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ABSTRACT

The present study was aimed to prepare and examine in vitro novel dual-drug loaded delivery
systems. Biodegradable nanoparticles based on poly(L-glutamic acid-co-D-phenylalanine) were
used as nanocarriers for encapsulation of two drugs from the paclitaxel, irinotecan, and doxo-
rubicin series. The developed delivery systems were characterised with hydrodynamic diameters
less than 300nm (PDI < 0.3). High encapsulation efficiencies (>75%) were achieved for all sin-
gle- and dual-drug formulations. The release studies showed faster release at acidic pH, with the
release rate decreasing over time. The release patterns of the co-encapsulated forms of substan-
ces differed from those of the separately encapsulated drugs, suggesting differences in drug-
polymer interactions. The joint action of encapsulated drugs was analysed using the colon can-
cer cells, both for the dual-drug delivery sytems and a mixture of single-drug formulations. The
encapsulated forms of the drug combinations demonstrated comparable efficacy to the free
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forms, with the encapsulation enhancing solubility of the hydrophobic drug paclitaxel.

1. Introduction

Cancer is still an undefeated disease. Great efforts of
scientists from various fields are directed to this area,
however, only limited progress is observed. The major-
ity of drugs under development do not demonstrate
the expected therapeutic efficiency. Furthermore, most
of the failed cases in cancer therapy are due to cancer
chemoresistance (Hu et al., 2010). Drug resistance can
include different mechanisms such as alteration in sig-
nalling pathways and drug targets, the presence of
molecular efflux pumps, increased DNA repair proc-
esses and cell death inhibition (Housman et al. 2014,
Mansoori et al. 2017, Ghosh et al. 2019, Zhou et al.
2020).

Various strategies are used to overcome this draw-
back, and the most promising are the application of
delivery systems (Ambrosio Téllez et al. 2022,
Ambrosio et al. 2023) and synergistic combinations of
different therapeutics (Gadde 2015, Miao et al. 2017,
Pushpalatha et al. 2017). In current literature combina-
tions of such anti-tumour drugs as paclitaxel
(Katragadda et al. 2011), doxorubicin (Liu et al. 2019),
cisplatin (Mehnath et al. 2018), daunorubicin (Tardi
et al. 2009), floxuridine and irinotecan (Tardi et al.

2007) which non-specifically eliminate all rapidly divid-
ing cells, are discussed. However, combining drugs
can either reduce the required dose of chemotherapy
while maintaining high efficacy or cause side effects.
Overall, this approach is still far from being perfect
and requires considerable optimisation (Hu et al.
2010). In turn, delivery systems can increase the effect-
iveness of the drug due to the targeted transport to
affected cells by overcoming various biological barriers
to delivery, the preservation of the activity of the drug
molecule, the reduction of side effects, changes in bio-
distribution and increased efficacy compared to the
conventional drugs (El-Say and El-Sawy 2017, Patra
et al. 2018, Yao et al. 2020, Mitchell et al. 2021). Thus,
combining these two strategies into one system is
supposed to be another step in the development of
antitumor therapy. The co-delivery approach can be
based on joint administration of different single drug-
containing nanoparticles as well as multidrug-loaded
particles (Greco and Vicent 2009, Hu et al. 2010). In
the latter case, a uniformity of carriers defines the fea-
tures of systems such as a co-release.

Drug encapsulation can be achieved through phys-
ical encapsulation, chemical conjugation and

CONTACT Evgenia Korzhikova-Vlakh @ vlakh@hg.macro.ru, vliakh@mail.ru @ Institute of Macromolecular Compounds, Russian Academy of Sciences,

Bolshoy pr. 31, St. Petersburg 199004, Russia
© 2023 Informa UK Limited, trading as Taylor & Francis Group


http://crossmark.crossref.org/dialog/?doi=10.1080/02652048.2023.2270064&domain=pdf&date_stamp=2023-10-18
http://www.tandfonline.com
https://doi.org/10.1080/02652048.2023.2270064

2 N. ZASHIKHINA ET AL.

electrostatic interactions, depending on the chemical
nature of the drug molecule (lyer et al. 2013, Xu et al.
2015, Hu et al. 2016). Currently, this co-loading
approach is applied to systems such as liposomes
(Morton et al, 2014, Liu et al. 2019, Lin et al. 2019),
poly(lactic-co-glycolic acid)-based (PLGA) (Kolishetti
et al. 2010, Tian et al. 2017, Do et al. 2018) and poly-
caprolactone-based (PCL) particles (Milane et al. 2011),
polysaccharide (Xiao et al. 2015a, 2015b) and polypep-
tide-based nanoparticles (Zheng et al. 2013, Zhang
et al. 2016), PEG conjugate (Zhang et al. 2016), and
polyphosphazene-based multilayer ~ nanoparticles
(Mehnath et al. 2018). Many liposomal and polymeric
formulations are being investigated in the preclinical/
clinical studies. These co-encapsulated systems have
demonstrated a synergistic effect and increased effi-
ciency of the delivery system, resulting in significant
therapeutic outcomes both in vitro and in vivo. For
instance, a liposomal system combining PTX and DOX
was tested in the pre-clinical trials (Roque et al. 2021).
The combined system was found to be effective for
the treatment of breast cancer while exhibiting
reduced toxicity compared to the mixture of free
drugs. Recently, Pitchika et al. reported the develop-
ment of PTX and lapatinib (LPB) dual loaded chitosan-
coated PLGA nanoparticles to overcome multi-drug
resistance in breast cancer therapy (Pitchika and
Sahoo 2022). The co-delivery of PTX and LPB demon-
strated the most effective tumour growth reduction in
the BT-474/TR human breast tumour xenograft com-
pared to controls. Additionally, PTX and curcumin (Lin
et al. 2023), as well as DOX and vemurafenib
(D'Angelo et al. 2022) combined delivery systems
based on PEG-PLGA and PEG-poly(e-caprolactone),
respectively, have been recently developed to over-
come the cancer chemoresistance.

Among various polymers, polypeptides offer several
advantages for drug delivery (Gao et al. 2020,
Georgilis et al. 2020). They are biocompatible and bio-
degradable (Shah et al.,, 2012) and can be tailored by
adjusting their size, surface charge, and functionaliza-
tion to optimise drug delivery performance
(Zashikhina et al. 2017, Jacobs et al. 2019, Yang et al.
2022). They can exhibit stimuli-responsive behaviour,
triggering drug release in response to specific environ-
mental cues (He et al. 2012, Wang et al. 2021). Earlier,
it was shown that self-assembled polypeptide nano-
particles (NPs) can be used for the encapsulation of
anti-tumour drugs (Zashikhina et al. 2017, Zashikhina
et al. 2022). In particular, poly(L-glutamic acid-co-D-
phenylalanine) (P(Glu-co-DPhe)) is a biodegradable
polypeptide which, being amphiphilic, demonstrates

the ability to self-assemble in aqueous media into
spherical nanoparticles (Figure 1). The formed NPs are
stabilised by hydrophobic interactions between Phe
units inside the nanoparticles and possess carboxyl
groups on their surface. Being negatively charged,
they exhibit stability against aggregation, low cytotox-
icity, and a low rate of uptake by macrophages (ludin
et al. 2020).

In this study, we propose the use P(Glu-co-DPhe) as
delivery system for two different anti-tumour drugs
representing combinations of paclitaxel, irinotecan
and doxorubicin (Figure 2). These substances were
selected mostly as model chemotherapeutics based on
their physicochemical properties allowing us to inves-
tigate the main features of such systems, such as co-
encapsulation, release patterns and cytotoxic effect. It
is worth noting that the used combinations have
potential applications in the treatment of various can-
cer types, such as ovarian cancer, lung cancer, colorec-
tal cancer, breast cancer, and others. Encapsulation of
hydrophobic paclitaxel was accomplished through
hydrophobic interactions with the core of nanopar-
ticles, while the loading of irinotecan and doxorubicin
was achieved due to ionic interactions with the car-
boxylic groups of P(Glu-co-DPhe). The release rate and
the mechanisms of drug release were studied and
compared for the single and dual drug delivery sys-
tems. To study the drug dissolution mechanisms the
release profiles were analysed with a number of math-
ematical models. Furthermore, the biological activity
of free, encapsulated and co-encapsulated forms with
the use of colon cancer cells (HCT-116 cell line) was
investigated and a comparative analysis was car-
ried out.

2. Materials and methods
2.1. Materials

Triphosgene (98%), a-pinene (98%), hexylamine
(HexNH2, 99%), L-glutamic acid y-benzyl ester (>99%),
D-phenylalanine (D-Phe, >98%), trifluoroacetic acid
(TFA, 99%), trifluoromethanesulfonic acid (TFMSA,
98%) were purchased from Sigma-Aldrich GmbH
(Germany) and used as received. Doxorubicin hydro-
chloride (>99%), paclitaxel (>99.5%) and irinotecan
hydrochloride trihydrate (>98.5%) were purchased
from Bld Pharmatech (China). Solvents: N,N-dimethyl-
formamide (DMF), ethyl acetate, n-hexane, were prod-
uct of Vecton Ltd. (Russia) and distilled before use.
Dialysis membrane Zellu Trans Dialysis Tubes T2
with molecular weight cut-off (MWCQO) 3500 were pur-
chased from Scienova GmbH (Germany) and dialysis
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P(Glu-co-DPhe)

Figure 1. Scheme for preparation of self-assembled P(Glu-co-DPhe)-based nanoparticles (gradient phase inversion method from

DMF to water (dialysis)).

PTX

HO

Figure 2. Chemical structures of the anti-tumour substances used in the work: (a) paclitaxel (PTX), (b) doxorubicin (DOX), (c) irino-

tecan (Ir).

tubes GeBAflex Mini and Maxi (MWCO 3500) were the
product of Scienova GmbH (Germany).

Human colorectal cancer cells (HCT-116 cell line)
were purchased from ATCC (USA). HCT-116 cells were
cultivated in Dulbecco’s Modified Eagle’'s Medium
(DMEM, Biolot, Russia) supplemented with 10% (v/v)
fetal bovine serum (FBS) (Biowest, France), and 50 pg/
mL gentamicin (Biolot, Russia). Sulforhodamine B (SRB)
for cytotoxicity studies was purchased from Sigma-
Aldrich  (USA). LHC-9 medium was a product of
ThermoFisher Scientific, USA.

2.2. Synthesis and characterisation of polypeptide

Synthesis and characterisation of poly(L-glutamic acid-
co-D-phenylalanine) (P(Glu-co-DPhe)) were carried out
according to the previously published protocol
(Zashikhina et al, 2019). Briefly, to the solution of

mixed Glu(OBzl) and D-Phe N-carboxyanhydrides
(NCAs) in 1,4-dioxane (4% wt), n-hexylamine was
added. The molar ratio of Glu(OBzl)/D-Phe NCAs was
equal to 6, while the NCAs/initiator molar ratio was
100. The reaction was proceeded for 4days at 35°C.
The obtained polymer was precipitated with an excess
of diethyl ether, and the precipitate was washed three
times with diethyl ether, then dried.

The polymer molecular weights (M, and M,,) and
dispersity (D) were determined by size exclusion chro-
matography (SEC) using a Shimadzu LC-20
Prominence system equipped with a refractometric
RID 10-A detector (Kyoto, Japan). The analysis was per-
formed at 40°C using 0.1 M LiBr in DMF as eluent
(0.3 ml/min) and Styragel Column, HMW6E (7.8 mm X
300mm, 15-20um bead size, Waters, Milford, MS,
USA). Calculations were made using GPC LC Solutions
software (Shimadzu, Kyoto, Japan) and preliminary
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built calibration curve for poly(methyl methacrylate)
standards with M,, 17,000-250,000 (< 1.14).

The deprotection of the copolymer was achieved
using TFMSA/TFA mixture (1:10, v/v) at 25°C for 4h.
After removing of the protective groups, the copoly-
mer was precipitated with an excess of diethyl ether,
then dissolved in DMF and purified via dialysis (MWCO
1000) sequentially against water for 48, 1M NaCl for
24 h, and then again water for 48 h.

The composition of copolymers was calculated
from 'H NMR spectra. The spectra were recorded at
25°C in DMSO-dg¢ using a Bruker AC-400 NMR spec-
trometer (400 MHz) (Karlsruhe, Germany). For the cali-
bration of the chemical shift scale of the NMR spectra
the solvent peak at 2.52 ppm was used.

2.3. Preparation and characterisation of
encapsulated forms

Empty nanoparticles (NPs) were formed due to self-
assembly within the dialysis of polymer solution from
DMF to water (see Section 2.2). The hydrodynamic
characteristics of the nanoparticles (hydrodynamic
diameter Dy, polydispersity index (PDI), and the
C-potential) were analysed by dynamic light scattering
(DLS) using a Zetasizer Nano-ZS Malvern (UK)
equipped with a He-Ne laser at 633 nm at a scattering
angle of 173°and 25°C. For the storage of polymeric
materials, the particles were freeze-dried and kept
at 4°C.

Preparation of the encapsulated forms of the hydro-
phobic drug paclitaxel (PTX) was carried out (PTX/NPs)
as previously described (Levit et al. 2020). Briefly, 3 mL
of a mixture of copolymer and paclitaxel (Cyps=2 mg/
mL, Cprx=50ug/mL) in DMSO was freeze-dried, then
the precipitate was dispersed in H,O using the ultra-
sonic probe UP 50H Hielscher Ultrasonics (Teltow,
Germany). Unencapsulated paclitaxel was removed by
centrifugation for 5min at 3000 rpm. Thereafter, the
supernatant containing the particles was collected,
while the precipitate was dissolved in acetonitrile and
analysed by HPLC.

Paclitaxel was quantified by reverse phase HPLC
with UV detection (A =237 nm) using ZORBAX Eclipse
XDB-C18 column (4.6 x 150mm, 5um) from Agilent
(CA, USA). The flow rate of the mobile phase was
0.5mL/min, the volume of the injection loop was
20 uL. The analysis was performed under isocratic elu-
tion using 40% acetonitrile in deionised water (v/V).
The retention time of paclitaxel was 7.8 min.

In the case of the doxorubicin (DOX) and irinotecan
(I) encapsulation (Ir/NPs, DOX/NPs), an aliquot of a

drug solution (1 mg/mL) in a buffer solution of 2-(N-
morpholino)ethanesulfonic acid (MES, pH 6.0) was
added to the NPs’' suspension (2mg/mL). Then, the
mixture was dispersed under sonication and then left
overnight at 4°C for encapsulation and balancing the
system. Unbound drug (DOX or Ir) was removed by
dialysis using dialysis tubes with the 3500 MWCO
membrane for 20 h.

Unbounded Ir and DOX were quantified by reverse
phase HPLC with photometric detection at 356 and
480 nm, respectively, using the ZORBAX Eclipse XDB-
C18 column (4.6 x 150 mm, 5 um). The flow rate of the
mobile phase was 0.5 ml/min, the volume of the injec-
tion loop was 20 pL. The isocratic elution mode was
applied using the mixture of H3PO, solution (pH 3.0)
and acetonitrile (30:70, v/v). The retention times for Ir
and DOX of paclitaxel were 4.2 and 5.5min,
respectively.

The concentration of drugs was determined accord-
ing to a calibration curve preliminarily plotted using
solutions of the test substance in the concentration
range of 0.1-2.0 pg/mL.

Loading capacity (LC, pg/mg) and encapsulation
efficacy (EE, wt%) were calculated using following
equations:

mi— Mmyp

IC= —— (1)
Mmyp

= T Mo 100% 2)

mi
where m; is the initial mass of the drug taken for load-
ing (ug), my, is the mass of the unencapsulated drug
(ng), myp is the mass of nanoparticles taken for drug
loading (mg).

The system containing two amphiphilic bases
((Ir+ DOX)/NPs) was obtained by sequential addition of
individual substances, followed by dispersion after the
addition of each. For systems containing paclitaxel
((PTX+ DOX)/NPs and (PTX + Ir)/NPs), PTX was encapsu-
lated first, thereafter the resulting particles were dis-
persed in water and loaded with doxorubicin or
irinotecan according to the methods described above.
Encapsulation was carried out at a total load of substan-
ces ~25 pg/mg polymer, either at an equimolar ratio of
drugs or at the ratio of ICsp (grug 1)1Cso (drug 2 = 1.

The empty and drug-loaded nanoparticles were
analysed by transmission electron microscopy (TEM)
using a Jeol JEM-2100 transmission electron micro-
scope (Kyoto, Japan). To prepare the samples for
microscopy, the aqueous dispersions of polymer NPs
(0.5 mg/mL) were dropped at the surface of the 300-
mesh Cu grids covered with carbon and thin formvar
film; the grids were dried and treated with a 2% (w/v)



uranyl acetate solution for 30-60s, and after that left
in air for 24 h at 22°C. The calculation of the average
particles’ diameter from the TEM images was carried
out with the use of Image) open software (the
National Institute of Mental Health, Bethesda,
MD, USA).

2.4. Release study

Drug release was studied under model physiological
conditions (0.01 M PBS, pH 7.4 and 5.8, 37 °C). The dia-
lysis method was used to study the release as previ-
ously described (Zashikhina et al. 2021). Briefly, 0.7 mL
(inner solution) of NPs (2mg) in 0.01 M phosphate-
saline buffer (PBS) with pH 7.4 or 5.8 was placed into
a dialysis tube (MWCO 3500). The tube was placed in
20 mL PBS (external solution) and was shaken at 37 °C.
At predetermined time intervals, 4 mL of external solu-
tion was withdrawn for analysis and 4 mL of fresh PBS
was added. Since the concentration of drugs in the
withdrawn solution was extremely low for HPLC detec-
tion, the collected samples were lyophilised, then dis-
solved in 0.5mL of mobile phase, and analysed as
described above.

Mathematical dissolution models were applied for
analysis of drugs release profiles. The linearisation of
experimental release profiles was carried out with the
following dissolution models: zero-order, first-order,
Higuchi, Hixson-Crowell, Korsmeyer-Peppas, Baker-
Lonsdale, Hopfenberg, Weibull, Gompertz, and
Peppas-Sahlin (Bruschi 2015). The DDSolver add-in for
Microsoft Excel (freely available software which was
developed by Zhang Yong and colleagues from China
Pharmaceutical University (Zhang et al. 2010) was
used for this purpose. The correspondence of the
release profile to a particular mathematical model was
rated based on the values of the correlation coeffi-
cients. Various quantitative parameters of the models
were also evaluated to find out the peculiarities of the
drug release process.

2.5. Cell culture experiments

2.5.1. Cytotoxicity of NPs

The cytotoxicity of polymer NPs to normal cells was
tested in human embryonic kidney cells (HEK 293),
human retinal pigment epithelial cells (ARPE-19) and
human bronchial epithelial cells (BEAS-2B) using Cell
Titer-Blue (CTB) assay. HEK 293 and ARPE-19 were
cultivated in Dulbecco’s Modified Eagle’s Medium
(DMEM), while BEAS-2B was grown in LHC-9
medium; both media were supplemented with
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10vol% FBS and 1vol% gentamicin. For the assay,
100puL of a cell suspension in a culture medium
containing 8 x 10° of cells was added into each well
of a 96-well plate. The cells were cultured for 24h
in a humidified 5vol% CO, atmosphere at 37°C.
After that, the medium was replaced with 200 uL of
NPs dispersions in the culture medium (n=4). The
concentration of NPs was varied from 4 to 1000 pg/
mL. Cells were incubated for 72h and then the
medium was removed, and 100 uL of 10% CTB stock
solution in the culture medium was added per well.
Cells were incubated with reagent in a CO, incuba-
tor for 2h at 37°C. The resorufin fluorescence was
measured at 590nm. The obtained data were nor-
malised as a percentage of the control.

2.5.2. Inhibition of cancer cells

In the case of IC5q determination, the following single
drug nanoformulations have been tested: DOX/NPs
containing 23 ug DOX/mg of NPs, Ir/NPs containing
23ug Ir/mg of NPs, and PTX/NPs containing 21 g
PTX/mg of NPs. The concentration of drugs used for
testing was varied in the range of 0.01-5puM for DOX
(0.005-2.7 ug/mL), 0.08-110uM for Ir (0.05-65 pg/mL)
and 0.3-50nM for PTX (0.25-43 ng/mL). Testing of
dual drug delivery systems was carried out with the
use of following nanoformulations: (PTX -+ DOX)/NPs
containing 2.5 pg PTX and 23.4 ug DOX per mg of NPs,
(PTX+Ir)/NPs containing 54.7 ng PTX and 25.1ug Ir
per mg of NPs, and (Ir + DOX)/NPs containing 25.1 ug
Ir and 0.5 pug DOX per mg of NPs. The concentrations
of drugs were varied from 0.05 x IC5o to 10 x 1Cs,
namely 0.01-2puM for DOX, 0.325-65uM for Ir and
0.35-70 nM for PTX.

HCT-116 cell line from ATCC was cultivated in
DMEM supplemented with 10% FBS and 50pg/mL
gentamicin in all experiments. Cytotoxicity assay was
performed in 96-well plates according to standard SRB
protocol (Vichai and Kirtikara 2006) after 72 h of incu-
bation with cytostatic drugs. This method is an anti-
proliferative, metabolism independent assay and relies
on a total amount of cellular protein in treated sam-
ples. The higher the cytotoxicity the lower the cellular
protein abundance across the well after incubation
with a cytotoxic agent. Cells for an experiment were
seeded in a density of 5x 10% cells per well and then
the tested substances were added using the double
dilutions method. Then the plates were placed at
37°C and 5vol% CO, conditions for 72 h. After incuba-
tion cells were fixed in 10% TCA for 10min, then
washed in dH,O, and fixed cellular proteins stained
with 0.4% SRB in 1% acetic acid for 10min. Then



6 N. ZASHIKHINA ET AL.

samples were washed in 1% acetic acid (v/v), dried
and bound SRB was dissolved in 20mM Tris-OH.
Absorbance was measured at 570 nm using a Tecan
SPARK spectrophotometer (Tecan, Switzerland), and
cell viability was calculated as a ratio between tested
and control wells (n=3, outliers were detected and
eliminated using the ROUT method with Q=1% preci-
sion). The obtained data were normalised as a
percentage of the control. Then sigmoidal curves and
IC50 were constructed using GraphPad Prism software.

2.6. Statistical analysis

All data are presented as mean value+SD (n=3 for
physicochemical experiments; n=3-4 for biological
experiments). The average diameter of NPs from TEM
images was calculated as mean £ SD for the total num-
ber of analysed NPs equal to 15-30 per sample from
three-five images. 1Cso data for free drugs and their
encapsulated formulations were analysed by two-way
ANOVA using Instat GraphPad Software (San Diego,
CA, USA). p<0.05 was considered as statistically
significant.

3. Results and discussion

3.1. Preparation and characterisation of
encapsulated forms

The synthesis of P(Glu-co-DPhe) was performed via
ring-opening polymerisation (ROP) of a mixture of
o-amino acid NCAs as described in our previous
study (Zashikhina et al. 2019). The composition of
the synthesised copolymer was determined by 'H
NMR spectroscopy. According to calculations, the
resulting polypeptide had the following composition:
P((Glu(OBzl)4;-co-DPhe;;). The copolymer dispersity
(D) determined by SEC was low and equal to 1.33.
The hydrodynamic diameter and surface (-potential
of empty P(Glu-co-DPhe) nanoparticles in 0.01 M PBS,
pH 74, were 254+30nm and -—-43+2mV,
respectively.

In the first step of preparing the encapsulated
forms, the encapsulation of individual substances,
namely irinotecan (Ir), doxorubicin (DOX) and pacli-
taxel (PTX) was developed and optimised. The encap-
sulated forms of the PTX (Figure 3a), which is a
hydrophobic drug, were obtained by freeze-drying of
the solution of copolymer and paclitaxel in DMSO fol-
lowed by redispersion of the dried samples in aqueous
media (deionised water or PBS) with short-time ultra-
sonication. Freezing the solution allows for the separ-
ation of the drug and polymer aggregates by solvent

crystals. During freeze-drying, the hydrophobic drug
interacts with the hydrophobic fragment of the poly-
mer. Then as the solvent sublimates, the polymer
shrinks to form solid NPs with hydrophilic segments of
the polymer localised on the surface. When redis-
persed in an aqueous medium, NPs are stabilised by
the presence of a hydrophilic shell minimising the
energetically unfavourable contact of the hydrophobic
content with water. Unencapsulated PTX was sepa-
rated by ultracentrifugation.

The nanosystems obtained were characterised using
dynamic light scattering (DLS). The hydrodynamic size
(Dp), polydispersity index (PDI), and C(-potential of
empty particles, as well as encapsulated forms, are
presented in Table 1. The size of particles containing
encapsulated PTX was found to be smaller than that
of the empty particles. This reduction in size is prob-
ably caused by a compaction of the hydrophobic core
of NPs when paclitaxel is included in it.

For irinotecan (Ir) and doxorubicin (DOX) which are
amphiphilic bases, it is assumed that the binding with
the polymer carrier occurs through electrostatic inter-
actions. Initially, two techniques were tested for the
formation of encapsulated forms of Ir and DOX: (1)
the same technique applied for PTX and (2) a modi-
fied technique in which borate buffer solution (pH 9.4)
was added to the mixture. In the latter case, the inten-
tion was to bind HClI and convert the commercial
hydrochloride salts into their base forms. Both of these
approaches assumed encapsulation of the substances
through predominantly hydrophobic interactions, as in
the case of paclitaxel. However, in both cases, rela-
tively low encapsulation efficiency (<60%) was
achieved and, at the same time, strong particle aggre-
gation occurred.

To optimise the encapsulation protocol and achieve
a stable dispersion of the loaded particles, a third
technique was tested for encapsulating these substan-
ces (Figure 3b,c). In this approach, polymer nanopar-
ticles were initially formed in water, and then a
solution of a drug (Ir or DOX) in a MES buffer solution
(pH 6.0) was added. The mixture prepared was ultraso-
nicated and the unbound drug was removed by dialy-
sis. The calculated characteristics of the encapsulated
forms are presented in Table 1. High encapsulation
efficiency (EE) values (>79%) were achieved for both
systems. Moreover, the aqueous dispersions of the
obtained encapsulated systems exhibited physico-
chemical characteristics similar to those of the empty
nanoparticles (Table 1) and remained stable against
aggregation for at least one week. In comparison to
PTX, the encapsulation of doxorubicin and irinotecan
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Figure 3. Scheme for the preparation of encapsulated forms of individual drug substances: (a) paclitaxel (PTX/NPs), (b) doxorubi-
cin (DOX/NPs), (c) irinotecan (Ir/NPs), as well as co-encapsulated forms containing two substances: (d) irinotecan with doxorubicin
((Ir + DOX)/NPs), (e) paclitaxel with irinotecan ((PTX + Ir)/NPs) and (f) doxorubicin with paclitaxel ((DOX + PTX)/NPs).
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Table 1. Physicochemical characteristics of dispersions of empty nanoparticles and single-drug encapsu-
lated forms (determined in 0.01 M PBS, pH 7.4; n=3).

Nanoformulation LC (ug/mg of NPs) EE (%) DyP(nm) PDIP {-potential® (mV)
Empty NPs - - 254+3 0.20+0.02 —43+2
PTX/NPs 21+1 83+3 182+ 1 0.10+0.01 —30+2
Ir/NPs 23+1 79+3 250+ 4 0.20+0.02 —49+4
DOX/NPs 23+1 91+4 226+ 4 0.18+0.02 —48+4

LC: loading capacity; EE: encapsulation efficacy; Dy: hydrodynamic diameter; PDI: index of polydispersity; NPs: nanoparticles;
PTX: paclitaxel; Ir: irinotecan; DOX: doxorubicin.

Determined by.
2HPLC analysis.

PDynamic light scattering.
“Electrophoretic light scattering;.

Table 2. Physicochemical characteristics of dispersions of encapsulated dual-drug nanoformulations (determined

in 0.01 M PBS, pH 7.4; n=3).

Nanoformulation Drug LC* (ug/mg of NPs) EE (%) Dy (nm) PDIP {-potential® (mV)

(PTX+1r)/NPs PTX 11.4+£05 82+4 146 =1 0.10+0.01 —-32+£5
Ir 10.0+£0.2 91+2

(PTX + DOX)/NPs PTX 11.2£0.1 75+1 162+2 0.11+0.02 -36+4
DOX 9.0+0.1 88+2

(Ir + DOX)/NPs Ir 123+0.2 92+2 248 +4 0.19+0.02 —42+2
DOX 11.0+£0.3 95+3

LC: loading capacity; EE: encapsulation efficacy; Dy: hydrodynamic diameter; PDI: index of polydispersity; NPs: nanoparticles; PTX: pacli-

taxel; Ir: irinotecan; DOX: doxorubicin.
Determined by.

®HPLC analysis.

PDynamic light scattering.
“Electrophoretic light scattering.

did not affect the hydrodynamic diameter of the par-
ticles. A similar result for DOX-loaded polypeptide
nanogels consisting of block-copolymer with poly(glu-
tamic acid) as one of the blocks was observed else-
where (Desale et al. 2015).

At the next step, methods for co-encapsulation of
two drugs in one system were developed. A system
containing two amphiphilic bases (irinotecan and
doxorubicin) was obtained by sequentially adding
individual substances, followed by ultrasonic disper-
sion after the addition of each (Figure 3d). For the sys-
tems containing PTX, PTX was encapsulated first as
described earlier, followed by dispersing the formed
particles in water and encapsulation of doxorubicin or
irinotecan (Figure 3ef) according to the procedure
described above. Two substances were encapsulated
at an initial total loading of 25 nug/mg of the polymer
at an equimolar ratio of the two individual drugs. As
can be seen from Table 2, the co-encapsulation of
hydrophobic PTX and amphiphilic Ir/DOX demon-
strated the same trends as the loading of the single
drugs. In particular, the encapsulation efficiency for
hydrophobic PTX and ampbhiphilic Ir was lower than
for DOX. Furthermore, similar to single-drug encapsu-
lated systems, the dual-drug systems loaded with PTX
favoured the considerable compaction of the nanopar-
ticles (see Tables 1 and 2). Similar to the single-drug
encapsulation co-loading the amphiphilic drugs

(Ir+DOX) did not affect the hydrodynamic diameter
of the nanoparticles.

The hydrodynamic diameter of both single and
dual drug formulations did not exceed 250 nm with a
PDI of less than 0.2. Thus, the characteristics of the
obtained delivery systems are acceptable for paren-
teral administration meeting the criteria for soft nano-
materials with a Dy < 300nm (Williams et al. 2003,
Ferrari et al. 2018) and PDI < 0.3 (Xu et al. 2022).

Encapsulation efficacy depends on various factors,
including the nature of the polymer, reactive function-
ality, the type of NPs, the method for preparation of
formulation as well as the type of interaction between
drug and polymer. For example, lower encapsulation
efficiency for hydrophobic drugs has been observed in
the literature for other delivery systems. When co-
encapsulated in liposomes, high efficiency has been
described for amphiphilic bases such as DOX, Ir or epi-
rubicin (>70%), while for hydrophobic substance erlo-
tinib it was much lower (40%) (Morton et al. 2014,
Yang et al. 2014, Liu et al. 2019). In turn, when encap-
sulation was carried out in PLA or PLGA-based poly-
mer particles, loading depended on the composition
of the particle and the mixture being encapsulated.
For example, single-drug-loaded PLGA-based nanopar-
ticles allowed the encapsulation efficiency of over
80%, while the EE of co-loaded systems was markedly
decreased (35-50%) (Xiao et al. 2015a). The



encapsulation efficiency of hydrophobic  drugs
increased with an increase in the hydrophobicity of
the particles (Do et al. 2018).

In our study, similar to individual substances, dual-
drug loading also resulted in high encapsulation effi-
ciencies (the loading of both components was > 75%)
(Table 2). This suggests the involvement of different
mechanisms of interaction between the polymer and
the drug. Similar highly efficient co-loading was previ-
ously also observed in other studies. For example, the
co-encapsulation of hydrophobic 7-allylamino-17-
demethoxygeldanamycin (17-AAG) and paclitaxel in
mixed polymeric micelles were performed with an EE
of about 95% for PTX and 90% for 17-AAG
(Katragadda et al. 2011).

In addition, the obtained empty and some of the
drug loaded NPs were analysed by transmission elec-
tron microscopy (TEM). The TEM images (Figure 4),
revealed that all NPs have a spherical shape and
rather small sizes in the dry state. In particular, the
average diameter of empty nanoparticles in the dry
state was 65+ 19 nm. In turn, the average diameters of

o toE

(a)

(c)
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the single-loaded nanoformulations, namely PTX/NPs
and DOX/NPs, were 45+16 and 91+29nm for PTX,
respectively, and 85+15nm for the dual-drug
(PTX + DOX)/NPs formulation. The difference in hydro-
dynamic diameter and size in the dry state is known
for soft nanoparticles attributed to the presence of a
solvate shell and electrostatic repulsion for charged
polymers (Marsden et al. 2010, Moughton et al. 2011,
Zashikhina et al. 2019). Thus, the formed nanoparticles
are loose nanogels in an aqueous medium and under-
goes significant compaction upon drying.

3.2. Release study

One of the most important characteristics in the devel-
opment of drug delivery systems is the rate of the
encapsulated drug release, since the release patterns
determines their prolonged action. Drug release was
studied under model physiological conditions (0.01 M
PBS, 37°C), simulating the environment in the blood-
stream (pH 7.4), and the tumour microenvironment
(pH 5.8). The dialysis method was used to study the

(b)

(d)

Figure 4. TEM images of empty P(Glu-co-DPhe)-based nanoparticles, and single- and dual-drug nanoformulations (uranyl acetate
staining): empty NPs (a), DOX/NPs (b), PTX/NPs (c) and (DOX + PTX)/NPs (d).
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Figure 5. Cumulative release profiles of irinotecan (Ir; LC = 23 ug/mg of NPs) (a), doxorubicin (DOX; LC = 23 ug/mg of NPs) (b),
and paclitaxel (PTX; LC = 21 pg/mg of NPs) (c) from polymer particles based on P(Glu-co-DPhe). Conditions: 37 °C, 0.01 M PBS, pH

7.4 and 5.8.

release (Levit et al., 2018). The concentration of sub-
stances was determined by reverse phase HPLC with
UV or photometric detection (Section 2.3). The release
profiles of irinotecan, doxorubicin, and paclitaxel
under model conditions are shown in Figure 5.

In all cases, the most rapid release was observed
within 8 h of incubation. The results revealed a rather
faster release of drugs at a more acidic pH compared
to physiological one. Specifically, during the initial 8 h
at pH 5.8, 23 and 31% of the encapsulated irinotecan
and paclitaxel were released, respectively (Figure 5a,c).
For comparison, during the same period of time, at
pH 7.4 only 14% of Ir and 16% of PTX were released.
For the system containing doxorubicin, the slowest
release of the substance was observed: in the first 8 h
at pH 5.8, 11% of the encapsulated DOX was released,
while about 3% of the drug was released at pH 7.4
(Figure 5b). After this time, no further DOX release
was detected under model conditions.

The release rate significantly slowed down after
24 h of incubation. For instance, the release of irinote-
can increased from 22 to 27% when incubated from
24 to 72 h at pH 7.4, reaching a maximum and remain-
ing constant thereafter (up to 200h). Similar results
were obtained for this system at pH 5.8, however, the
release rate was higher with the release accumulating
from 32 to 40%. A similar trend was observed for PTX
- the release rate slowed down after 24 h of incuba-
tion. However, unlike amphiphilic bases, the gradual
release of PTX was occurred over a long period of
time, and even after 100 h of incubation a slow release
was observed. For example, the amount of paclitaxel
released from 25 to 250 h increased from 19 to 47% at
pH 7.4 and from 35 to 54% at pH 5.8. It is worth not-
ing that the release curves exhibit a similar trend for
both pH values starting from 100 h of the experiment.
This may be attributed to the fact that in the initial
hours of the experiment, the particle structure, which
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Figure 6. Cumulative release profiles of irinotecan (Ir), doxorubicin (DOX), and paclitaxel (PTX) from nanoparticles based on P(Glu-
co-DPhe), loaded with Ir+DOX (LCt = 23.3 ug/mg of NPs) (a), and DOX + PTX (LCt = 20.2 ug/mg of NPs) (b). Conditions: 37 °C,

0.01 M PBS, pH 7.4 and 5.8.

appears to differ at different pH, affects the release.
After the release of PTX from the surface layer, its
release is determined by hydrophobic interactions
with the hydrophobic core, which do not depend on
the acidity of the solution.

In general, the release patterns of individual sub-
stances from dual drug-loaded systems were similar to
those of systems containing one drug (Figure 6). In
particular, the release was faster at acidic pH.
However, several features are worth noting. For
instance, in the case of the delivery system containing
two amphiphilic bases (DOX and Ir), the release of iri-
notecan reached 100% within 200h (Figure 6a)
whereas in the system containing only irinotecan,
where the maximum amount of irinotecan released
was 40%. At the same time, the release of doxorubicin
from this system showed values similar to those of the
system containing individual doxorubicin. These
results suggest that the particle structure during co-
encapsulation differs from that of particles loaded
with individual drug. It can be assumed that in the
presence of a competing base (doxorubicin), irinote-
can binds less strongly to the polymer.

According to the literature, when Ir and DOX were
co-encapsulated in liposomes (Liu et al. 2019), the
release profile of both substances in PBS was almost
equal and achieved about 40% in 3days. This differ-
ence in the behaviour of the encapsulated substances
is apparently associated with a different interaction
with the nanocarrier. In the case of liposomes, the
drug is located in the inner water core of the lipo-
some, while in this research the retention of the

amphiphilic substances is based on ionic and hydro-
phobic interactions within the polymer matrix.

For the system containing co-encapsulated doxo-
rubicin and paclitaxel (Figure 6b), a slower release of
doxorubicin from particles was observed compared to
the system containing individual doxorubicin (Figure
6b). This feature may be attributed with a lower load-
ing of doxorubicin into such particles, and, as a result,
less amount of doxorubicin on the surface of the par-
ticles weakly retained due to the ionic interactions
with the polymer matrix. The release profile of pacli-
taxel was similar to that of the pure paclitaxel system;
however, slower release values were observed at the
same pH. This can probably due to the binding of
doxorubicin causes a change in the particle structure
and contributes to the changes in hydrophobic inter-
actions with the particle hydrophobic core. In addition,
it is worth mentioning that the influence of co-encap-
sulation with doxorubicin affects the release of PTX to
a greater extent at low pH value.

The release rate depends strongly on the drug and
carrier nature. As for the co-loaded liposome system,
amphiphilic base erlotinib, located in the exterior lipid
bilayer membrane compartment, was released faster
(60% in 24 h) than doxorubicin (20%), enclosed in the
hydrophilic core of the liposomes (PBS, pH 7.4, 37°Q)
(Batist et al. 2009). For dual-loaded PLGA-PEG-based
nanoparticles, hydrophobic PTX was observed to be
released sustainably over several days without burst
release at early time points at both pH 7.4 and 6.5.
The release profiles were similar for both pH, and the
systems do not appear to be greatly affected by pH,
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while PTX has been greater retained than lonidamine
(Milane et al. 2011). It was demonstrated that in 72h
100% of lonidamine have been released at both pH
7.4 and 6.5, whereas only 52% of PTX were released at
7.4 and 57% at pH 6.5. The co-encapsulated systems
also had similar release profiles as the single-loaded
ones (Milane et al. 2011).

In our study for all tested systems, the release rate
of drugs at a lower pH was faster, which will contrib-
ute to the accumulation of the drug in the tumour
site. It is assumed, that the release of drug molecules
in vivo will occur faster than in the considered model
experiment, which is associated with the effect of
plasma components that affect the destruction of the
particle, as well as the presence of enzymes that cata-
lyse the process of polypeptide degradation.

In order to analyse the mechanism of drugs release
from prepared formulations we have applied a num-
ber of mathematical models. Figure 7 presents the

comparison of correlation coefficients obtained by
approximation by the mathematical models and the
visualisation of the most important parameters.

The analysis of single-drug formulations showed
that the most controllable release is observed in the
case of PTX, which is the most hydrophobic drug
among the studied. The fitting was less successful for
more hydrophilic Ir, and the worst correlation coeffi-
cients were observed in the case of DOX release.
Correlation coefficients obtained by approximation of
release of PTX, Ir and DOX to Higuchi and Baker-
Lonsdale models were higher than those obtained by
approximation to Hixon-Crowell and Hopfenberg mod-
els (Figure 7a-c). Thus, drugs release from formula-
tions under study might be considered as diffusion-
controlled transport of drugs from spherical particles.
This is in good correlation with n parameters, obtained
from Korsmeyer-Peppas model (Figure 7d), the values
of which (0.10-0.34) allow to assume that Fickian
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diffusion is the mechanism, which controls the drug
release in the systems under investigation.
Considering the effect of pH one can observe that in
the case of PTX the release is more controllable at
neutral pH, while much better correlations were found
for the DOX release at pH 5.8. No effect of pH on cor-
relation coefficients was observed in the case of Ir
release modelling.

The reason for unsatisfactory approximation of DOX
release with all models could be the more compli-
cated mechanism of this drug release. It appears that
DOX transport within designed particles is affected by
strong drug-polymer interactions, which greatly
decrease the DOX diffusion coefficient.

Parametric models (Weibul, Gomperz, and Peppas-
Sahlin) showed very nice approximation to all drug
release profiles. Thus, the obtained parameters of
these models could be considered as relevant and
used for drug release mechanism analysis. Nearly all
release curves under study were well-fitted with the
Gomperz model, which describes the immediate
release of drugs with good solubility. The i parameter
obtained from this model expresses the dissolution
rate. This rate was found to be similar in the case of
PTX (0.57 and 0.51 at pH 7.4 and 5.8, respectively) and
Ir (0.39 and 0.53 at pH 7.4 and 5.8, respectively), but
was much less in the case of DOX (0.05 and 0.24 at
pH 7.4 and 5.8, respectively).

Of interest was the comparison of K; and K, param-
eters in the Peppas-Sahlin model, which are respon-
sible for diffusion and polymer relaxation impacts on
drug release, correspondingly (Bruschi 2015). One can
observe (Figure 7e/f) that in single-drug formulations
the diffusion (K;) had a greater influence on the drug
release than polymer relaxation (K5).

The Weibull model is not associated with any
mechanism of release but allows for evaluation of the
time dependence parameter o and release curve pro-
gression parameter . All § values were found to be
below 1, which indicates the high initial slope of the
exponential curve that is a characteristic of fast dis-
solving drugs. The time dependence parameter o was
found to be the greatest in the case of DOX release.
Interestingly, that this parameter was always less in
the case of pH 5.8 as compared to pH 7.4 (PTX: 14.6/

5.37; Ir: 11.41/5.71;, DOX: 45.30/15.60), which reveals
the more rapid release of all drugs at acidic
conditions.

The comparison of single-drug and dual-drug for-
mulations showed that correlation coefficients in the
latter case are significantly higher. This shows that the
release of a drug from particles containing another co-
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encapsulated drug is different from the release of a
single drug. In the case of Ir, the co-encapsulation
with DOX has led to a change of n parameter values
in the Korsmeyer-Peppas model (Figure 7d). It is
known that n values equal or below 0.45 are charac-
teristic for Fickian transport, when diffusion is slow
and determines the release process (Bruschi 2015).
When n is above 0.45, the process can be categorised
as non-Fickian diffusion, in which both diffusion and
polymer relaxation play their important roles. This
change of mechanism is also supported by similar val-
ues of K; and K, parameters derived from the Peppas-
Sahlin model (Figure 7ef). Such change of Ir release
mechanism could be explained by increasing of par-
ticles density caused by polymer-DOX-polymer interac-
tions within hydrophobic parts of macromolecules.
Such density growth leads in turn to the change of Ir
localisation within the particles. It appears that Ir is
pushed to more hydrophilic surface regions of the par-
ticles. As a result, more rapid Ir release occurs and this
process is affected by polymer relaxation, namely,
swelling of hydrophilic parts of macromolecules.

At the same time, no change of n parameter values
in the Korsmeyer-Peppas model was observed in the
case of more hydrophobic PTX and DOX release from
double-drug formulations. In these cases, the slow dif-
fusion takes place and determines the rate of release.
However, it is notable that release of these drugs
become more controllable in double-drug formula-
tions (Figure 7(a,c)). The possible reason for such
effect is the possible structuring and compactization
of polymer particles caused by the addition of the
low-molecular hydrophobic drug. Such structuring of
polymer molecules leads to more controllable diffu-
sion. The discussed effect is most evident in the case
of DOX release, when it was co-encapsulated with PTX
(Figure 7¢).

Overall, it could be concluded that the main mech-
anism of drug release from the designed nanoparticles
is diffusion. Co-encapsulation of two drugs results in
noticeable change of diffusion process. It could be
supposed that after such co-encapsulation more
hydrophobic drugs act as non-covalent cross-linkers,
leading to the increase of particles density with hydro-
phobic regions of the particles. In the case of more
hydrophilic drug (Ir) co-encapsulation with more
hydrophobic one (DOX) this leads to pushing of the
hydrophilic one out to the hydrophilic regions of the
particles. In such a variant release of hydrophilic drugs
began to be affected by polymer swelling. When more
hydrophobic drugs (DOX+ PTX) are co-encapsulated
together, such non-covalent cross-linking result in
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altering of drug diffusion rate and as a result of
release rate as well.

120 -

&

:

b

2
B
Hi-
[

e
D
HEpE
=

(o]
]
Lo

Cell viability, %
3

1 & HEK 293

48 i COARPE-19

20 ABEAS-2B
0

4 8§ 16 32 64 125 250 500 1000
Concentration of NPs, ng/mL

Figure 8. Viability of various normal cells in the presence of
P(Glu-co-DPhe) nanoparticles tested in the concentration range
of 4-1000 ng/mL (HEK 293: human embryonic kidney cells;
ARPE-19: human retinal pigment epithelial cells; BEAS-2B:
human bronchial epithelial cells; 72 h; n=4).
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3.3. In vitro biological evaluation

3.3.1. Cytotoxicity of NPs to normal cells

In vitro cytotoxicity of NPs was examined in the con-
centrtion range of 4-1000 pg/mL for 72h using a set
of normal cells such as HEK 293, ARPE-19 and BEAS-2B
(Figure 8). In all cases, cell viability exceeded 80% over
the entire concentration range. According to ISO EN
10993-5 protocol’s criteria, a cytotoxic effect is recog-
nised as a reduction in cell viability of more than 30%
(ISO 10993-5 2009, Podgérski et al. 2022). Thus, the
investigated NPs can be considered non-toxic to nor-
mal cells.

3.3.2. Cancer cells inhibition by single and dual-
drug formulations

In the first stage, in vitro anti-cancer activity of free
and encapsulated into the polymer particles antitumor
drugs - doxorubicin (DOX), irinotecan (Ir), and pacli-
taxel (PTX), was evaluated. Cytotoxicity was studied
using the HCT-116 colon cancer cell line, which is sen-
sitive to all three drugs studied. The incubation time
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Figure 9. Viability of the colon cancer cells (HCT-116 cell line) incubated with empty nanoparticles, as well as with free and
encapsulated drugs - doxorubicin (DOX; LC = 23 pg/mg of NPs) (a), irinotecan (Ir; LC = 23 ug/mg of NPs) (b) and paclitaxel (PTX;

LC = 21 pg/mg of NPs) (c) (72h, n=3).



was 72 h. The viability of cells in the presence of vari-
ous forms of anti-tumour drugs, as well as empty
nanoparticles at concentrations corresponding to the
concentration of particles of encapsulated forms, is
shown in Figure 9. The obtained IC5y values found for
the free substances and their encapsulated forms are
presented in Table 3.

No loss of the in vitro anti-cancer activity of the
drug due to its encapsulation was observed. Thus, the
IC50 values for the free and encapsulated forms of
anti-tumour drugs are almost the same (within the

Table 3. Cytotoxicity of free drugs and their single-drug
nanoformulations to colon cancer cells (HCT-116 cell line,
72h, n=3).

Sample ICs0”

DOX 0.12+0.06 uM
DOX/NPs 0.19£0.11 uM
Ir 548+£2.10 uM
It/NPs 6.49 +2.54 UM
PTX 8.19+2.54nM
PTX/NPs 6.95+0.72nM

NPs: nanoparticles; PTX: paclitaxel; Ir: irinotecan; DOX: doxorubicin.
aNo statistically significant difference was found for ICs, values of corre-
sponding free and encapsulated drug (0.05 < p <0.1).
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margin of error), while empty particles were found to
be non-toxic in all concentration ranges studied (up to
5mg/mL). The statistical analysis of 1Cso values for cor-
responding free and encapsulated drug revealed no
statistical significance in these values (0.05 < p < 0.1).

After that, to evaluate the joint action of drugs, the
cytotoxicity of the combination of two free drugs
(pairwise (DOX—+1r), (DOX+PTX) and (Ir+ PTX)) was
studied. For this, the concentration of one drug was
fixed, while the concentration of the second substance
was varied. Based on the data obtained, isobolograms
were plotted to assess the synergy or antagonism of
the selected pair (Roell et al. 2017) (Figure 10). The
(DOX +1Ir) combination exhibited a synergistic drug
effect, while a pair of PTX-containing anti-tumour
drugs ((Ir4+PTX) and (DOX + PTX)) showed antagonism
(Figure 10).

The joint action of two encapsulated drugs was
analysed both for a mixture of two single-drug formu-
lations (e.g. Ir/NPs -+ DOX/NPs), and for dual-drug co-
encapsulated system (e.g. (Ir+DOX)/NPs). In the first
case, particles were taken with the same drug loading
content, but in different proportions, so that the total

DOX-PTX IC, isobologram
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Figure 10. Isobolograms plotted for a combination of free chemotherapeutics (HCT-116 cells, 72 h): (a) irinotecan and doxorubicin
(Ir + DOX), (b) doxorubicin and paclitaxel (DOX + PTX), and (c) irinotecan and paclitaxel (Ir + PTX).
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Figure 11. Viability of the colon cancer cells (HCT-116 cell lines) incubated with various forms of combinations of anticancer sub-
stances (72h, n=3): (a) irinotecan and doxorubicin (Ir 4+ DOX), (b) doxorubicin and paclitaxel (DOX 4 PTX), and (c) irinotecan and

paclitaxel (Ir 4 PTX).

concentrations of substances in the mixture corre-
sponded to IC5o or multiples of 1Cso amounts. In the
case of dual-drug encapsulated systems, anti-tumour
drugs were encapsulated in one system in such a ratio
that their amounts in a particle were equal to the ratio
ICso (drug 1)/1Cso (drug 2). Viability of cells incubated
with different compositions and forms of anti-tumour
drugs are presented in Figure 11.

Combinations of doxorubicin  with irinotecan
(DOX +1r) and irinotecan with paclitaxel (Ir 4+ PTX) have
been shown to work equally well both in (co)encapsu-
lated and free forms. Furthermore, the encapsulation
smoothed antagonistic effected of Ir and PTX combin-
ation, and the possible reason for this fact is the delayed
release of PTX. For the combination of doxorubicin with
paclitaxel, the biological activity of (co)encapsulated
forms was slightly lower than for a mixture of free sub-
stances in the same ratios. However, encapsulated forms
significantly increase the solubility of the hydrophobic
paclitaxel and may increase its bioavailability.

4, Conclusions

Poly(L-glutamic acid-co-D-phenylalanine)-based nano-
particles possessed the required physicochemical char-
acteristics, the absence of cytotoxicity to normal cells
and the ability to encapsulate both hydrophobic sub-
stances and amphiphilic bases. The size of the (co)en-
capsulated forms meet the criteria of delivery systems
suitable for injections. An advantage of the developed
systems is enhanced drug release at weak acidic con-
ditions to provide pH-triggered release in tumours. In
addition, the presence of D-Phe-units in the copoly-
mer as well as the negative surface charge and soft
nature of the delivery systems will contribute to the
delayed blood clearance due to the increased resist-
ance of the polypeptide to enzymatic degradation,
opsonisation and uptake by macrophages. The preser-
vation of drug inhibition activity for the encapsulated
forms as well as sustained drug release may contribute
the improving of drug bioavailability, therapeutic effi-
cacy and overcome multidrug resistance.
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