cationic polypeptides have been examined
for the delivery of nucleic acids [39–41]. Recently, it was shown that cationic amphiphilic
polypeptides can be successfully used for the delivery of nucleic acids [42–46]. At the same
time, amphiphilic polypeptides can successfully serve as a delivery systems for cytostatic
drugs [38,47–49]. Compared to other cationic polymers used for the delivery of nucleic
acids, poly(amino acids) such as polylysine, polyarginine, and polyornithine are fully
biodegradable into non-toxic and natural metabolites. In contrast to polyarginine, the
side-chain primary amino groups of polylysine and polyornithine can be easily modified
with different functional targets such as hydrophobic moieties, sugars, etc., to provide the
desired design and properties of the resulting delivery system.

In this study, amphiphilic polypeptides obtained by post-polymerization modification
of poly-L-lysine with hydrophobic amino acids and L-arginine/L-histidine were proposed
for the combined loading of the hydrophobic cytostatic drug paclitaxel and siRNA. The
synthesized copolymers were characterized with respect to their composition and molecular
weight. The nanoparticles formed from the amphiphilic polypeptides were loaded with
PTX and/or double-stranded nucleic acid and thoroughly characterized with regards to
their physicochemical and biological properties.

2. Materials and Methods
2.1. Reagents, Biologicals, and Supplements

ε-Z-L-lysine, Fmoc-L-phenylalanine, Fmoc-L-valine, Fmoc-L-isoleucine, Fmoc-O-tert-
butyl-L-tyrosine, Nα-Fmoc-N′-Boc-L-tryptophan, Nα-Fmoc-N′-trityl-L-histidine, Nα-Fmoc-
Nω-(4-methoxy-2,3,6-trimethylbenzenesulfonyl)-L-arginine, and other chemicals used for
synthesis of the monomer and polypeptides, as well as for the deprotection of polypeptides,
were purchased from Sigma–Aldrich (Darmstadt, Germany) and used as received. All
organic solvents used for synthesis and other manipulations were received from Vecton
Ltd. (St. Petersburg, Russia) and distilled prior to use.

Membrane filters (0.22 µm) produced by Millipore Sigma (St. Luis, MO, USA) were
utilized for the ultrafiltration of all buffer solutions. The salts used for the prepara-
tion of buffer solutions were of analytical purity grade. Spectra/Pore® dialysis bags
(MWCO: 1000, Rancho Dominguez, CA, USA) and Orange Scientific dialysis bags (MWCO:
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2000) (Braine-l’Alleud, Belgium) were applied for the purification of the polymers ob-
tained. Amicon Ultra filter tubes with 3000 MWCO (0.5 mL) were purchased from Merck
(Darmstadt, Germany).

Model non-labeled and TAMRA-labeled 23-base oligothymidine and oligoadenine
were purchased from BiobeagleTM (St. Petersburg, Russia). GFP-siRNA-sense and GFP-
siRNA-antisense were obtained from DNA-Synthesis (Moscow, Russia). The siRNA se-
quence was the following: sense: 5′-GCAAGCUGACCCUGAAGUUdTdT-3′, antisense:
5′-AACUUCAGGGUCAGCUUGCdTdT-3′. GenJect™-39 and GenJect™-40 transfection
agents were produced by MOLECTA (Moscow, Russia). Heparin sodium salt from porcine
intestinal mucosa was a product of Sigma–Aldrich (Darmstadt, Germany). Agarose for gel
electrophoresis was obtained from Rosmedbio Ltd. (St. Petersburg, Russia). Dulbecco’s
modified Eagle’s medium (DMEM), RPMI-1640 cell culture medium, gentamicin, and fetal
bovine serum (FBS) were obtained from BioloT (St. Petersburg, Russia).

The human embryonic kidney cell line (HEK 293T), human cervical carcinoma cells
(HeLa), and human lung carcinoma cells (A549) were obtained from the cell line collection
of the Institute of Cytology of Russian Academy of Sciences (St. Petersburg, Russia), while
the K562 modified with d2EGFP plasmid cell line (K562/GFP) was gifted from Blokhin
Cancer Research Center (Moscow, Russia).

All other materials are described further upon their appearance in the text.

2.2. Methods
2.2.1. Synthesis of Copolymers

Ring-opening polymerization (ROP) of α-amino acid N-carboxyanhydrides was car-
ried out to obtain poly(Z-lysine) according to the previously published procedure [50].
Briefly, Lyz(Z)-NCA monomer was prepared via the reaction of α-L-Lys(Z) with triphos-
gene under an argon atmosphere in anhydrous dioxane with the addition of α-pinene.
Synthesized Lyz(Z) NCA was purified by recrystallization from anhydrous petroleum ether.
Poly(Z-L-lysine)) (P[K(Z)] was synthesized by ROP with the use of a 4 wt% monomer
solution in freshly distilled and anhydrous 1,4-dioxane at a monomer/n-hexylamine ratio
equal to 150. Polymerization was carried out at 30 ◦C for 72 h in an argon atmosphere.
The resulting polymer was precipitated by diethyl ether, washed several times with the
same solvent, and then air-dried. The polypeptide yield was 93%. Molecular-weight
characteristics were determined by the static light scattering method and also calculated
from the 1H NMR spectrum of the synthetized polymer (P[K(Z)]).

In order to remove the carboxybenzyl (Z) protection of the ε-amino group of lysine,
200 mg of the polymer was dissolved in 4 mL of trifluoroacetic acid in an ice bath under
stirring. After 30 min, 2 mL of a 33 wt% solution of hydrogen bromide in acetic acid was
added to the reaction solution, left for 20 min under cooling, and then incubated for 3 h
at room temperature. Afterwards, the reaction was stopped by polymer precipitation in
cooled diethyl ether taken in a five-fold excess. The precipitate separated by centrifugation
was dissolved in 10 mL of DMF. The solution of polymer was transferred to a dialysis bag
(MWCO 1000) and left for dialysis for 48 h with sequential replacement of the medium:
DMF/deionized water mixture (50/50, v/v), deionized water, 1 M sodium chloride solution,
and deionized water. Finally, the polypeptide products were dried by lyophilization.

The modification of P[K] was carried out in two steps: modification with (i) hydropho-
bic amino acids and (ii) basic amino acids. In the first step, the preliminary activation of
the carboxylic groups of Fmoc-derivatives of Phe/Val/Ile/Tyr(tBu)/Trp(Boc) was carried
out using DIC and NHS in DMF. Fmoc-derivatives were taken as 30 mol% of the molar
amount of lysine in the copolymer. The desired amount of the amino-acid derivative of
interest was dissolved in DMF. Then, a two-fold molar excess of NHS over the amount
of carboxyl groups was dissolved in DMF and added to the amino acid solution under
moderate stirring. After 15 min, a DMF solution containing a 1.1-fold molar excess of DIC
over the amount of carboxyl groups was added to the reaction mixture and the resulting
solution was left in the cold for 40 min. Then, the activated amino-acid derivative was
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added to the 15 wt% solution of P[K] in DMF. The reaction of modification was left under
stirring for 4 h at 22 ◦C. The copolymers were purified by dialysis against a DMF/H2O
mixture (50/50, v/v) and then H2O for 36 h. The final polypeptide products were dried by
lyophilization. The yields of the resulting polypeptides were 80–95%. The modification
degree was evaluated by the 1H NMR spectra of obtained copolymers.

During the second step, the obtained copolymers were modified with L-arginine or
L-histidine using Fmoc-Arg(Mtr)-OH and Fmoc-His(Trt)-OH derivatives via the same
protocol. Amino acids were taken as 45 mol% (arginine) and 60 mol% (histidine) of the
molar amount of lysine in the copolymer. The yields of the modified copolymers were in
the range of 45–78%.

Finally, the Fmoc, Boc, Trt, and Mtr protective groups were removed. In particular,
Fmoc-protective groups were removed by 20% tert-butylamine solution in DMF for 16 h
at 22 ◦C. The Fmoc-deprotected polypeptides were precipitated with precooled diethyl
ether taken in a five-fold excess. In order to remove the Boc- or Trt-protective group,
copolymers were placed in an ice bath, dissolved in TFA, and left for 1.5 h. Cleavage of the
Mtr protective group of Arg-containing copolymers was performed by a 9% TFMSA/TFA
solution for 30 min under cooling in an ice bath and then for 2 h at room temperature. The
deprotected products were precipitated with a five-fold excess of precooled diethyl ether,
purified by dialysis from DMF to H2O, and freeze dried.

2.2.2. Characterization of Copolymers

The removal of the protective groups was monitored by the disappearance of char-
acteristic signals in the 1H NMR spectrum (Figure S1 of Supplementary Materials). The
contents of hydrophobic amino acids in the copolymers were calculated from 1H NMR
spectra (DMSO-d6, 25 ◦C) (Figure S2 of Supplementary Materials).

The molecular weights of macromolecules were measured by the static light scattering
method in solutions in DMSO at 21 ◦C as described earlier [42]. The hydrodynamic radii
(Rh-D) of scattering macromolecules were calculated from the Stokes–Einstein equation.
The Mw of copolymers was determined by the Debye method.

The composition of the resulting polypeptides was determined by the quantitative
HPLC analysis of free amino acids derived as a result of the total acidic hydrolysis of
polypeptides. For the preparation of hydrolysates, 4 mL of a 6 M HCl solution containing
0.0001% phenol was added to the ampoule containing 2 mg of a polypeptide. The ampoule
was purged with argon, sealed, and incubated at a temperature of 110 ◦C for 96 h. After
hydrolysis, the solvent was evaporated several times by water to eliminate HCl and to reach
a neutral pH. The final residue was diluted with 0.5 mL of water, transferred to a glass,
and dried by lyophilization. The amino-acid quantitative HPLC analysis was performed
by a previously developed protocol [51] at the Chemical Analysis and Materials Research
Center of SPbU Research Park.

2.2.3. Preparation and Characterization of Particles

Polymer particles were obtained using the nanoprecipitation method. For this pur-
pose, 2 mg of polypeptides were preliminary dissolved in 100 µL of DMSO. Then, the
obtained solution was added dropwise to deionized water (900 µL) under vigorous stirring
(1000 rpm). The resulting dispersion was short-time ultrasonicated using a Sonopuls ultra-
sound probe (30%, 30 s) (Bandelin, Berlin, Germany) and left for 30 min for stabilization.

The particle characteristics (hydrodynamic diameter, DH; polydispersity index, PDI,
and ζ-potential) were measured by dynamic and electrophoretic light scattering (DLS/ELS)
at a scattering angle of 173◦ and 25 ◦C using a ZetasizerNano-ZS (Malvern, UK) equipped
with an He–Ne laser at 633 nm.

The morphology of empty and drug-loaded polypeptide particles was evaluated by
transmission electron microscopy (TEM). A Jeol JEM-2100 transmission electron microscope
(Kyoto, Japan) and 300 mech Cu grids covered with carbon and thin formvar film were used
for sample analysis. In order to prepare a sample for microscopy, an aqueous dispersion
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of polymer particles (1 mg/mL) was dropped at the surface of the grids, treated with
a 2% (w/v) uranyl acetate solution for 30–60 s, and left in air for 24 h at 22 ◦C. ImageJ
open software (the National Institute of Mental Health, Bethesda, MD, USA) was used to
calculate the average particles’ diameter from the TEM images.

2.2.4. Preparation and Characterization of PTX-Loaded Delivery Systems

PTX-loaded particles were obtained using the strategy described above. Firstly,
the PTX solution in DMSO (1 mg/mL) was added to the polymer dissolved in DMSO
(2 mg/mL), mixed well, and then the obtained solution was dropped into deionized water
under intensive stirring (1000 rpm). The quantities of PTX and polymers solutions to be
mixed were calculated to achieve 25, 50, 100, and 150 µg of PTX per 1 mg of polymer. After
short ultrasonication treatment, the obtained dispersions were left in the cold for 30 min,
and the characteristics of all the drug-loaded systems were examined by DLS.

In order to determine the amount of unloaded paclitaxel, free paclitaxel was removed
via ultrafiltration with the use of ultrafiltration tubes with a molecular weight cutoff
membrane of 3000 (Amicon Ultra, Sigma-Aldrich, Darmstadt, Germany) using washing
with 10% acetonitrile solution. The filtrates were collected and freeze dried. The lyophilized
samples were dissolved in acetonitrile and analyzed by quantitative reversed-phase HPLC
using a previously reported protocol [51]. The analysis was carried out at the Chemical
Analysis and Materials Research Centre of SPbU Research Park. In this case, the loading
was calculated as the difference between the initial PTX amount and that determined in
the washing solutions. In addition, the samples after ultrafiltration were transferred to
acetonitrile and filtered. The filtrate was analyzed by the same method. The results were
coincided for indirect and direct methods of the PTX-loading determination.

2.2.5. Preparation and Characterization of Oligo-dT-dA-Loaded Delivery Systems

Due to the positive surface charge of the obtained polypeptides, they are capable
of binding negative oligonucleotides. An oligo-thymidine and oligo-adenine duplex of
23-base pairs (oligo-dT-dA) was used as a stable physicochemical model of siRNA. In order
to obtain the oligo-dT-dA duplex, oligo-dT and oligo-dA solutions were taken in equimolar
quantities, mixed well, and left to stabilize for 30 min at RT. To formulate the oligo-dT-dA
delivery system, the solution of polymers in DMSO (2 mg/mL) was added to the oligo-dT-
dA solution in deionized water under intensive stirring. The quantities of oligonucleotide
and polymers solutions to be mixed were calculated to achieve polymer/oligo-dT-dA mass
ratios in a range from 2/1 to 25/1. The mixture was incubated for at least 3 h at room
temperature for stabilization of the complexes. The encapsulation efficacy of oligo-dT-
dA-loaded delivery systems was assessed by DLS/ELS and agarose gel electrophoresis
(Section 2.2.9).

In addition, we used TAMRA-oligo-dT-dA to perform a quantitative analysis of
loading. After loading, the freshly prepared dispersions were ultrafiltrated to separate
the solution from nanoparticles (10,000× g, 4 ◦C, 20 min) using Amicon Ultra filter tubes
with MWCO 30,000 (Merck, Darmstadt, Germany). The filtrate was collected and then
analyzed with the use a ThermoScientific Varioscan (Waltham, MA, USA) microplate reader
(λex = 546 nm, λem = 579 nm). The amount of free TAMRA-oligo-dT-dA was calculated from
the preliminarily built linear calibration plot. The entrapment efficacy (EE) was calculated
as the difference between the initial and non-bound amount of nucleic acid.

2.2.6. Preparation and Characterization of Dual-Component Delivery Systems

Dual-component delivery systems containing PTX and oligonucleotide duplex si-
multaneously were obtained by the same procedure. Firstly, the PTX solution in DMSO
(1 mg/mL) was added to the polymer dissolved in DMSO (2 mg/mL), mixed well, and
then the obtained solution was dropped into an oligo-dT-dA solution of the desired concen-
tration in deionized water under intensive stirring. After a 3-h incubation of the obtained
complexes, DLS/ELS measurements and gel electrophoresis were performed.
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2.2.7. PTX Release Study

Paclitaxel release was studied by the dialysis method under model physiological
conditions (0.01 M PBS, pH 7.4, T = 37 ◦C). For this, 500 µL of the solution containing
1 mg of the PTX-loaded system under investigation was placed into a dialysis tube (MWCO
3500). Then, the tube was put into 12 mL PBS (0.01 M, pH 7.4) (external solution) and
shaken at 37 ◦C. At predetermined time intervals, 3 mL of external solution was withdrawn
for analysis and 3 mL of fresh pre-warmed PBS was added. Then, the collected samples
were freeze dried and the PTX amount was analyzed by reversed-phase HPLC using a
previously reported protocol [51]. The analysis was carried out at the Chemical Analysis
and Materials Research Centre of SPbU Research Park.

For analysis of the PTX release curves, a number of mathematical dissolution models
(zero-order, first-order, Higuchi, Hixson–Crowell, Korsmeyer–Peppas, Baker–Lonsdale,
Hopfenberg, Weibull, Gompertz, and Peppas–Sahlin [52]) were applied. The DDSolver
add-in for Microsoft Excel was used for mathematical analysis [53].

2.2.8. Oligo-dT-dA Release Study

The in vitro release of TAMRA-oligo-dT-dA from nanoparticles was studied within
7 days. In total, 100 µL of the freshly prepared test formulation was diluted with 300 µL of
the release medium (0.01 M Na-phosphate buffer, pH 7.4) and incubated at 37 ◦C under
stirring (300 rpm). After a certain period, the dispersions were ultrafiltrated and filtrates
containing free TAMRA-oligo-dT-dA were analyzed as described in Section 2.2.5. The
formulations with a determined optimal ratio of polypeptide/oligo-dT-dA were used for
this study.

2.2.9. Agarose Gel Electrophoresis

Electrophoresis of the samples was performed in 1.5% gel in 1 M TAE buffer solution,
pH 7.6, at an operating voltage of 40 V for 40 min. Agarose gel was prepared by dissolv-
ing agarose in 1 M TAE buffer solution, pH 7.6, under heating before an aliquot of EtBr
10 mg/mL was added to the solution so that the resulting EtBr concentration was equal to
0.5 µg/mL. After electrophoresis, gels were imaged using an Amersham Imager
600 Instrument (GE Healthcare, Little Chalfont, UK).

The total volume of each sample for electrophoresis analysis was equal to 20 µL, each
sample contained 5 µL of the 4× loading xylene blue and bromophenol blue dye (Evrogen,
Moscow, Russia). In order to enable visualization, oligonucleotides labelled with TAMRA
fluorescent dye were bound to the oligo-dT-dA duplex. At least 200 ng of oligo-dT-dA was
loaded into each gel well in the form of complexes with polypeptides, and free oligo-dT-dA
was used as a control sample.

2.2.10. Formulation Stability Study

In order to examine the storage stability of the systems under investigation, polypep-
tides nanoparticles, their PTX and oligo-dT-dA-loaded complexes, and the dual-component
system were obtained and their initial DH and PDI were measured. Then, samples were
stored at 20 ◦C for 21 days with regular measuring of the DH and PDI parameters.

The impact of the presence of competing polyanions was examined via the heparin
displacement test. For this, polypeptides’ PTX-oligo-dT-dA-loaded complexes were mixed
with heparin in water solutions of different concentrations (0.15, 10, and 40 IU). After
30 min of incubation, agarose gel electrophoresis was performed (Section 2.2.9).

2.2.11. Cytotoxicity

In order to evaluate the cytotoxicity of the polypeptide particles, a cell viability assay
was performed using HEK 293T, HeLa and A549 cells. Cells were cultivated in Dulbecco’s
modified Eagle’s medium containing 10% (v/v) fetal calf serum (FCS) and 1% gentamicin.
A humidified environment at 37 ◦C and 5% CO2 was applied, changing the medium
three times per week. In 96-well plates, 4 × 103 cells in 100 µL were seeded per well
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and left to initiate adhesion at 37 ◦C in a humidified 5% CO2 atmosphere. After 24 h, the
culture medium was replaced with the same medium but containing polypeptide particles
with different concentrations (from 1 to 250 µg/mL). The percentage of viable cells was
determined by the MTT assay after 72 h. For this, 30 µL of MTT solution (5 mg/mL) was
added to each well. The plates were incubated for 2 h and then the MTT solution was
aspirated and replaced with 100 µL DMSO. Gentle shaking was applied to simplify crystals
of formazan dissolution. Finally, the optical density in each well was measured using a
fluorescent plate reader (Fluoroscan Ascent, Thermo Fisher Scientific Inc., Waltham, MA,
USA) at 570 nm. To measure the background absorbance, the wavelength of 690 nm was
used. The relative cell viability (%) was calculated according to the equation:

Cell viability = (Asample − Ablanck)/(Acontrol − Ablanck) × 100% (1)

2.2.12. Cytostatic Effect of PTX

The cytostatic effect of paclitaxel in the form of a free drug and PTX-loaded particles
was evaluated by a cell viability assay using A549 (human alveolar epithelial adenocar-
cinoma) cells. Cells were cultivated in Dulbecco’s modified Eagle’s medium containing
10% (v/v) fetal calf serum (FCS) and 1% gentamicin in a humidified environment at 37 ◦C
and 5% CO2. The experiment was carried out as described in Section 2.2.11 but using free
PTX or PTX-loaded nanoparticles as test materials. The concentrations of PTX were varied
from 1 to 250 ng/mL. Non-linear-curve-fitting/growth/sigmoidal/dose–response-fitting
functions (OriginPro 8.6) were used to build dose–response curves for concentration-
dependent normalized cell viability data and calculate the half-maximal inhibition concen-
trations (IC50).

2.2.13. Gene Silencing: Flow Cytometry

In order to evaluate siRNA-loaded polypeptides delivery systems for transfection,
K562 cells modified with the d2EGFP plasmid (K562/GFP) were used. Cells were cultivated
in RPMI-1640 cell culture medium supplemented with 10% FCS, 1 µg/mL puromycin, and
50 µg/mL gentamicin and incubated in a humidified environment at 37 ◦C and 5% CO2.
To obtain hybridized siRNA strands, GFP-siRNA-sense and GFP-siRNA-antisense were
mixed in a ratio of 1:1 and heated at 90 ◦C for 1 min. Then, the mixture was left to cool at
RT for 30 min.

siRNA-loaded systems were obtained according to the above-described procedure
(Section 2.2.5). As a positive control, GenJect-39 and GenJect-40 were used. Herein, 1 µL of
either GenJect-39 or GenJect-40 was diluted in 25 µL of full growth medium. In parallel,
a corresponding amount of siRNA was diluted in 25 µL of full growth medium. Then,
diluted siRNA was mixed with GenJect reagents dropwise in a ratio of 1:1. After gently
mixing, complexes were incubated at RT for 30 min.

A total of 3 h before the experiment, 450 µL of K562/GFP cells were seeded on
24-well plates at a density of 1.1 × 104/mL and kept in an incubator. Then, siRNA-loaded
polypeptides complexes and GenJect-siRNA control complexes were added to K562/GFP
pre-seeded cells. Plated cells were incubated at 37 ◦C and 5% CO2 for 2 days. Afterwards,
cells were collected, centrifuged at 500× g for 3 min, and resuspended in 200 µL of PBS
(pH 7.4). Flow cytometry (Beckman Coulter, Brea, CA, USA) using FITC filter (488 nm
excitation, 525/40 BP nm emission) was performed immediately after resuspension.

2.2.14. Gene Silencing: RT-PCR

After complex-formation reagents were added to K562/GFP pre-seeded cells, plated
cells were incubated at 37 ◦C and 5% CO2 for 2 days. After incubation was complete, cells
were collected, centrifuged at 500× g for 3 min, and pellets were resuspended in 800 µL
ExtractRNA (Evrogen, St. Petersburg, Russia) and lysed for 5 min. Then, the extraction
was performed according to the manufacturer’s instructions.
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The RNA concentration and quality of the samples were measured using Implen
(Implen, Westlake Village, CA, USA), and 2 µg of RNA from each sample was taken for
RT-qPCR. MMLV reverse transcription was conducted according to the instructions of
the manufacturer. Then, qPCR was performed using HS-qPCR mixes with SYBR Green I
according to the instructions of the manufacturer (Evrogen, St. Petersburg, Russia). As a
gene of interest, GFP was chosen. B2M was chosen as a housekeeping gene. As a negative
control, RNAse-free water was used with the same primers.

Changes in target genes’ expression were estimated on the base of differences in the
quantification cycles (∆Cq) of the control and treated samples using the equation:

R = E∆Chousekeeping gene
q −∆Ctarget gene

q (2)

2.2.15. Statistical Analysis

All measurements of the polypeptide particles’ characteristics were performed three
times. Biological experiments were performed from 3 to 6 times for each kind of tested
sample. In all cases, the data are presented as the mean value ± SD. A student’s t-test
was used to analyze the statistical significance of the results. The results are considered as
statistically significant if p < 0.05.

3. Results and Discussion
3.1. Polymer Synthesis and Characterization

The synthesis of amphiphilic polypeptides included (i) ring-opening polymerization
of Lys(Z) NCA and (ii) post-polymerization modification of the resulting poly(αL-lysine)
(P[K]) with hydrophobic and basic amino acids. The scheme of synthesis is presented in
Figure 1.

The synthesized Z-protected poly(αL-lysine) (P[K(Z)]) was characterized by static
light scattering (SLS) to determine the average molecular weight (Mw). As can be seen from
Table 1, the protected polymer (fully soluble in DMF) has an Mw equal to 16,800.

According to 1H NMR spectroscopy (Figure S1, Supplementary Materials), the degree
of polymerization (DP) was equal to 93. The total removal of the Z-group was testified by
1H NMR spectroscopy (Figure S1, Supplementary Materials).

The post-polymerization modification of P[K] was performed in two steps. During
the first step, the polymer was modified with one of the hydrophobic amino acids from the
series: Val, Ile, Tyr, Phe, and Trp. With this aim, the α-Fmoc-protected derivatives of amino
acids were utilized. In addition, besides valine and isoleucine, other amino acids were used
in the side-chain protected form (Figure 1). The modification was carried out via activation
of the carboxylic group of the amino acid derivative to an activated ester followed by the
reaction with free ε-amino groups of P[K]. The molar ratio of hydrophobic amino acid to
lysine units in the homopolymer was equal to 0.30.

During the second step, the hydrophobized poly-L-lysine was further modified with
Arg or His to generate an additional functionality for siRNA binding and delivery. As
a result of the strong positive charge of Arg and the pH-sensitivity of His under physio-
logical conditions, they were used in different molar ratios with respect to the Lys-units
of hydrophobized copolymers. In particular, this ratio was 0.45 for Arg and 0.60 for
His derivatives.
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Table 1. Molecular-weight and hydrodynamic characteristics of synthesized poly-L-lysine and
its derivatives obtained by modification with hydrophobic amino acids determined by SLS
(DMF, 25 ◦C).

Polymer dn/dc a, cm3/g Mw A2
b, cm3·mol/g2 Rh-D

c, nm

P[K(Z)] 0.1128 16,800 2.94 × 10−3 2.1
P[KK(V)] 0.1139 12,500 3.79 × 10−3 1.8
P[KK(I)] 0.1000 13,100 2.13 × 10−2 1.7
P[KK(Y)] 0.1342 14,000 5.34 × 10−4 1.2
P[KK(F)] 0.1151 n/c e n/c e 0.8 d

a dn/dc is specific refractive index increment, i.e., the change in refractive index with concentration; b A2 is the
second virial coefficient in the Debye equation for static light scattering; c Rh-D is the hydrodynamic radius of the
macromolecule calculated using the Einstein–Stocks equation; d Besides particles of this size, objects with a large
hydrodynamic radius were also detected; e n/c means that the values were not calculated due to the presence of
aggregates; P[K(Z)] is Z-protected poly(αL-lysine); P[KK(V)], P[KK(I)], P[KK(Y)], and P[KK(F)] are poly(αL-lysine)
samples partly modified with L-valine, L-isoleucine, L-tyrosine, and L-phenylalanine, respectively.

As for the lysine homopolymer, SLS in DMF was also applied to determine the molec-
ular weight of hydrophobized P[K] before its modification with Arg or His. However, Mw
determination was only possible for copolymers containing Val, Ile, and Tyr (P[KK(V)],
P[KK(I)], and P[KK(Y)], respectively (Table 1). The copolymers containing the most hy-
drophobic Phe and Trp residues did not provide the true solutions in DMF. As a result
of the detection of aggregates up to 60 nm even in organic solvents, the determination of
molecular weight by SLS (as well as SEC) was not possible. For the other three copolymers,
the hydrodynamic radii of the macromolecules were successfully measured. One can
observe an increase in the size of the substituent (from Val to Tyr), followed by an increase
in Mw, and simultaneously with a decrease in hydrodynamic radius (Table 1). Although
the calculation of Mw for the Phe-containing amphiphilic copolymer was impossible due to
the presence of aggregates, a mode corresponding to the dissolved macromolecules with
a hydrodynamic radius of 0.8 nm was detected (P[KK(F)], Table 1). Thus, a decrease in
the hydrodynamic radius of macromolecules from 2.1 to 0.8 was revealed in the series
of amphiphilic copolymers based on poly-L-lysine containing Val, Ile, Tyr, and Phe. The
most pronounced densification, observed for Tyr and Phe-containing polypeptides, can be
caused by the formation of tightly packed macromolecular coils due to the introduction of
aromatic substituents that can additionally provide π–π interactions.

For hydrophobic amino acids, the degree of substitution was calculated both from the
1H NMR spectra (Figure S2, Supplementary Materials) and from the data of quantitative
HPLC analysis of amino acids produced after total acidic hydrolysis of the amphiphilic
polypeptides (Table 2). At the same time, after modification of hydrophobized P[K] with
Arg/His, calculation of the copolymer composition was impossible due to the overlapping
signals in the 1H NMR spectra. For these polymer samples, the composition was deter-
mined by quantitative HPLC amino acid analysis of the polypeptide hydrolysates (Table 2).
Certain 1H NMR spectra of His/Arg protected polypeptides are shown in Figure S3 in the
Supplementary Materials.

Table 2. Composition of the amphiphilic copolymers obtained by the post-polymerization modifica-
tion of poly-L-lysine with various hydrophobic and basic amino acids.

Polymer a Hydrophobic Amino Acid Content (mol%) Arg/His Content (mol%), HPLC Calculated Mn
c

Amino Acid 1H NMR HPLC b Arg His

P[KK(V)K(R)]
Val 21 26

39 - 19,890
P[KK(V)K(H)] - 42 19,580

P[KK(I)K(R)]
Ile 25 25

32 - 19,390
P[KK(I)K(H)] - 42 20,090
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Table 2. Cont.

Polymer a Hydrophobic Amino Acid Content (mol%) Arg/His Content (mol%), HPLC Calculated Mn
c

Amino Acid 1H NMR HPLC b Arg His

P[KK(Y)K(R)] Tyr 16 16
35 - 19,620

P[KK(Y)K(H)] - 43 20,020

P[KK(F)K(R)]
Phe 17 18

28 - 18,640
P[KK(F)K(H)] - 43 20,050

P[KK(W)K(R)] Trp 19 - 21 - 18,450
P[KK(W)K(H)] - 41 20,630

a The amino-acid composition of polypeptides is given in the form of one-letter amino acid designations; b The
averaged results of three independent hydrolyses of polymer samples followed by HPLC analysis; c The averaged
values of hydrophobic amino acid content determined by both 1H NMR and HPLC were used for Mn calculation.

In all cases, the modification of P[K] with hydrophobic amino acid was less than
theoretically specified (30 mol%). Overall, the modification efficacy for hydrophobic amino
acids ranged from 60 to 90%. The highest modification efficacy was observed for sterically
non-complicated aliphatic amino acids. In the case of modification with Arg, the modifica-
tion efficacy was around 50–88% and was higher for amphiphilic copolymers containing
fewer hydrophobic amino acids (Val, Ile, Tyr). In turn, the efficacy for the modification of
poly-L-lysine copolymers with His was around 70% in all cases. The modification efficiency
obtained in this work is consistent with recently published data on the modification of
poly(αL-glutamic acid) with various amino acids and D-glucosamine [51].

In addition, Table 2 also represents the approximate values of Mn calculated basing
on degree of polymerization of the main chain, namely P[K], and averaged content of
the amino acids introduced during modification. As can be seen, the Mn values for the
obtained polypeptides were very close and varied in the range of 18.5–20.6 kDa.

3.2. Preparation and Characterization of Single and Dual-Component Formulations

The synthesized copolymers were used to load PTX and double-stranded nucleic
acid both individually and simultaneously. PTX is an effective cytostatic drug and is
included in the first-line treatment of breast and ovarian cancer, as well as carcinomas of
the lung, prostate, and brain [54,55]. PTX’s high hydrophobicity is the reason for its poor
aqueous solubility and bioavailability. At the same time, PTX nanoformulations allow
the improvement of patient outcomes in cancer chemotherapy [56,57]. The loading of
hydrophobic PTX was achieved as a result of the hydrophobic interactions between the
drug and the hydrophobic amino acid units of the polypeptide chain.

In contrast to cytostatic drugs, which differ significantly in their structure and physic-
ochemical properties (hydrophilic/hydrophobic balance, chemical functionality, charge,
solubility, etc.), small double-stranded nucleic acids have comparable physicochemical
properties, which are mainly determined by their negative charge and high solubility in
aqueous media. The key factor for such molecules is their length, which impacts the total
negative charge in the chain, and consequently, the strength of binding to the polycation.
Taking this into account, the dT-dA oligonucleotide duplex (oligo-dT-dA, 23 b.p.) was
used as a stable physicochemical model of siRNA to evaluate the binding of short double-
stranded nucleic acids with the synthesized polypeptides. Nucleic acid retention was
provided by a polyelectrolyte interaction between the cationic fragments of the polypeptide
and the anionic nucleic acid.

Both hydrophobic and polyelectrolyte interactions were involved in the production
of particulate formulation under simultaneous loading of PTX and small double-stranded
nucleic acid.

3.2.1. PTX-Loaded Systems

The loading of PTX was performed under varying initial amounts of the drug. For
this purpose, two series of polypeptides containing aliphatic and aromatic hydrophobic
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moieties, namely P[KK(I)K(R)], P[KK(I)K(H)], P[KK(Y)K(R)], and P[KK(Y)K(H)], were used
for the study. The PTX amount taken for loading was varied from 25 to 150 µg/mg of
polymer. In all cases, the loading efficacy was 99–98%.

The resulting high encapsulation efficacy is consistent with our previous results on the
encapsulation of PTX into nanoparticles based on random amphiphilic polypeptides ob-
tained by the ROP NCA [48,58]. In a recent study, a high efficacy of PTX encapsulation was
also revealed for amphiphilic polypeptides produced by post-polymerization modification
of the glutamic acid homopolymer with various hydrophobic amino acids, L-histidine, and
D-glucosamine [51]. In that case, increasing the initial amount of PTX from 25 to 150 µg/mg
of polymer provided an encapsulation efficacy from 82 to 99%. The reduced loading at an
initial PTX amount of 150 µg/mg of polymer for this group of polypeptides was explained
by the lower content of hydrophobic amino acids (6–9 mol%) compared to the polypeptides
in this study (16–25 mol%).

The effect of PTX loading on the hydrodynamic diameter of the delivery systems was
evaluated by DLS in the loading range of 25–150 µg PTX per mg of polymer (Figure 2). It
was found that for Tyr-containing polypeptide particles (P[KK(Y)K(R)] and P[KK(Y)K(H)]),
the loading of 25 µg PTX per mg of polymer had no effect on the hydrodynamic diameter
of the polymer particles. The same result was also observed for P[KK(Y)K(R)] when
50 µg PTX/mg of polymer was loaded. Despite retaining a high encapsulation efficacy, an
increase in loading to 100–150 µg PTX/mg of polymer was accompanied by a significant
increase in DH for both P[KK(Y)K(R)] and P[KK(Y)K(H)].
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delivery systems.

3.2.2. Nucleic-Acid-Loaded Systems

The formation of polyelectrolyte complexes between polypeptide and oligo-dT-dA
was performed by dropwise addition of an aliquot of the polymer solution in DMSO to
an aqueous solution containing a predetermined amount of oligo-dT-dA under vigorous
stirring. The polypeptide/oligo-dT-dA ratio was varied from 20 to 2.

After the stabilization of the complexes, their characteristics were analyzed by DLS.
As expected, the formation of polypeptide/oligo-dT-dA complexes was accompanied by a
decrease in DH compared to non-loaded polypeptide particles (PP) (Figure 3). Since Arg-
containing polypeptides have a stronger positive charge than His-containing ones, a higher
loading of oligo-dT-dA into Arg-bearing polypeptides was observed without recharging
the delivery system surface (Figure 3). Complexes of Arg-containing polypeptides with
oligo-dT-dA could retain their size up to a ratio of 6, whereas complexes of His-containing
polypeptides only retained their size up to 12.
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complexes based on P[KK(Y)K(R)] (A) and P[KK(Y)K(H)] (B) (PP is non-loaded polypeptide particles).

In addition to the size of the complex, another important issue is the effective binding
of the nucleic acid by the polypeptide. In order to assess the efficiency of oligo-dT-dA
binding by polypeptides, agarose gel electrophoresis was applied (Figure 4). During the
first step, polypeptide/oligo-dT-dA ratios of 8 and 12 were examined for Arg- and His-
containing polypeptides, respectively (Figure 4A,C). At these ratios, effective binding was
observed for only two Arg-containing polypeptides (P[KK(V)K(R)] and P[KK(Y)K(R)])
and one His-containing polymer (P[KK(F)K(H)]). Increasing of the polypeptide/oligo-
dT-dA ratios to 12 and 16 for Arg- and His-containing polypeptides, respectively, was
followed by an improvement in binding for all polypeptides, except both Ile-containing
ones (P[KK(I)K(R)] and P[KK(I)K(H)]) (Figure 4B,D). For these, the optimal ratios to ensure
efficient binding were 16 and 20 for P[KK(I)K(R)] and P[KK(I)K(H)], respectively. At the
optimal ratios, the oligo-dT-dA load was ≥99%.
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ratio = 12 (C), His-containing polypeptide/oligo-dT-dA ratio = 16 (D). Lanes: 1—markers; 2—free oligo-
dT-dA; (A,B) 3—P[KK(F)K(R)]@oligo-dT-dA; 4—P[KK(V)K(R)]@oligo-dT-dA; 5—P[KK(I)K(R)]@oligo-
dT-dA; 6—P[KK(Y)K(R)]@oligo-dT-dA; 7—P[KK(W)K(R)]@oligo-dT-dA; (C,D) 3—P[KK(F)K(H)]@oligo-
dT-dA; 4—P[KK(V)K(H)]@oligo-dT-dA; 5—P[KK(I)K(H)]@oligo-dT-dA; 6—P[KK(Y)K(H)]@oligo-dT-dA;
7—P[KK(W)K(H)]@oligo-dT-dA.

For comparison, Qiu et al. reported the development of a series of PEGylated lysine–
leucine-based peptides with a molecular weight of 3–4 kDa for siRNA delivery. They found
that the optimal carrier/siRNA (w/w) ratio was 10 or more [59]. The same mass ratio
was found to be effective for the total binding of siRNA by lysine–arginine-containing
peptides modified with a fatty acid tail (C12–C20) [60]. Svirina et al. developed two cationic
cell-penetrating peptides, one of which could effectively bind siRNA at mass ratios of 10
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and 20, and the other at 20 or higher [61]. Thus, the effective ratios established in this work
are consistent with the results obtained by other research groups.

3.2.3. Dual-Component Systems

The dual-component delivery systems containing PTX and oligo-dT-dA were prepared
similarly to the oligo-dT-dA formulations with the only difference being that the PTX and
polymer solution in DMSO was added dropwise to an aqueous oligo-dT-dA solution under
vigorous stirring. The hydrodynamic diameters of the empty polypeptide particles (PP),
particles loaded with PTX (PP@PTX) or oligo-dT-dA (PP@oligo-dT-dA), as well as dual-
component delivery systems (PP@PTX + oligo-dT-dA) were evaluated by DLS (Figure 5).
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Figure 5. Comparison of hydrodynamic dimeters of empty polypeptide particles (PP), single-laded
particles containing PTX (PP@PTX) or oligo-dT-dA (PP@oligo-dT-dA), as well as dual-component
systems (PP@PTX + oligo-dT-dA). The dual-component delivery systems were prepared using 25 µg
of PTX per mg of polymer and at the optimal polypeptide/oligo-dT-dA ratios: 12 for Arg-containing
polypeptides and 16 for His-containing ones. For Ile-containing polypeptides, the polymer/oligo-dT-
dA ratios were 16 and 20 for P[KK(I)K(R)] and P[KK(I)K(H)], respectively.

Analysis of the data clearly shows that the empty nanoparticles are quite loose with
a DH of 300–600 nm depending on the polymer. PTX loading has a weak effect on the
hydrodynamic diameter of the nanoparticles. In general, His-containing polymers formed
larger particles than Arg-containing ones. This can probably be explained by the greater
repulsion of positively charged Arg-containing polymer chains, which contributes to
the formation of initially smaller particles in aqueous medium. In our recent work on
the post-polymerization modification of poly(glutamic acid) with cationic amino acids,
hydrophobic amino acids, L-histidine, and D-glucosamine, the synthesized copolymers
formed nanoparticles of 200–400 nm in size, although they contained hydrophobic amino
acid in a lower amount (6–9 mol%) [51]. The smaller size in that case was explained by the
simultaneous presence of positively and negatively charged amino acids in the polypeptide
which favored the compaction of the polymer particle due to polyelectrolyte interaction.
Indeed, the formation of polypeptide complexes based on amphiphilic modified polylysine
and nucleic acid contributed to a significant compaction of polymer particles. Apart from
Trp-containing polymers, other polymers in complex with oligo-dT-dA form particles with
sizes ranging from 120 to 205 nm. The largest nanoparticles (230 and 250 nm) were formed
by polypeptides containing Trp, possessing the largest hydrophobic substituent in the
side chain.

In turn, the two-component delivery systems formed more compact nanoparticles of
90 to 200 nm compared to single-component formulations. Moreover, the encapsulation of
PTX and nucleic acid had a positive effect on the formation of narrowly dispersed particles.
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According to the literature data, the hydrodynamic diameter of peptide-based com-
plexes with siRNA ranges from 70 to 200 nm [62–64], but complexes of 400 and 600 nm
have also been reported [59,65]. In this respect, the polypeptide and siRNA complexes
obtained in this work are comparable with the majority of other peptide/siRNA complexes.

In addition, the morphology of the empty and PTX-loaded systems was evaluated by
transmission electron microscopy (TEM) for P[KK(Y)K(R)]-based particles (Figure 6). In
all cases, polypeptide particles represent nanospheres. The average diameter of empty PP,
PP@PTX, and PP@PTX+oligo-dT-dA systems based on the P[KK(Y)K(R)] was 156 ± 30,
153 ± 57, and 75 ± 25 nm, respectively. In all cases, the average diameter determined
by TEM was lower than their hydrodynamic diameter. For the encapsulated forms, the
average diameter in the dry state (TEM) was 30% less than the corresponding hydrodynamic
diameter (DLS), while for the empty nanoparticles it was twice as low. This supports the
assumption made above that the empty nanoparticles are quite loose due to electrostatic
repulsion between the polymer chains within the particle. Compression during dehydration
is known to occur for soft nanomaterials [58,66,67]. PTX encapsulation decreases the
hydrodynamic diameter, while the average diameter in the dry state remains unchanged.
In turn, the loading of nucleic acid together with PTX significantly reduces both the
hydrodynamic diameter and the average diameter in the dry state.
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Figure 6. TEM images of empty PP (A), PP@PTX (B), and PP@PTX + oligo-dT-dA (C) based on the
P[KK(Y)K(R)] polypeptide. Scale bar is 200 nm; staining with uranyl acetate. In (B,C), the PTX load
was 50 µg/mg of polymer; the ratio of polypeptide/oligo-dT-dA in (C) was 12 (w/w).

3.2.4. Stability of Formulations

The storage stability of empty polypeptide particles and single- and dual-component
formulations was investigated by monitoring the hydrodynamic diameter using DLS
(Figure 7). All test systems were incubated at room temperature, maintained at 20 ◦C, and
the DH was measured at set intervals within 3 weeks. Empty and PTX-loaded polypeptide
particles showed the same trend: the hydrodynamic diameter of Arg-containing polymers
increased by 15–30%, while that of His-containing polypeptides decreased by about 50%.
This can be explained by the reorganization of the polypeptide chains and, as a consequence,
particles over time. At the same time, both oligo-dT-dA-loaded and dual-component
polypeptide particles were stable and did not change in size over time. This fact may
indicate a dense packing of these formulations stabilized simultaneously by hydrophobic
and polyelectrolyte interactions.
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Figure 7. Storage stability of empty nanoparticles, as well as single- and dual-component systems
based on P[KK(Y)K(R)] (A) and P[KK(Y)K(H)] (B) polypeptides, within 3 weeks at room temperature
(20 ◦C, pH 7.4).

In addition, the stability of single and dual-component systems was explored in the
presence of heparin which is a strong polyanion under a wide pH range. The concentrations
of heparin were varied from 0.15 IU, which is the physiological concentration in the
extracellular matrix, to 40 IU. As can be seen from Figure 8, among the Arg-containing
polypeptides, the strongest retention of nucleic acid was observed when Phe was used
as a hydrophobic moiety (P[KK(F)K(R)]). In this case, no displacement was detected for
either the single or dual-component systems at any concentration tested (Figure 8A,C).
In turn, for other hydrophobic amino acids, the displacement of oligo-dT-dA by heparin
was revealed for all other Arg-containing systems (Figure 8A). The loading of PTX to the
system stabilized the Val- and Tyr-containing nanoparticles, increasing the stability of these
delivery systems, and did not affect the Ile-containing system (Figure 8A,C).
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Figure 8. Heparin displacement test (agarose gel electrophoresis): (A) PP@oligo-dT-dA based
on Arg-containing polypeptides; (B) PP@oligo-dT-dA based on His-containing polypeptides;
(C) PP@PTX+oligo-dT-dA based on Arg-containing polypeptides; (D) PP@PTX+oligo-dT-dA based
on His-containing polypeptides. The concentration of heparin was varied from 0 to 40 IU. In the case
of Arg-containing polypeptides besides P[KK(I)K(R)], the polypeptide/oligo-dT-dA ratio was 12;
for P[KK(I)K(R)], it was 16. In the case of His-containing polypeptides besides P[KK(I)K(H)], the
polypeptide/oligo-dT-dA ratio was 16; for P[KK(I)K(H)], it was 20.
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For His-containing polypeptides, the displacement of oligo-dT-dA was observed for
all formulations at a heparin concentration of 40 IU except systems containing Val and Tyr
as hydrophobic amino acids (Figure 8B,D).

3.3. Drug Release and Mechanism Study
3.3.1. PTX

Considering that PTX loading and retention in the polypeptide particle are controlled
by hydrophobic interactions, the lipophilicity of the hydrophobic amino acid should in-
fluence the PTX release rate. According to published data [68,69], the lipophilicity of
the used amino acids is increased in the following order: Y < V < I < F < W (Table S1,
Supplementary Materials). Thus, tyrosine is the least lipophilic amino acid in the series,
while tryptophan is the most lipophilic one. The highest lipophilicity of tryptophan and
largest size-chain substituent contribute to the formation of the largest nanoparticles. Given
this, Trp-containing nanoparticles were excluded from the study as suboptimal. The PTX
formulations based on the polypeptides containing the less lipophilic (Y), intermediate (I),
and most lipophilic after tryptophan (F) amino acid were selected for the release study.
In addition, the release from Arg- and His-containing polypeptide delivery systems was
compared using the Phe-containing series (P[KK(F)K(R)] and P[KK(F)K(H)]). The release
of PTX was studied using model conditions (0.01 M PBS, pH 7.4, 37 ◦C). The profiles of the
cumulative release are shown in Figure 9A.

Pharmaceutics 2023, 15, x FOR PEER REVIEW 18 of 29 
 

 

for P[KK(I)K(R)], it was 16. In the case of His-containing polypeptides besides P[KK(I)K(H)], the 
polypeptide/oligo-dT-dA ratio was 16; for P[KK(I)K(H)], it was 20. 

For His-containing polypeptides, the displacement of oligo-dT-dA was observed for 
all formulations at a heparin concentration of 40 IU except systems containing Val and Tyr 
as hydrophobic amino acids (Figure 8B,D). 

3.3. Drug Release and Mechanism Study 
3.3.1. PTX 

Considering that PTX loading and retention in the polypeptide particle are controlled 
by hydrophobic interactions, the lipophilicity of the hydrophobic amino acid should in-
fluence the PTX release rate. According to published data [68,69], the lipophilicity of the 
used amino acids is increased in the following order: Y < V < I < F < W (Table S1, Supple-
mentary Materials). Thus, tyrosine is the least lipophilic amino acid in the series, while 
tryptophan is the most lipophilic one. The highest lipophilicity of tryptophan and largest 
size-chain substituent contribute to the formation of the largest nanoparticles. Given this, 
Trp-containing nanoparticles were excluded from the study as suboptimal. The PTX for-
mulations based on the polypeptides containing the less lipophilic (Y), intermediate (I), 
and most lipophilic after tryptophan (F) amino acid were selected for the release study. In 
addition, the release from Arg- and His-containing polypeptide delivery systems was 
compared using the Phe-containing series (P[KK(F)K(R)] and P[KK(F)K(H)]). The release 
of PTX was studied using model conditions (0.01 M PBS, pH 7.4, 37 °C). The profiles of 
the cumulative release are shown in Figure 9A. 

As may be supposed, the release rate was in agreement with the lipophilicity of the 
hydrophobic amino acid. The Tyr-containing system demonstrated the fastest PTX re-
lease, while the Phe-containing one indicated the slowest release. In particular, the release 
of PTX after two weeks was 16.8 ± 0.8, 13.9 ± 0.6, and 9.6 ± 0.5% for P[KK(Y)K(R)], 
P[KK(I)K(R)], and P[KK(F)K(R)], respectively. 

 
Figure 9. PTX release profiles from single (A) and double (B) component formulations (0.01 M PBS, 
pH 7.4, 37 °C). 

A similar release rate was observed by Hou et al. who studied the release from nano-
particles formed from amphiphilic peptides specific to colorectal cancer and PTX. In par-
ticular, 8 and 9% PTX release was detected after 50 h of incubation of the delivery systems 
in buffer and culture medium [70], respectively. Li et al. reported the release of PTX by 
37% for 70 h from an amphiphilic delivery system combining PEG-b-PLA and a PAMAM 

Figure 9. PTX release profiles from single (A) and double (B) component formulations (0.01 M PBS,
pH 7.4, 37 ◦C).

As may be supposed, the release rate was in agreement with the lipophilicity of the
hydrophobic amino acid. The Tyr-containing system demonstrated the fastest PTX release,
while the Phe-containing one indicated the slowest release. In particular, the release of PTX
after two weeks was 16.8 ± 0.8, 13.9 ± 0.6, and 9.6 ± 0.5% for P[KK(Y)K(R)], P[KK(I)K(R)],
and P[KK(F)K(R)], respectively.

A similar release rate was observed by Hou et al. who studied the release from
nanoparticles formed from amphiphilic peptides specific to colorectal cancer and PTX.
In particular, 8 and 9% PTX release was detected after 50 h of incubation of the delivery
systems in buffer and culture medium [70], respectively. Li et al. reported the release of
PTX by 37% for 70 h from an amphiphilic delivery system combining PEG-b-PLA and a
PAMAM dendrimer (G12) [71]. Thus, the nature and structure of the delivery system have
a significant influence on the rate of release.

In order to study the release of PTX from a dual-component formulation, the P[KK(Y)K
(R)] polypeptide was used as a delivery system. The Tyr-containing polypeptide was se-
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lected due to having the highest release rate from a single-component system observed
for this polymer. This fact allowed us to expect better detection of the effect of a small
double-stranded nucleic acid complexed with the polymeric carrier. Indeed, PTX release
from a delivery system containing PTX and oligo-dT-dA (physicochemical siRNA model)
was significantly decelerated (Figure 9B). An approximately two-fold decrease in PTX
release was detected within two weeks from such a system (7.2% from the dual-drug
system versus 16.8% from the single-drug system). This fact is explained by the addi-
tional polyelectrolyte compaction of the two-component delivery system compared to the
PTX-loaded one. This is in agreement with the hydrodynamic diameter of such systems:
205 nm for P[KK(Y)K(R)]@PTX and 130 nm for P[KK(Y)K(R)]@PTX+oligo-dT-dA. The
denser packing of polymer chains, in turn, slows down the diffusion of PTX from polypep-
tide particles.

The PTX release profiles obtained in this study were analyzed with the application
of standard mathematical models in order to ascertain the kinetic peculiarities of the dis-
solution mechanism [72]. It is well known that drug dissolution from polymer-based
formulations can be controlled by diffusion or affected by polymer relaxation. Approxi-
mation with different mathematical models was applied during the first 7 h and during
240 h of release (Table 3). One can observe that the release during the first 7 h is very
nicely approximated with nearly all models. The correlation coefficient is close to 1 in these
cases. However, this is not the case for whole release profiles approximations, which are
characterized by coefficients significantly below 1. The reason for this is likely the different
impact of diffusion and polymer relaxation on the early and late stages of release. Poor
fitting with the zero-order model shows that release is dependent on the drug concentration.
Notably, the Higuchi and Baker–Lonsdale models give better approximation results than
the Hixson–Crowell and Hopfenberg models. This might be explained by the greater
effect of diffusion on the release of the drug, in comparison with dissolution or particle
degradation [73].

Table 3. Correlation coefficients and dissolution model parameters obtained by mathematical mod-
elling of PTX release from various PP@PTX systems.

Model
Correlation

Coefficients and
Parameters

P[KK(F)K(R)]@PTX P[KK(I)K(R)]@PTX P[KK(F)K(H)]@PTX

7 h 240 h 7 h 240 h 7 h 240 h

Zero-order
F = k0* t

R2 0.9955 0.7281 0.9968 0.7945 0.9858 0.7826
k0 1.085 0.058 1.232 0.069 0.845 0.068

First-order
F = 100 * [1 − Exp(−k1 * t)]

R2 0.9960 0.7357 0.9974 0.8046 0.9872 0.7940
k1 7.5× 10−3 6.3× 10−4 9.7× 10−3 9.0× 10−4 8.7 × 10−3 7.5 × 10−4

Higuchi
F = kH * t0.5

R2 0.9957 0.8466 0.9915 0.8975 0.9991 0.9095
kH 2.345 0.871 2.625 1.184 1.883 0.983

Korsmeyer–Peppas
F = kKP * tn

R2 0.9966 0.9249 0.9963 0.9497 0.9992 0.9583
kKP 2.227 3.504 2.158 3.807 1.757 2.826
n 0.538 0.207 0.643 0.255 0.551 0.277

Hixon–Crowell
F = 100 * [1 − (1 − kHC * t)3]

R2 0.9960 0.7332 0.9973 0.8012 0.9867 0.7902
kHC 3.7× 10−3 2.0× 10−4 4.2× 10−3 2.9× 10−4 2.8 × 10−3 2.4 × 10−4

Hopfenberg
F = 100 * [1 − (1 − kHB * t)n]

R2 0.9963 0.7357 0.9975 0.8045 0.9871 0.7939
kHB 8.7× 10−5 5.1× 10−6 4.2× 10−4 3.9× 10−6 4.7 × 10−4 6.1 × 10−6

Baker–Lonsdale
3/2 * [1 − (1 − F/100)(2/3)] − F/100 = kBL * t

R2 0.9953 0.8497 0.9911 0.9011 0.9990 0.9129

kBL 9.4× 10−5 1.3× 10−5 11.2 ×
10−4 3.5× 10−5 6.0 × 10−5 1.7 × 10−5

Weibull
F = 100 * {1 − Exp[−((t − Ti)β)/α]}

R2 0.9990 0.9432 0.9987 0.9616 0.9992 0.9683
α 61.154 25.591 23.529 5.71 56.679 31.695
β 0.694 0.195 0.248 0.24 0.562 0.267

Gompertz
F = 100 * Exp{−α * Exp[−β * log(t)]}

R2 0.9910 0.9406 0.9904 0.9656 0.9979 0.9737
α 3.815 3.423 3.869 3.392 4.063 3.716
β 0.374 0.181 0.465 0.247 0.366 0.248

Peppas–Sahlin
F = k1 * tm + k2 * t(2*m)

R2 0.9979 0.9785 0.9974 0.9815 0.9993 0.9925
k1 1.654 3.115 1.546 3.290 1.789 2.256
k2 0.590 0.240 0.648 0.194 0.041 0.110
m 0.400 0.397 0.458 0.431 0.578 0.466

Figure S4 (Supplementary Materials) depicts the best-fitting models. The release
profiles were best-approximated with Korsmeyer–Peppas, Gomperz, Peppas–Sahlin, and
Weibull models (Table 3). According to n parameters evaluated from the Korsmeyer–Peppas



Pharmaceutics 2023, 15, 1308 20 of 29

model, the early stage of release (n > 0.5) is affected by polymer relaxation, which could
be a swelling of particles. At the same time, the whole curve approximation gives values
of the n parameter, which are around 0.2. Thus, one can consider Fickian diffusion as the
main mechanism of PTX release from the prepared particulate formulations.

The Gomperz model is usually useful for the description of soluble drug release with
an intermediate rate. The relatively good approximation of the 240-h release profile with
this model allows us to ascertain the obtained particulate formulations to such variants of
controlled-release systems. The α parameter describes the amount of unreleased drug at
time t = 1, and this parameter’s values are very close for all systems (see Table 3, values
for 240 h of release). At the same time, the β parameter describes the rate of dissolution,
whose values are equal (0.247 and 0.248) for P[KK(I)K(R)] and P[KK(F)K(H)], being a bit
smaller (0.181) for P[KK(F)K(R)].

The Peppas–Sahlin model appears to be the best model for the approximation of the
obtained experimental release profiles. This model takes into account the contribution of
both diffusion and relaxation and allows for the evaluation of the effect of these processes
by calculation of k1 and k2, which are constants showing the impact of diffusion and relax-
ation, correspondingly. The obtained results are in good correlation with the n parameter
values from the Korsemeyr–Peppas model. During the first 7 h of release, the k1 and k2
constants have comparable values, while for 240 h of release, the curve approximation k1 is
substantially greater than k2. This reveals the great role of diffusion in the release of PTX
from the obtained nanoparticles.

The Weibull model also showed a good fit for our release data. However, being an
empirical model, the parameters in the equations do not describe the mechanism of drug
release. The obtained α and β parameters only reflect the timescale and the shape of the
release curve. When β is below one, the release curve could be considered as parabolic,
which is typical for biphasic release kinetics [74].

Thus, it could be concluded that the release kinetics of PTX from the obtained par-
ticulate formulations are generally governed by diffusion, which is greatly affected by
polymer relaxation in the first 7 h and then becomes much slower than polymer relaxation
(Fickian diffusion).

In addition, the effect of oligo-dT-dA on the mechanism of PTX release was assessed.
The application of mathematical dissolution models showed that, similar to the results
shown above, PTX release alone or from formulations with oligo-dT-dA is better fitted
by diffusion-based models than with dissolution or degradation-based ones (Figure 10A).
However, the mechanism of this diffusion is different as is evident from results obtained
with the Korsmeyer–Peppas model application (Figure 10B). The n parameter value for
the PTX release alone during the first 7 h of release equals 0.8, which corresponds to the
non-Fickian diffusion of the drug. In such a regime, the relaxation and diffusion rates are
comparable. In the case of PTX release from the particles with co-encapsulated siRNA in
a physicochemical model, the n parameter was about 0.5, which shows that the release
of PTX is governed by Fickian diffusion; this means that diffusion is the rate-limiting
process. These results are in line with the data obtained from the Peppas–Sahlin model
application (Figure 10C). The k1 and k2 ratio shows the impact of diffusion and relaxation,
correspondingly, onto release mechanism. One can observe that in the case of PTX release
within the first 7 h, the k1 and k2 values possess a similar order of magnitude. The process
is affected both by diffusion and polymer relaxation. The whole 240-h release profile
modelling according to Peppas–Sahlin showed greater k1 values, which reveals the most
effect of diffusion in the overall release process. However, this is not so for PTX release from
particles with oligo-dT-dA. In this case, the release of PTX is affected more by diffusion
(k1) than by relaxation (k2) during both the first 7 h of release and also throughout the
whole 240 h of the studied release process. The observed effect of oligo-dT-dA on the
mechanism of PTX release is most probably due to electrostatic cross-linking of positively
charged moieties within the particles by the oligomeric nucleic acid, which results in a
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denser polymeric matrix of the particles and decelerates the drug diffusion on all stages of
release process.
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Figure 10. Effect of co-encapsulation of PTX and oligo-dT-dA on the mechanism of PTX release
from P[KK(Y)K(R)]-based delivery systems, evaluated with the application of various mathematical
modeling: (A) comparison of correlation coefficients of the regressions obtained with different models
for the release of PTX from single- and dual-component systems during 240 h; (B) effect of oligo-dT-
dA co-encapsulation on the n parameter evaluated from the Korsmeyer–Peppas model; (C) results
obtained by application of the Peppas–Sahlin model, where K1 is the impact of diffusion and K2 is
the impact of relaxation on the release mechanism.

Overall, there is no visible difference in mechanisms for the PTX release from single-
drug systems based on P[KK(F)K(R)], P[KK(I)K(R)], P[KK(Y)K(R)], and P[KK(F)K(H)].
However, the addition of the nucleic acid affected both the rate and mechanism of
PTX release.

3.3.2. Oligo-dT-dA

The study of the oligo-dT-dA release from single- and dual-component systems based
on P[KK(Y)K(R)] and P[KK(Y)K(H)] polypeptide was carried out under the same conditions
as for PTX. The monitoring of oligo-dT-dA release over a week revealed a practical absence
of free nucleic acid under model conditions (0.1 M PB, 37 ◦C). In all cases, oligo-dT-
dA release did not exceed 1% after one week of incubation. Presumably, the release
requires an interaction with a competing polyanion to displace the nucleic acid from the
complex with the polypeptide. The ability of a small double-stranded nucleic acid to be
displaced by a competing polyanion was demonstrated above (Section 3.2.4) in the heparin
displacement test.

3.4. Biological Evaluation
3.4.1. Cytotoxicity

The cytotoxicity of the developed polypeptide particles was examined by MTT-assay
for 72 h using normal (HEK 293T) and two cancer (HeLa, A549) cell lines. The results



Pharmaceutics 2023, 15, 1308 22 of 29

regarding the viability of the cells in the range of concentrations from 1 to 250 µg/mL
can be found in Figure S5 (Supplementary Materials). The summarized values of the
half-maximal inhibitory concentration (IC50) are presented in Table 4. It was found that all
systems were less toxic to normal cells and were significantly more toxic to cancer cells. This
effect is known [75]. For example, earlier it was reported that the IC50 for ε-poly(L-Lysine)
incubated with L929 cells (normal mouse fibroblast cells) was about 8 mg/mL [75,76]. In
turn, a reduction in normal L-02 cells’ (human fetal hepatocytes) viability by up to 40% was
observed for ε-poly(L-Lysine) at a concentration equal to 64 µg/mL [77]. At the same time,
in the HepG2 cell line (human liver cancer cells), the IC50 after 24 and 48 h of incubation
was 13.5 and 8.6 µg/mL, respectively [77]. Thus, it can be deduced that the IC50 value
significantly depends on the cell phenotype. In our case, cytotoxicity for cancer cells was
more pronounced for A549 compared to HeLa cells.

Table 4. Values of IC50 determined for various polypeptide particles incubated with normal (HEK 293)
and cancer (HeLa, A549) cells (MTT, 72 h).

Polypeptide Particles IC50 (µg/mL)
HEK 293T HeLa A549

P[KK(V)K(R)] - 71 ± 14 25 ± 3
P[KK(V)K(H)] 254 ± 44 92 ± 23 48 ± 6
P[KK(I)K(R)] - 57 ± 3 28 ± 4
P[KK(I)K(H)] 233 ± 48 83 ± 13 93 ± 9
P[KK(Y)K(R)] 134 ± 28 55 ± 12 47 ± 8
P[KK(Y)K(H)] 183 ± 16 55 ± 7 57 ± 13
P[KK(F)K(R)] - 88 ± 13 58 ± 9
P[KK(F)K(H)] 234 ± 38 118 ± 22 90 ± 18
P[KK(W)K(R)] 289 ± 88 - 69 ± 8
P[KK(W)K(H)] 306 ± 95 - 134 ± 19

A comparison of the cytotoxicity of Arg- and His-containing polypeptides allowed
for the conclusion that cytotoxicity was lower for the His-containing polypeptide particles.
This result is consistent with previously published data. For instance, Gorzkiewicz et al.
studied the cytotoxicity of Lys-, Arg-, and His-containing peptide dendrimers of the third
generation and found that the Lys-containing dendrimer was the most toxic (IC50≤ 3.5 µM),
while the His-containing dendrimer showed lower cytotoxicity (IC50 ~22.2–34.5 µM) to
human leukemia monocytic cells (THP1 and U-937) [78].

3.4.2. Inhibitory Effect of PTX

The A549 cell line was selected to study the inhibitory effect of PTX formulations.
As a positive control, free PTX (stock solution in DMSO) was examined together with
tested samples. According to published data, the IC50 for free PTX ranges between 1.1 and
8.5 ng/mL, depending on cell type [79–81]. In our case, the IC50 value determined for free
PTX was 5.1 ± 1.9 ng/mL (Table 5), which is consistent with literature data.

Table 5. Values of IC50 determined for various PTX-loaded polypeptide particles incubated with
cancer cells (A549 cell line, MTT, 72 h).

System IC50 (ng/mL)
A549

Free PTX 5.1 ± 1.9
P[KK(I)K(R)]@PTX 6.2 ± 2.3 *
P[KK(I)K(H)]@PTX 4.7 ± 0.5 *
P[KK(Y)K(R)]@PTX 4.9 ± 1.5 *
P[KK(Y)K(H)]@PTX 4.4 ± 0.6 *
P[KK(F)K(H)]@PTX 5.6 ± 1.2 *
P[KK(W)K(H)]@PTX 4.5 ± 1.6 *

* the difference with control (free PTX) were non-significant (p ≥ 0.05).
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The IC50 values determined for the PTX polypeptide-based formulations under study
are summarized in Table 5. Certain dose–response curves can also be found in Figure S6
(Supplementary Materials). The IC50 values established for PTX polypeptide-based delivery
systems were very close to each other (about 4.5–6.2 ng/mL), which is probably due to
their similar nature and structure of nanoparticles. Moreover, the obtained formulations
showed an IC50 close to free PTX, indicating that the required amount of drug was released
during the testing period (72 h). In general, the results obtained in this study are similar to
those of the previously reported PTX delivery systems based on glycopolymers [48], other
polypeptide-based delivery systems [51], or PEGylated phospholipid microparticles [82].

3.4.3. Gene Silencing

GFP-expressing cells represent a convenient model to study siRNA-mediated gene
silencing because of the ease in direct detection of a biological effect [83,84]. In our case, a
human myelogenous leukemia cell line expressing GFP (K562/GFP) was used for evalua-
tion of the effectiveness of intracellular siRNA delivery and GFP gene silencing. With this
aim, the anti-GFP siRNA delivery systems were prepared using Arg-bearing (P[KK(X)K
(R)]) polypeptides containing hydrophobic amino acids with different lipophilicity, e.g.,
X = Tyr(Y), Val(V), Ile(I), or Phe(F). In addition to the Arg-containing polypeptide P[KK(Y)K
(R)], its His analog (P[KK(Y)K(H)]) was also involved for comparison. Two commercial
transfecting agents, GenJect-39 and GenJect-40, were used as positive controls in the study.
Non-treated cells were considered as a negative control.

First, the effectiveness of GFP gene silencing was analyzed by flow cytometry after
48 h coincubation of the anti-GFP siRNA delivery systems (100 nM siRNA) with K562/GFP
cells (Figure 11A,B). Both commercial transfecting agents showed the highest gene silencing
(83–85%). Among the tested polypeptide systems, P[KK(Y)K(R)]@siRNA provided the
best silencing of the GFP gene (56%), while the His-containing analog was less effective
(38%). The lowest efficiency was observed for the Ile-containing polypeptide (36%). In-
creasing the siRNA content from 100 to 200 nM favored the growth of transfection efficacy
(Figure 11B). In this case, the percentage of GFP-negative cells for P[KK(Y)K(R)]@siRNA
system was increased up to 70%, while for GenJect-40@siRNA it remained at the same level
(84%) (Figure 11B). A comparison of GFP silencing efficacy for polypeptides differing in
hydrophobic amino acids revealed a tendency for decreasing transfection with increasing
lipophilicity of the hydrophobic amino acid. Thus, the siRNA-mediated GFP silencing
with the Tyr-containing polypeptide system (P[KK(Y)K(R)]) was the highest (70%), while
transfection with the Phe-containing polypeptide system (P[KK(F)K(R)]) was the lowest
(38%). Most likely, this fact can be explained by the higher intraparticle stabilization due
to hydrophobic interactions provided by the more lipophilic amino acid. This, in turn,
may affect nucleic-acid release inside the cell due to competitive displacement. The as-
sumption made is supported by the results of the heparin displacement test (Figure 8A,C),
from which no oligo-dT-dA release was detected for the P[KK(F)K(R)] delivery system
even at the maximum heparin concentration (40 IU). Meanwhile, in the case of the Tyr-
containing polypeptide (P[KK(Y)K(R)]), displacement at the same concentration was ob-
served (Figure 8A,C).

In addition, the percentage of ubnormal cells was analyzed by flow cytometry after
the transfection experiment for tested and control systems (Figure 11A,C). The compari-
son of the percentage of ubnormal cells for commercial carriers and polypeptides using
100 nM anti-GFP siRNA revealed a lower percentage of ubnormal cells for all polypep-
tides. Increasing the amount of anti-GFP siRNA required the use of more polypeptide
(while maintaining a constant ratio between them), which in turn was accompanied by an
increase in the number of ubnormal cells. In that case, the percentage of ubnormal cells for
P[KK(Y)K(R)] approached that of commercial transfecting agents (Figure 11C).
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Figure 11. GFP silencing in K562/GFP cells after transfection with PP@anti-GFP siRNA (48 h): (A) the
results of analysis by flow cytometry; (B) total GFP knockdown (flow cytometry); (C) ubnormal cells
(flow cytometry); (D) GFP mRNA expression (RT PCR). The amount of anti-GFP siRNA used for the
study was 100 and 200 nM. The polypeptide/siRNA ratio was 12 for Arg-containing polypeptides
and 16 for His-containing ones. Complexes of GenJect-39 and GenJect-40 with anti-GFP siRNA were
prepared according to the protocol of the manufacturer. The differences with the positive control
(GenJect-39/GenJect-40) (B,D) and negative control (non-treated cells) (C) were significant with
p < 0.05 (*) and p < 0.005 (**).
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Alternatively, the effectiveness of GFP gene silencing was analyzed by RT PCR after
48 h coincubation of the anti-GFP siRNA delivery systems with K562/GFP cells. Figure 11D
shows the relative expression of GFP mRNA when different transfecting agents were
applied. In this case, the most effective polypeptide system was P[KK(Y)K(R)], whose
efficiency in the reduction in mRNA expression was comparable to commercially available
transfecting agents (about 65–75% reduction).

Thus, the developed polypeptide systems were capable of delivering siRNA inside the
cells and providing gene silencing, but the P[KK(Y)K(R)]-based system was found to be the
most effective. Moreover, in comparison with commercially available transfecting agents, it
demonstrated moderate cytotoxicity. At an siRNA concentration of 200 nM, P[KK(Y)K(R)]
showed transfection close to GenJect agents but with a lower percentage of ubnormal
cells. Furthermore, the developed polypeptide system is fully biodegradable to nontoxic
metabolites and can efficiently capture hydrophobic drugs simultaneously with siRNA for
their joint delivery.

4. Conclusions

In this study, a series of amphiphilic polypeptides with a molecular weight of about
20 kDa was synthesized by a combination of ring-opening polymerization and post-
polymerization modification. The main chain of the polypeptides consisted of lysine
units, while the side chains contained arginine/histidine and hydrophobic amino acid
residues. The particles formed by the polypeptides had a fairly large size (DH in the range
of 400–600 nm) and did not compact after PTX loading. In turn, the loading of short double-
stranded nucleic acid significantly contributed to the size reduction (down to 120–250 nm).
Varying the initial amount of PTX from 25 to 150 µg/mg of polymer ensured a 98–99% en-
capsulation efficiency and was accompanied by an increase in nanoparticle size at loadings
over 50 µg/mg of polypeptide. The optimal polypeptide/siRNA ratio for Arg-containing
polypeptides was 12, while for His-containing polypeptides it was 16. At these ratios, a
total loading of siRNA was achieved. Co-loading PTX and nucleic acid resulted in the
smallest compositions (90–200 nm) that were stable for at least 3 weeks at room temper-
ature and in the presence of an extracellular physiological heparin concentration. The
co-encapsulation of small double-stranded nucleic acid and PTX contributed to a decrease
in the rate of cytostatic drug release. The formed empty polypeptide nanoparticles showed
less cytotoxicity for normal cells (HEK 293T) and more for cancer cells (HeLa and A549).
Both single-component formulations showed corresponding biological activity. All tested
PTX formulations revealed the cell inhibitory effect (IC50 4.5–6.2 ng/mL) comparable to free
PTX (IC50 5.1 ng/mL). At the same time, only one polypeptide system containing Tyr and
Arg revealed the appropriate siRNA delivery (56–70% GFP knockdown) and gene silencing
close to commercial transfecting agents (65–85% GFP knockdown). The advantages of the
developed polypeptide systems are their total biodegradability to nontoxic metabolites
and ability to joint-load drugs of different natures such as hydrophobic drugs and siRNA.
However, among the considered polypeptides, P[KK(Y)K(R)]-based delivery systems can
be considered the most promising for further in vivo codelivery of cytostatic and gene
drugs due to the appropriate size of these delivery systems, their moderate cytotoxicity,
and the in vitro biological efficacy of both encapsulated PTX and siRNA. Given that the
loading of cytostatic drugs and siRNA is based on hydrophobic (in the case of PTX) and
electrostatic (in the case of siRNA) interactions, any hydrophobic drug and siRNA can be
successfully loaded into the developed systems.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics15041308/s1, Figure S1: 1H NMR spectra of P[K(Z)]
(A) and P[K] (B) (DMSO-d6 for (A) and D2O for (B), 25 ◦C); Figure S2: 1H NMR spectra of P[KK(F)]
(A), P[KK(V)] (B), P[KK(I)] (C), P[KK(Y)] (D) and P[KK(W)] (E) (DMSO-d6, 25 ◦C); Figure S3: 1H
NMR spectra of P[KK(Y)K(H)] (A), P[KK(Y)K(R)] (B), P[KK(I)K(H)] (C), P[KK(I)K(R)] (D) (DMSO-
d6, 25 ◦C); Figure S4: Best model fittings for PTX release from various polypeptide formulations
under study; Table S1: Lipophilicity of certain amino acids calculated from experimental results
elsewhere; Figure S5: Cell viability assay of various polypeptide particles using normal and cancer
cells (MTT, 72 h): (A)—HEK 293T, (B)—HeLa, and (C)—A549 cell lines; Figure S6: Dose–response
curves for free PTX (A) and certain of its polypeptide formulations (B–D): P[KK(I)K(H)]@PTX (B),
P[KK(Y)K(H)]@PTX (C), and P[KK(W)K(H)]@PTX (D).

Author Contributions: Conceptualization, A.D. and E.K.-V.; methodology, V.K.-V., E.G., S.S. and E.K.-
V.; formal analysis, A.D., E.G. and E.K.-V.; investigation, A.D., E.G., V.K.-V., N.Z. and E.K.; resources,
T.T., S.S. and E.K.-V.; data curation, A.D., E.G. and E.K.-V.; writing—original draft preparation, A.D.,
V.K.-V. and E.K.-V.; writing—review and editing, T.T. and E.K.-V.; visualization, A.D., V.K.-V. and
E.K.-V.; supervision, E.K.-V.; project administration, E.K.-V.; funding acquisition, E.K.-V. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation (grant number 21-73-20104).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available within the
article or its Supplementary Materials.

Acknowledgments: The Research Park of Saint-Petersburg State University is acknowledged for
the HPLC amino acid and PTX analysis (Chemical Analysis and Materials Research Centre), TEM
analysis (Centre for Molecular and Cell Technologies), and NMR spectroscopy (Magnetic Resonance
Research Centre).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kumar, K.; Vulugundam, G.; Jaiswal, P.K.; Shyamlal, B.R.K.; Chaudhary, S. Efficacious cellular codelivery of doxorubicin and

EGFP siRNA mediated by the composition of PLGA and PEI protected gold nanoparticles. Bioorg. Med. Chem. Lett. 2017,
27, 4288–4293. [CrossRef]

2. Yan, T.; Zhu, S.; Hui, W.; He, J.; Liu, Z.; Cheng, J. Chitosan based pH-responsive polymeric prodrug vector for enhanced tumor
targeted co-delivery of doxorubicin and siRNA. Carbohydr. Polym. 2020, 250, 116781. [CrossRef]

3. Hashemzadeh, H.; Raissi, H. Understanding loading, diffusion and releasing of Doxorubicin and Paclitaxel dual delivery in
graphene and graphene oxide carriers as highly efficient drug delivery systems. Appl. Surf. Sci. 2020, 500, 144220. [CrossRef]

4. Gibbens-Bandala, B.; Morales-Avila, E.; Ferro-Flores, G.; Santos-Cuevas, C.; Meléndez-Alafort, L.; Trujillo-Nolasco, M.; Ocampo-
García, B. 177Lu-Bombesin-PLGA (paclitaxel): A targeted controlled-release nanomedicine for bimodal therapy of breast cancer.
Mater. Sci. Eng. C 2019, 105, 110043. [CrossRef] [PubMed]

5. Yang, Y.; Huang, Z.; Li, J.; Mo, Z.; Huang, Y.; Ma, C.; Wang, W.; Pan, X.; Wu, C. PLGA Porous Microspheres Dry Powders for
Codelivery of Afatinib-Loaded Solid Lipid Nanoparticles and Paclitaxel: Novel Therapy for EGFR Tyrosine Kinase Inhibitors
Resistant Nonsmall Cell Lung Cancer. Adv. Healthc. Mater. 2019, 8, 1900965. [CrossRef] [PubMed]

6. Wan, X.; Beaudoin, J.J.; Vinod, N.; Min, Y.; Makita, N.; Bludau, H.; Jordan, R.; Wang, A.; Sokolsky, M.; Kabanov, A.V. Co-delivery
of paclitaxel and cisplatin in poly(2-oxazoline) polymeric micelles: Implications for drug loading, release, pharmacokinetics and
outcome of ovarian and breast cancer treatments. Biomaterials 2019, 192, 1–14. [CrossRef]

7. Shen, X.; Wang, Y.; Xi, L.; Su, F.; Li, S. Biocompatibility and paclitaxel/cisplatin dual-loading of nanotubes prepared from
poly(ethylene glycol)-polylactide-poly(ethylene glycol) triblock copolymers for combination cancer therapy. Saudi Pharm. J. 2019,
27, 1025–1035. [CrossRef] [PubMed]

8. Greco, F.; Vicent, M.J. Combination therapy: Opportunities and challenges for polymer-drug conjugates as anticancer
nanomedicines. Adv. Drug Deliv. Rev. 2009, 61, 1203–1213. [CrossRef] [PubMed]

9. Mo, R.; Jiang, T.; Gu, Z. Recent progress in multidrug delivery to cancer cells by liposomes. Nanomedicine 2014, 9, 1117–1120.
[CrossRef] [PubMed]

10. Saraswathy, M.; Gong, S. Recent developments in the co-delivery of siRNA and small molecule anticancer drugs for cancer
treatment. Mater. Today 2014, 17, 298–306. [CrossRef]

https://www.mdpi.com/article/10.3390/pharmaceutics15041308/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15041308/s1
https://doi.org/10.1016/j.bmcl.2017.08.037
https://doi.org/10.1016/j.carbpol.2020.116781
https://doi.org/10.1016/j.apsusc.2019.144220
https://doi.org/10.1016/j.msec.2019.110043
https://www.ncbi.nlm.nih.gov/pubmed/31546458
https://doi.org/10.1002/adhm.201900965
https://www.ncbi.nlm.nih.gov/pubmed/31664795
https://doi.org/10.1016/j.biomaterials.2018.10.032
https://doi.org/10.1016/j.jsps.2019.08.005
https://www.ncbi.nlm.nih.gov/pubmed/31997910
https://doi.org/10.1016/j.addr.2009.05.006
https://www.ncbi.nlm.nih.gov/pubmed/19699247
https://doi.org/10.2217/nnm.14.62
https://www.ncbi.nlm.nih.gov/pubmed/25118703
https://doi.org/10.1016/j.mattod.2014.05.002


Pharmaceutics 2023, 15, 1308 27 of 29

11. Leader, B.; Baca, Q.J.; Golan, D.E. Protein therapeutics: A summary and pharmacological classification. Nat. Rev. Drug Discov.
2008, 7, 21–39.

12. Subhan, M.A.; Torchilin, V.P. Efficient nanocarriers of siRNA therapeutics for cancer treatment. Transl. Res. 2019, 214, 62–91.
[CrossRef]

13. Pisal, D.S.; Kosloski, M.P.; Balu-Iyer, S.V. Delivery of therapeutic proteins. J. Pharm. Sci. 2010, 99, 2557–2575. [CrossRef]
14. Vermonden, T.; Censi, R.; Hennink, W.E. Hydrogels for Protein Delivery. Chem. Rev. 2012, 112, 2853–2888. [CrossRef] [PubMed]
15. Scott, A.M.; Wolchok, J.D.; Old, L.J. Antibody therapy of cancer. Nat. Rev. Cancer 2012, 12, 278–287. [CrossRef] [PubMed]
16. Mahtani, R.L.; Macdonald, J.S. Synergy between Cetuximab and Chemotherapy in Tumors of the Gastrointestinal Tract. Oncologist

2008, 13, 39–50. [CrossRef] [PubMed]
17. Slamon, D.J.; Leyland-Jones, B.; Shak, S.; Fuchs, H.; Paton, V.; Bajamonde, A.; Fleming, T.; Eiermann, W.; Wolter, J.; Pegram, M.;

et al. Use of Chemotherapy plus a Monoclonal Antibody against HER2 for Metastatic Breast Cancer That Overexpresses HER2.
N. Engl. J. Med. 2001, 344, 783–792. [CrossRef] [PubMed]

18. Ross, J.S.; Gray, K.; Gray, G.S.; Worland, P.J.; Rolfe, M. Anticancer Antibodies. Am. J. Clin. Pathol. 2003, 119, 472–485. [CrossRef]
19. Wedam, S.B.; Low, J.A.; Yang, S.X.; Chow, C.K.; Choyke, P.; Danforth, D.; Hewitt, S.M.; Berman, A.; Steinberg, S.M.; Liewehr, D.J.;

et al. Antiangiogenic and antitumor effects of bevacizumab in patients with inflammatory and locally advanced breast cancer. J.
Clin. Oncol. 2006, 24, 769–777. [CrossRef] [PubMed]

20. Zhou, X.; Chen, L.; Nie, W.; Wang, W.; Qin, M.; Mo, X.; Wang, H.; He, C. Dual-Responsive Mesoporous Silica Nanoparticles
Mediated Codelivery of Doxorubicin and Bcl-2 SiRNA for Targeted Treatment of Breast Cancer. J. Phys. Chem. C 2016,
120, 22375–22387. [CrossRef]

21. Yu, S.; Bi, X.; Yang, L.; Wu, S.; Yu, Y.; Jiang, B.; Zhang, A.; Lan, K.; Duan, S. Co-Delivery of Paclitaxel and PLK1-Targeted siRNA
Using Aptamer-Functionalized Cationic Liposome for Synergistic Anti-Breast Cancer Effects In Vivo. J. Biomed. Nanotechnol. 2019,
15, 1135–1148. [CrossRef] [PubMed]

22. Sun, T.-M.; Du, J.-Z.; Yao, Y.-D.; Mao, C.-Q.; Dou, S.; Huang, S.-Y.; Zhang, P.-Z.; Leong, K.W.; Song, E.-W.; Wang, J. Simultaneous
Delivery of siRNA and Paclitaxel via a “Two-in-One” Micelleplex Promotes Synergistic Tumor Suppression. ACS Nano 2011,
5, 1483–1494. [CrossRef]

23. Xiong, X.B.; Lavasanifar, A. Traceable multifunctional micellar nanocarriers for cancer-targeted co-delivery of MDR-1 siRNA and
doxorubicin. ACS Nano 2011, 5, 5202–5213. [CrossRef]

24. Patil, Y.B.; Swaminathan, S.K.; Sadhukha, T.; Ma, L.; Panyam, J. The use of nanoparticle-mediated targeted gene silencing and
drug delivery to overcome tumor drug resistance. Biomaterials 2010, 31, 358–365. [CrossRef] [PubMed]

25. Whitehead, K.A.; Langer, R.; Anderson, D.G. Knocking down barriers: Advances in siRNA delivery. Nat. Rev. Drug Discov. 2009,
8, 129–138. [CrossRef] [PubMed]

26. Lungwitz, U.; Breunig, M.; Blunk, T.; Göpferich, A. Polyethylenimine-based non-viral gene delivery systems. Eur. J. Pharm.
Biopharm. 2005, 60, 247–266.

27. Zhang, S.; Zhao, B.; Jiang, H.; Wang, B.; Ma, B. Cationic lipids and polymers mediated vectors for delivery of siRNA. J. Control.
Release 2007, 123, 1–10. [CrossRef]

28. Wu, Z.-W.; Chien, C.-T.; Liu, C.-Y.; Yan, J.-Y.; Lin, S.-Y. Recent progress in copolymer-mediated siRNA delivery. J. Drug Target.
2012, 20, 551–560. [CrossRef] [PubMed]

29. Alinejad, V.; Hossein Somi, M.; Baradaran, B.; Akbarzadeh, P.; Atyabi, F.; Kazerooni, H.; Samadi Kafil, H.; Aghebati Maleki, L.;
Siah Mansouri, H.; Yousefi, M. Co-delivery of IL17RB siRNA and doxorubicin by chitosan-based nanoparticles for enhanced
anticancer efficacy in breast cancer cells. Biomed. Pharmacother. 2016, 83, 229–240.

30. Biswas, S.; Deshpande, P.P.; Navarro, G.; Dodwadkar, N.S.; Torchilin, V.P. Lipid modified triblock PAMAM-based nanocarriers for
siRNA drug co-delivery. Biomaterials 2013, 34, 1289–1301. [CrossRef]

31. Zhu, C.; Jung, S.; Luo, S.; Meng, F.; Zhu, X.; Park, T.G.; Zhong, Z. Co-delivery of siRNA and paclitaxel into cancer cells by
biodegradable cationic micelles based on PDMAEMA-PCL-PDMAEMA triblock copolymers. Biomaterials 2010, 31, 2408–2416.
[CrossRef]

32. Chen, J.; Sun, X.; Shao, R.; Xu, Y.; Gao, J.; Liang, W. VEGF siRNA delivered by polycation liposome-encapsulated calcium
phosphate nanoparticles for tumor angiogenesis inhibition in breast cancer. Int. J. Nanomed. 2017, 12, 6075–6088. [CrossRef]
[PubMed]

33. Qi, R.; Liu, S.; Chen, J.; Xiao, H.; Yan, L.; Huang, Y.; Jing, X. Biodegradable copolymers with identical cationic segments and their
performance in siRNA delivery. J. Control. Release 2012, 159, 251–260. [CrossRef]

34. Cheng, D.; Cao, N.; Chen, J.; Yu, X.; Shuai, X. Multifunctional nanocarrier mediated co-delivery of doxorubicin and siRNA for
synergistic enhancement of glioma apoptosis in rat. Biomaterials 2012, 33, 1170–1179. [CrossRef] [PubMed]

35. Lv, S.; Li, M.; Tang, Z.; Song, W.; Sun, H.; Liu, H.; Chen, X. Doxorubicin-loaded amphiphilic polypeptide-based nanoparticles as
an efficient drug delivery system for cancer therapy. Acta Biomater. 2013, 9, 9330–9342. [CrossRef] [PubMed]

36. Gary, D.J.; Puri, N.; Won, Y.-Y. Polymer-based siRNA delivery: Perspectives on the fundamental and phenomenological
distinctions from polymer-based DNA delivery. J. Control. Release 2007, 121, 64–73. [CrossRef]

37. Zhang, Y.; Song, W.; Lu, Y.; Xu, Y.; Wang, C.; Yu, D.-G.; Kim, I. Recent Advances in Poly(α-L-glutamic acid)-Based Nanomaterials
for Drug Delivery. Biomolecules 2022, 12, 636. [CrossRef] [PubMed]

https://doi.org/10.1016/j.trsl.2019.07.006
https://doi.org/10.1002/jps.22054
https://doi.org/10.1021/cr200157d
https://www.ncbi.nlm.nih.gov/pubmed/22360637
https://doi.org/10.1038/nrc3236
https://www.ncbi.nlm.nih.gov/pubmed/22437872
https://doi.org/10.1634/theoncologist.2006-0049
https://www.ncbi.nlm.nih.gov/pubmed/18245011
https://doi.org/10.1056/NEJM200103153441101
https://www.ncbi.nlm.nih.gov/pubmed/11248153
https://doi.org/10.1309/Y6LPC0LR726L9DX9
https://doi.org/10.1200/JCO.2005.03.4645
https://www.ncbi.nlm.nih.gov/pubmed/16391297
https://doi.org/10.1021/acs.jpcc.6b06759
https://doi.org/10.1166/jbn.2019.2751
https://www.ncbi.nlm.nih.gov/pubmed/31072423
https://doi.org/10.1021/nn103349h
https://doi.org/10.1021/nn2013707
https://doi.org/10.1016/j.biomaterials.2009.09.048
https://www.ncbi.nlm.nih.gov/pubmed/19800114
https://doi.org/10.1038/nrd2742
https://www.ncbi.nlm.nih.gov/pubmed/19180106
https://doi.org/10.1016/j.jconrel.2007.07.016
https://doi.org/10.3109/1061186X.2012.699057
https://www.ncbi.nlm.nih.gov/pubmed/22758393
https://doi.org/10.1016/j.biomaterials.2012.10.024
https://doi.org/10.1016/j.biomaterials.2009.11.077
https://doi.org/10.2147/IJN.S142739
https://www.ncbi.nlm.nih.gov/pubmed/28860767
https://doi.org/10.1016/j.jconrel.2012.01.015
https://doi.org/10.1016/j.biomaterials.2011.10.057
https://www.ncbi.nlm.nih.gov/pubmed/22061491
https://doi.org/10.1016/j.actbio.2013.08.015
https://www.ncbi.nlm.nih.gov/pubmed/23958784
https://doi.org/10.1016/j.jconrel.2007.05.021
https://doi.org/10.3390/biom12050636
https://www.ncbi.nlm.nih.gov/pubmed/35625562


Pharmaceutics 2023, 15, 1308 28 of 29

38. Ge, F.; Jin, Z.; Song, P.; Li, W.; Zhu, L.; Zhang, W.; Tao, Y.; Gui, L. Amphiphilic polypeptide P23: Design, synthesis, self-assembly
and its encapsulation effect on doxorubicin. Mater. Res. Express 2019, 6, 115411. [CrossRef]

39. Wang, R.; Xu, N.; Du, F.-S.; Li, Z.-C. Facile control of the self-assembled structures of polylysines having pendent mannose groups
via pH and surfactant. Chem. Commun. 2010, 46, 3902–3904. [CrossRef]

40. Lozano, M.V.; Lollo, G.; Alonso-Nocelo, M.; Brea, J.; Vidal, A.; Torres, D.; Alonso, M.J. Polyarginine nanocapsules: A new platform
for intracellular drug delivery. J. Nanoparticle Res. 2013, 15, 1515. [CrossRef]

41. Iwasaki, T.; Tokuda, Y.; Kotake, A.; Okada, H.; Takeda, S.; Kawano, T.; Nakayama, Y. Cellular uptake and in vivo distribution of
polyhistidine peptides. J. Control. Release 2015, 210, 115–124. [CrossRef]

42. Osipova, O.; Zakharova, N.; Pyankov, I.; Egorova, A.; Kislova, A.; Lavrentieva, A.; Kiselev, A.; Tennikova, T.; Korzhikova-vlakh,
E. Amphiphilic pH-sensitive polypeptides for siRNA delivery. J. Drug Deliv. Sci. Technol. 2022, 69, 103135.

43. Korovkina, O.; Polyakov, D.; Korzhikov-Vlakh, V.; Korzhikova-Vlakh, E. Stimuli-Responsive Polypeptide Nanoparticles for
Enhanced DNA Delivery. Molecules 2022, 27, 8495. [CrossRef] [PubMed]

44. Klemm, P.; Solomun, J.I.; Rodewald, M.; Kuchenbrod, M.T.; Hänsch, V.G.; Richter, F.; Popp, J.; Hertweck, C.; Hoeppener, S.;
Bonduelle, C.; et al. Efficient Gene Delivery of Tailored Amphiphilic Polypeptides by Polyplex Surfing. Biomacromolecules 2022,
23, 4718–4733. [CrossRef] [PubMed]

45. Pilipenko, I.; Korovkina, O.; Gubina, N.; Ekimova, V.; Ishutinova, A.; Korzhikova-Vlakh, E.; Tennikova, T.; Korzhikov-Vlakh, V.
Random Copolymers of Lysine and Isoleucine for Efficient mRNA Delivery. Int. J. Mol. Sci. 2022, 23, 5363. [CrossRef] [PubMed]

46. Zhang, Y.; Zhou, Z.; Chen, M. The Length of Hydrophobic Chain in Amphiphilic Polypeptides Regulates the Efficiency of Gene
Delivery. Polymers 2018, 10, 379. [CrossRef] [PubMed]

47. Zashikhina, N.N.; Volokitina, M.V.; Korzhikov-Vlakh, V.A.; Tarasenko, I.I.; Lavrentieva, A.; Scheper, T.; Rühl, E.; Orlova, R.V.;
Tennikova, T.B.; Korzhikova-Vlakh, E.G. Self-assembled polypeptide nanoparticles for intracellular irinotecan delivery. Eur. J.
Pharm. Sci. 2017, 109, 1–12. [CrossRef]

48. Zashikhina, N.; Levit, M.; Dobrodumov, A.; Gladnev, S.; Lavrentieva, A.; Tennikova, T.; Korzhikova-Vlakh, E. Biocompatible
Nanoparticles Based on Amphiphilic Random Polypeptides and Glycopolymers as Drug Delivery Systems. Polymers 2022,
14, 1677. [CrossRef]

49. Xu, H.; Yao, Q.; Cai, C.; Gou, J.; Zhang, Y.; Zhong, H.; Tang, X. Amphiphilic poly(amino acid) based micelles applied to drug
delivery: The in vitro and in vivo challenges and the corresponding potential strategies. J. Control. Release 2015, 199, 84–97.

50. Osipova, O.; Sharoyko, V.; Zashikhina, N.; Zakharova, N.; Tennikova, T.; Urtti, A.; Korzhikova-Vlakh, E. Amphiphilic polypeptides
for VEGF siRNA delivery into retinal epithelial cells. Pharmaceutics 2020, 12, 39. [CrossRef]

51. Dzhuzha, A.Y.; Tarasenko, I.I.; Atanase, L.I.; Lavrentieva, A.; Korzhikova-Vlakh, E.G. Amphiphilic Polypeptides Obtained by the
Post-Polymerization Modification of Poly(Glutamic Acid) and Their Evaluation as Delivery Systems for Hydrophobic Drugs. Int.
J. Mol. Sci. 2023, 24, 1049. [CrossRef] [PubMed]

52. Mathematical models of drug release. In Strategies to Modify the Drug Release from Pharmaceutical Systems; Elsevier: Amsterdam,
The Netherlands, 2015; pp. 63–86.

53. Zhang, Y.; Huo, M.; Zhou, J.; Zou, A.; Li, W.; Yao, C.; Xie, S. DDSolver: An add-in program for modeling and comparison of drug
dissolution profiles. AAPS J. 2010, 12, 263–271. [CrossRef]

54. Jauhari, S.; Singh, S.; Dash, A.K. Paclitaxel. Profiles Drug Subst. Excipients Relat. Methodol. 2009, 34, 299–344.
55. Bernabeu, E.; Cagel, M.; Lagomarsino, E.; Moretton, M.; Chiappetta, D.A. Paclitaxel: What has been done and the challenges

remain ahead. Int. J. Pharm. 2017, 526, 474–495. [PubMed]
56. Gu, W.; Chen, J.; Patra, P.; Yang, X.; Gu, Q.; Wei, L.; Acker, J.P.; Kong, B. Nanoformulated water-soluble paclitaxel to enhance drug

efficacy and reduce hemolysis side effect. J. Biomater. Appl. 2017, 32, 66–73. [CrossRef] [PubMed]
57. Khalifa, A.M.; Elsheikh, M.A.; Khalifa, A.M.; Elnaggar, Y.S.R. Current strategies for different paclitaxel-loaded Nano-delivery

Systems towards therapeutic applications for ovarian carcinoma: A review article. J. Control. Release 2019, 311, 125–137. [CrossRef]
[PubMed]

58. Tarasenko, I.; Zashikhina, N.; Guryanov, I.; Volokitina, M.; Biondi, B.; Fiorucci, S.; Formaggio, F.; Tennikova, T.; Korzhikova-Vlakh,
E. Amphiphilic polypeptides with prolonged enzymatic stability for the preparation of self-assembled nanobiomaterials. RSC
Adv. 2018, 8, 34603–34613. [CrossRef]

59. Qiu, Y.; Clarke, M.; Wan, L.T.L.; Lo, J.C.K.; Mason, A.J.; Lam, J.K.W. Optimization of PEGylated KL4 Peptide for siRNA Delivery
with Improved Pulmonary Tolerance. Mol. Pharm. 2021, 18, 2218–2232. [CrossRef]

60. Sharma, M.; El-Sayed, N.S.; Do, H.; Parang, K.; Tiwari, R.K.; Aliabadi, H.M. Tumor-targeted delivery of siRNA using fatty
acyl-CGKRK peptide conjugates. Sci. Rep. 2017, 7, 6093. [CrossRef]

61. Svirina, A.; Terterov, I.; Klimenko, V.; Shmakov, S.; Knyazev, N.; Emelyanov, A.; Vysochinskaya, V.; Bogdanov, A. Influence
of electrostatic interactions on cell-penetrating peptide-small interfering RNA complex formation and intracellular delivery
efficiency. J. Phys. Conf. Ser. 2018, 1124, 031005. [CrossRef]

62. Sun, J.; Qiu, C.; Diao, Y.; Wei, W.; Jin, H.; Zheng, Y.; Wang, J.; Zhang, L.; Yang, Z. Delivery Pathway Regulation of 3′,3”-Bis-
Peptide-siRNA Conjugate via Nanocarrier Architecture Engineering. Mol. Ther. Nucleic Acids 2018, 10, 75–90. [CrossRef]

63. Porosk, L.; Arukuusk, P.; Põhako, K.; Kurrikoff, K.; Kiisholts, K.; Padari, K.; Pooga, M.; Langel, Ü. Enhancement of siRNA
transfection by the optimization of fatty acid length and histidine content in the CPP. Biomater. Sci. 2019, 7, 4363–4374. [CrossRef]
[PubMed]

https://doi.org/10.1088/2053-1591/ab50a6
https://doi.org/10.1039/c002473b
https://doi.org/10.1007/s11051-013-1515-7
https://doi.org/10.1016/j.jconrel.2015.05.268
https://doi.org/10.3390/molecules27238495
https://www.ncbi.nlm.nih.gov/pubmed/36500587
https://doi.org/10.1021/acs.biomac.2c00919
https://www.ncbi.nlm.nih.gov/pubmed/36269943
https://doi.org/10.3390/ijms23105363
https://www.ncbi.nlm.nih.gov/pubmed/35628177
https://doi.org/10.3390/polym10040379
https://www.ncbi.nlm.nih.gov/pubmed/30966414
https://doi.org/10.1016/j.ejps.2017.07.022
https://doi.org/10.3390/polym14091677
https://doi.org/10.3390/pharmaceutics12010039
https://doi.org/10.3390/ijms24021049
https://www.ncbi.nlm.nih.gov/pubmed/36674566
https://doi.org/10.1208/s12248-010-9185-1
https://www.ncbi.nlm.nih.gov/pubmed/28501439
https://doi.org/10.1177/0885328217708458
https://www.ncbi.nlm.nih.gov/pubmed/28504558
https://doi.org/10.1016/j.jconrel.2019.08.034
https://www.ncbi.nlm.nih.gov/pubmed/31476342
https://doi.org/10.1039/C8RA06324A
https://doi.org/10.1021/acs.molpharmaceut.0c01242
https://doi.org/10.1038/s41598-017-06381-y
https://doi.org/10.1088/1742-6596/1124/3/031005
https://doi.org/10.1016/j.omtn.2017.11.002
https://doi.org/10.1039/C9BM00688E
https://www.ncbi.nlm.nih.gov/pubmed/31411219


Pharmaceutics 2023, 15, 1308 29 of 29

64. Neuberg, P.; Wagner, A.; Remy, J.-S.; Kichler, A. Design and evaluation of ionizable peptide amphiphiles for siRNA delivery. Int.
J. Pharm. 2019, 566, 141–148. [CrossRef] [PubMed]

65. Cultrara, C.N.; Shah, S.; Antuono, G.; Heller, C.J.; Ramos, J.A.; Samuni, U.; Zilberberg, J.; Sabatino, D. Size Matters: Arginine-
Derived Peptides Targeting the PSMA Receptor Can Efficiently Complex but Not Transfect siRNA. Mol. Ther. Nucleic Acids 2019,
18, 863–870. [CrossRef] [PubMed]

66. Moughton, A.O.; Patterson, J.P.; O’Reilly, R.K. Reversible morphological switching of nanostructures in solution. Chem. Commun.
2011, 47, 355–357. [CrossRef] [PubMed]

67. Marsden, H.R.; Gabrielli, L.; Kros, A. Rapid preparation of polymersomes by a water addition/solvent evaporation method.
Polym. Chem. 2010, 1, 1512. [CrossRef]

68. Parker, J.M.R.; Guo, D.; Hodges, R.S. New hydrophilicity scale derived from high-performance liquid chromatography peptide
retention data: Correlation of predicted surface residues with antigenicity and x-ray-derived accessible sites. Biochemistry 1986,
25, 5425–5432. [CrossRef]
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