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Introduction: Cancer chemotherapy faces two major challenges — high toxicity of active substances and tumor resistance to drugs.
Low toxic nanocarriers in combination with anticancer agents can significantly increase the effectiveness of therapy. Modern advances
in nanotechnology make it easy to create materials with the necessary physical and chemical properties.

Methods: Two hybrid nanosystems of dextran-polyacrylamide/ zinc oxide nanoparticles (D-PAA/ZnO NPs) were synthesized in
aqueous solution with zinc sulphate (D-PAA/ZnO NPs (SO,%)) and zinc acetate (D-PAA/ZnO NPs (-OAc)). The light absorption,
fluorescence, dynamic light scattering and transmission electron microscopy for nanocomposite characterization were used. MTT,
neutral red uptake and scratch assays were selected as fibroblasts cytotoxicity assays. Cytotoxicity was tested in vitro for normal
fibroblasts, MAEC, prostate (LNCaP, PC-3, DU-145) and breast (MDA-MB-231, MCF-7) cancer cells lines. Immunocytochemical
methods were used for detection of Ki-67, p53, Bcl-2, Bax, e-cadherin, N-cadherin and CD44 expression. Acridine orange was used to
detect morphological changes in cells.

Results: The radius of ZnO NPs (S0,%) was 1.5 nm and ZnO NPs (-OAc) was 2 nm. The nanosystems were low-toxic to fibroblasts,
MAEC. Cells in the last stages of apoptosis with the formation of apoptotic bodies were detected for all investigated cancer cell lines.
Proapoptotic proteins expression in cancer cells indicates an apoptotic death. Increased expression of E-cadherin and N-cadherin was
registered for cancer cells line LNCaP, PC-3, DU-145 and MCF-7 after 48 h incubation with D-PAA/ZnO NPs (SO42').
Conclusion: The nanosystems were low-toxic to fibroblasts, MAEC. The D-PAA/ZnO NPs nanosystem synthesized using zinc
sulphate demonstrates high cytotoxicity due to destruction of various types of cancer cells in vitro and potentially increases adhesion
between cells. Thus, our findings indicate the selective cytotoxicity of D-PAA/ZnO NPs against cancer cells and can be potentially
used for cancer treatment.
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Introduction

Nanotechnology in medicine is becoming a promising approach in antitumor therapy, which includes photodynamic
therapy, chemotherapy, radiation therapy, etc. The development of new nanotechnology-based anticancer agents is now
drawing considerable attention. An increasing number of studies have demonstrated that low concentrations of metal-
containing nanoparticles (NPs), including metal oxide NPs, can damage cancer cells, while their larger micrometer-sized
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counterparts are comparatively non-toxic.' ™ However, NPs can be toxic to both tumor and normal cells due to their non-
selective effects. To overcome these adverse effects, a multidisciplinary approach is needed in the study of nanosystems.’

Fundamental studies of participation of microelements in physiologically important processes allow understanding their
importance in maintaining homeostasis. Over a long period of time, little attention has been paid to zinc. This microelement
is involved in immune responses, cell cycle regulation, cell differentiation and proliferation, DNA and RNA synthesis and
repair, enzyme activity regulation, intercellular and intracellular signaling, and membrane stabilization, among other
functions.*™

Zinc oxide nanoparticles (ZnO NPs) are regarded as a potent agent for anticancer therapy since they are cytotoxic
against tumor cells. This cytotoxicity can be attributed to their ability to modify the activity of zinc-dependent proteins.
Zinc impacts the initiation and inhibition of apoptosis due to alterations in both intracellular and postcellular
concentrations.” ' ZnO NPs possess various properties, including electrostatic charge and surface chemistry activity,
that can be beneficial for anticancer treatment due to their antitumor cytotoxic actions.'? The electrostatic charge of NPs
is crucial, as electrostatic interactions between positively charged NPs and target cells play a significant role in cellular
adhesion and uptake."® The shape and morphology of NPs also present important parameters for their biomedical
applications.'* An advantage of applying ZnO NPs in cancer treatment is their preferential cytotoxicity against cancer
cells in vitro."> This selectivity towards cancer cells may be enhanced by engineering NPs to minimize detrimental
effects on normal cells, a phenomenon observed at high concentrations of ZnO NPs with sizes between 4-20 nm.'® An
increasing body of evidence suggests that certain types of cancer tumors are associated with a decrease in pH.'”"”® When
pH decreases, ZnO NPs release zinc ions, which locally increase their concentration.'®

Hypoxia and high glycolytic activity are common traits of solid tumors. These metabolic changes result in the excretion of
lactate and protons into the intercellular space. Combined with an underdeveloped vasculature, these conditions reduce the
environmental pH to 6.5-6.9, while the intracellular pH remains neutral or slightly alkaline. This situation creates an acid
gradient, which is not typical for normal tissues and prevents weak bases from penetrating tumor cells.'*2° Furthermore,
there’s a decrease in apoptotic potential, genetic changes, and activation of p-glycoprotein. P-glycoprotein acts as a drug
transporter and contributes to the multidrug resistance of cancer cells.?' It has been reported that ZnO NPs can kill cancer cells
through the induction of oxidative stress.”> The mechanisms of ZnO NPs cytotoxicity are not entirely understood, but the
generation of reactive oxygen species (ROS) seems to play a major role in promoting cell death.?*-*

The development of nanotechnologies allows for the creation of systems that deliver necessary biologically active
components into tissues. This approach enhances the effectiveness of drugs and reduces their toxicity.”> The creation of
drug delivery systems considers certain physiological characteristics of tumors. One such feature is the high hydrostatic
pressure of the interstitial fluid, which directs flow outward, causing the removal of therapeutic agents from tumor cells.”® The
heterogeneity of tumors serves as an additional barrier, restricting the diffusion of a drug throughout the tumor. The
effectiveness of chemotherapeutic agent carriers greatly depends on the physicochemical properties of NPs, including their
surface structure, charge, size, etc.”’ Polymer nanocarriers can be designed to be biocompatible, serving simultaneously as
a matrix for the synthesis of metallic nanoparticles (Me NPs) of specific sizes while preventing their aggregation.”**° The
macromolecular parameters and chemical nature of the polymer affect the biodistribution, pharmacokinetics, and therapeutic
properties of antitumor agents.** % Moreover, some polymers can confer extended half-lives to the drug delivery system and
enable prolonged drug desorption. The macromolecular structure of polymers determines their drug capacity and interaction
with target cells.* Combining ZnO NPs with such carriers expands the potential anticancer properties of nanocomposites
against tumors of varying aggressiveness and resistance to chemotherapy.”'

The aim of our research was to synthesize stable aqueous solutions of zinc oxide NPs from two precursors, zinc
acetate and zinc sulphate, within a branched dextran-polyacrylamide polymer matrix using the precipitation method. We
studied the physical characteristics of the obtained nanosystems through optical methods, dynamic light scattering, and
transmission electron microscopy. Additionally, we aimed to investigate the cytotoxicity of ZnO NPs-containing
nanosystems on prostate and breast cancer cell lines with distinct physiological features of intracellular zinc regulation.

Finally, we intended to determine the cytotoxicity of these nanosystems on normal cells.
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Materials and Methods

All chemicals utilized in the synthesis of hybrid nanosystems were purchased from Merck (Munich, Germany) and were
used without further purification unless explicitly stated otherwise.

Dextran-Graft-Polyacrylamide Macromolecular Parameters

The branched star-shape copolymer Dextran-graft-Polyacrylamide (D-PAA) was used as a nanocarrier and matrix for ZnO
NPs in synthesis. The D-PAA synthesis and peculiarities of polymer structure have been reported in detail previously.>® The
branched structure of D-PAA provides high stability of nanosystems prepared in these copolymer.”’-**2° In the present
research, we used a D-PAA copolymer with Dextran core (Mw=20-10> g'mol ') and average number of polyacrylamide
arms equal to 10, molecular characteristics of this polymer were: Mw = 9.5-10° g-mol ', and Mw/Mn = 1.62.

Synthesis of Dextran-Graft-Polyacrylamide/ZnO Nanoparticles

Two samples with different counter ions, D-PAA/ZnO NPs(-OAc) and D-PAA/ZnO NPs(SO,%), were prepared using the
precipitation method. Initially, 1 mL of a ZnSO, solution (0.1 mol'mL™") or 1 mL of a Zn(OAc), solution (0.1 mol'mL™")
was added to 5 mL of an aqueous D-PAA solution (10° g'mL™"). After 20 minutes, 2 mL of a sodium hydroxide solution
(0.1 mol'mL™") was added dropwise to the vigorously stirred D-PAA/ZnSO4 or D-PAA/Zn(OAc), mixtures. These
solutions were then continuously stirred at 50°C for 24 hours to yield D-PAA/ZnO NPs(-OAc) or D-PAA/ZnO
NPs(SO,%).

Optical Characterization

The light absorption spectra were recorded using a Cary 60 UV-VIS spectrophotometer (Agilent, Santa Clara, California,
USA). The fluorescence (FL) spectra were measured with a Shimadzu RF-6000 spectrofluorophotometer (Shimadzu,
Kyoto, Japan), using a wavelength of 250 nm for FL excitation. The solution samples were placed in a polished quartz
cell with dimensions of lecmx1cmx4cm. Both the absorption and FL spectra were measured at room temperature.

Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were performed using the NanoBrook Omni particle size analyzer
(Brookhaven Instruments, Holtsville, New York, USA), equipped with a 532 nm diode laser. The concentrations of
D-PAA, D-PAA/ZnO NPs(-OAc), and D-PAA/ZnO NPs(SO,>) solutions were adjusted by adding water to reach
a diluted regime (where D-PAA concentration was 10> g'mL ') in which the hydrodynamic radius of the D-PAA
macromolecule does not depend on the concentration. The light scattered was detected at a backscattering angle of 173°.
The samples were maintained at 25°C for 5 minutes to reach equilibrium. At least 10 correlation curves for each sample
were processed by an algorithm based on singular value decomposition (SVD) implemented in the Python 3.8 program-
ming language in order to evaluate the particle size distribution (PSD).

Transmission Electronic Microscopy

The observations of the ZnO NPs were carried out using a JEM 1000 (JEOL, Tokyo, Japan). For sample preparation,
copper grids with a plain carbon film (Elmo, Cordouan Technologies, Bordeaux, France) were used. A 5 pL drop of the
sample was deposited on the grid and allowed to adsorb for 1 minute; then, any excess solution was removed using
a piece of filter paper. Image processing and size measurements were carried out using ImageJ 1.4 software.

Cytotoxicity Assays Performed on Fibroblasts

Rat embryo skin served as the source of fibroblasts for the preparation of primary cell cultures, which were prepared
using trypsinization.”®~* Freshly isolated skin fragments were treated with 0.25% trypsin-EDTA (BioWest, Nuaille,
France) for 60 minutes at 37°C, mixed using a magnetic stirrer. The investigations was carried out in accordance with the
legislation in force in Ukraine, international ethical requirements and was not violate ethical norms in science and
standards for biomedical research (Committee on Ethics and Bioethics of the Kharkiv National Medical University,
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protocol #9 of November 3, 2021). After enzyme inactivation and filtration, the cells were washed with DMEM
(BioWest) and 10% fetal bovine serum (FBS, BioWest), then seeded in 25 cm? culture flasks (SPL, Pyeongtaek,
Republic of Korea) and harvested using 0.25% trypsin-EDTA. The study utilized cells that had undergone 3—4 passages.
These cells were incubated in 96-well plates with DMEM medium and 5% FBS for 24 hours at 37°C, with the addition of
ZnO NPs using a two-fold dilution method at concentrations ranging from 0.756 mM to 12.3 mM. Each concentration of
hybrid nanocomposites was represented by eight samples.

MTT, neutral red uptake, and scratch assays were selected to measure cytotoxicity. Additionally, the impact of
nanocomposites on the fibroblast monolayer was analyzed. Following the protocol of the MTT assay, after incubating
cells with nanocomposites in 96-well plates (SPL) containing 1x10* cells per well at 37°C and under 5% CO,, the medium
was discarded. Subsequently, 0.1 mL of culture medium and 15 plL of MTT were added for further incubation under 5%
CO, at 37°C for 180 minutes. The medium was supplemented with 100 pL of DMSO and SDS and incubated for an
additional hour at 37°C. Quantitative analysis involved measuring absorbance at 570 nm using a StatFax 303+ analyzer
(Awareness Technology, Palm City, Florida, USA). Numerical values were presented in optical density (OD) units.

For the neutral red uptake assay, fibroblasts were incubated with nanocomposites as previously described, then exposed
to 0.1 mL of culture media containing 0.003% neutral red dye for 3 hours under 5% carbon dioxide. After extracting the
neutral red dye with 0.1 mL of a solution containing 50% ethanol and 3% acetic acid, the absorbance at 570 nm was
measured using a StatFax 303+ analyzer (Awareness Technology). Numerical values were presented in OD units.

The scratch assay was employed to evaluate how nanocomposites alter cell motility. Fibroblasts, seeded in 24-well
plates (SPL) at a density of 15x10* cells per well, were incubated with nanocomposites as previously detailed. Prior to
this, a scratch of a fixed width was created in the monolayer using a pipette tip. Following incubation, images of the
monolayers were captured using a Delta Optical NIB 100 inverted microscope (Delta Optical, Warsaw, Poland) equipped
with a Sigeta MCMOS 3100 3.1MP camera. The width of the scratch was analyzed in five regions for each sample.
Numerical values were presented in millimeters.

In vitro Cytotoxicity for Cancer Cells

The studies were carried out on prostate cancer cells DU-145, PC-3, LNCaP, breast cancer cells MDA-MB-231, MCF-7,
and normal cells MAEC. Reference cultures were obtained from the cell bank of the R.E. Kavetsky Institute of
Experimental Pathology, Oncology, and Radiobiology, National Academy of Science of Ukraine. Cells were maintained
in plastic flasks (SPL) in DMEM (L0103, Biowest) supplemented with 10% fetal calf serum (Biowest) and 40 pg/mL
gentamicin (Merck). The cells were incubated at 37°C in a humidified atmosphere containing 5% CO,. D-PAA/ZnO NPs
were added to the incubation solution through double dilution within the concentration range of 0.05-0.000781 M and
left for 48 hours. The medium was replaced with fresh DMEM containing various concentrations of ZnO NPs. The
number of living cells was calculated photometrically after staining with crystal violet. The incubation medium was
removed, and 50 puL of a 0.5% solution of crystalline violet in 70% methanol was added to each well and left to stain for
10 minutes. The excess dye was washed off three times with water. The results were measured using a Labsystems
Multiskan PLUS spectrophotometer (Vantaa, Finland) at 540 nm. The relative change in the cell population was
calculated as follows:

CD = (1 - D—”m’”f> % 100%
control
where CD is the relative change in cell number, expressed as a percentage; Dgumpic 1S the absorbance at 540 nm of an
experimental sample; and Dcqpno) 1S the absorbance at 540 nm of a control sample. The obtained dose-response results
were processed in accordance with the Hill equation.*® The half-maximal effective concentration (EC50) was calculated
for future immunocytochemical investigations. Each experiment was repeated three times.

Acridine orange (Merck) was used to detect morphological changes in cancer cells. A 1 mg/mL stock solution was
prepared in 0.9% sodium chloride. Cancer cells were incubated for 24 hours with the half-maximal effective concentra-
tion (EC50) of D-PAA/ZnO NPs(SO4>). A working solution of acridine orange was prepared in saline solution, resulting
in a final dye concentration of 0.002 mg/mL. Cells were stained for 1 minute and then washed for 1 minute. Fluorescence
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studies were carried out using an Olympus BX53 microscope (Tokyo, Japan) with an XCite Series 120 Q luminescence
block and an Olympus DP72 camera. All samples were examined under the same conditions: exposure of 10 ms, a red-to
-green color ratio of 2:1 when recording luminescence, excitation with a blue light filter, and emission of green and red
light. At least 10 separate fields of view were photographed for each sample. Each experiment was repeated five times.

The expression of p53, Ki-67, Bcl-2, Bax, E-cadherin, N-cadherin, and CD44 was investigated using anti-p53, anti-Ki
-67, anti-Bcl-2, anti-Bax, anti-E-cadherin, anti-N-cadherin, and anti-CD44 antibodies, respectively (all from Merck). These
antibodies were diluted in blocking buffer. Cells were fixed in a 1:1 methanol to acetone mixture at —20 °C for 120 minutes.
After washing with phosphate-buffered saline (PBS), the cells were incubated with the aforementioned antibodies for
1 hour. The Ultra-Vision LP detection system (Thermo Scientific, Waltham, Massachusetts, USA) was used to detect bound
antibodies. Following another round of washing, the immune response was visualized using the DAB Quanto system
(Thermo Scientific). Protein expression was assessed using the H-score method, which is described as follows:

S=0-No(%)+ 1Ny (%) +2-No(%) + 3 N3 (%)

where S is the H-score index, N is the number unstained cells, Ny, N5, N3 are the numbers of cells with low, medium or
high levels of marker expression, respectively.”> The difference in protein expression was calculated according to the

equation:

Ssampl
D,% = (1 — P ) % 100%
control
Where D, % is a difference in protein expression, %; Sgampic 1S an H-score index for sample cells; Sqampic is an H-score

index for control cells.

Statistical Analysis
Statistical data processing was carried out using the one-way ANOVA Scheffe test (M£SD; p<0.05). Kruskal-Wallis and
Dunn’s tests were used to compare the cell cytotoxicity results using Graph Pad Prism 5.0 application (GraphPad,

Boston, Massachusetts, USA). The difference was statistically significant at p<0.05.

Results and Discussion
Dynamic Light Scattering (DLS) was employed to determine the size of nanoparticles. This method measures the
Brownian motion of nanoparticles and calculates their average size and the homogeneity of their size distribution.*®

The size characteristics of the synthesized nanosystems were obtained using DLS, as depicted in Figure 1. The
Particle Size Distribution (PSD) for the bare D-PAA polymer in solution indicated an average hydrodynamic radius (RH)
of 38 nm (Figure 1, blue line). For both types of D-PAA/ZnO NPs nanosystems, those containing ZnO NPs(SO4>) or
ZnO NPs(-OAc), three size fractions were observed in the PSD derived from DLS.

The first PSD peak indicates the presence of subnanometer NPs with sizes of 0.6 and 0.3 nm for the acetate and
sulfate precursors, respectively. This likely signifies that the RH derived from DLS is significantly underestimated,
particularly for D-PAA/ZnO NPs(SO,%). This underestimation for such small particles, coupled with the high scattering
angle of 6 = 173°, results in the breaking of the limit qR « 1, where R is the particle size and q is the scattering vector,
defined as q = 4z/Asinf. This limit is particularly crucial for particles with possible internal dynamics,>” which is
certainly the case for our system, as it includes polymer chains.

The second peak of PSD, located at 7 nm and 10 nm for D-PAA/ZnO NPs(SO4>) and D-PAA/ZnO NPs(-OAc)
respectively, corresponds to the ZnO NPs. The radii of the ZnO NPs obtained are in reasonable agreement with radii
derived from absorption data, which will be discussed further. As with the first peak, the RH value is shifted towards
larger sizes.

The third PSD peak, with RH > 240 nm, indicates an aggregation process, since free D-PAA macromolecules consist
of considerably smaller particles. It’s likely that the formation of zinc oxide NPs triggered the aggregation process in both
D-PAA/ZnO NPs(-OAc) and D-PAA/ZnO NPs(SO4>") nanosystems.
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Figure | Hydrodynamic radius (Ry) of dextran-polyacrylamide/ZnO NPs from zinc acetate (D-PAA/ZnO NPs(-OAc)), zinc sulphate (D-PAA/ZnO NPs(SO,%)) and bare
D-PAA.

The branched copolymer D-PAA stabilizes the NPs and prevents their aggregation. As a result, the synthesized

nanosystems included smaller ZnO NPs were much smaller compared to NPs produced by applying other methods.?' For

instance, ZnO NPs obtained through green synthesis methods typically have diameters around 100 nm,***°

40-42

while sol-gel
methods produce NPs ranging from 30 to 100 nm, and co-precipitation methods yield NPs varying from 50 to 140
nm.*** Many of these nanosystems included even large aggregates with size up to 200 nm.

In summary, our observations indicate that, for all three main size modes observed in the PSD, larger scatterers were
observed for D-PAA/ZnO NPs(-OAc) compared to D-PAA/ZnO NPs(SO4>).

Bulk ZnO is characterized by a wide direct band gap (3.4 eV) and a large exciton binding energy (60 meV), making it
suitable for UV optical applications.*> Moreover, due to the quantum confinement effect, the absorption and fluorescence
spectra of ZnO NPs exhibit a blue shift compared to those of bulk ZnO. Respectively, ZnO NPs are characterized by high
optical absorption in the UV region, ranging from 400 nm to 280 nm, depending on the size of the NPs.***” The
absorption and fluorescence spectra of ZnO NPs in solution can be utilized to determine their size based on the
wavelengths of the respective spectral peaks.

Figure 2a and b depict the absorption and fluorescence spectra of ZnO NPs in D-PAA/ZnO NPs(-OAc) and D-PAA/
ZnO NPs(SO,%) respectively. It is evident that the absorption spectra of both samples exhibit clear exciton absorption
peaks centered at 354 nm (corresponding to an energy of 3.5054 eV) for D-PAA/ZnO NPs(-OAc) and 349 nm
(corresponding to an energy of 3.5544 eV) for D-PAA/ZnO NPs(SO,%).

The exciton peaks were extracted from the absorption spectrum by fitting the spectra with basic Lorentzian peaks, as
shown in Figure 2a as dotted lines. Both peaks exhibit a blue shift relative to the corresponding peak in bulk ZnO (3.3
eV), with a shift of 0.20 eV for D-PAA/ZnO NPs(-OAc) and 0.25 eV for D-PAA/ZnO NPs(SO,%) nanosystems,
respectively. These observed shifts can be attributed to the quantum confinement effect, well-known for semiconductor
NPs. Based on the obtained blue shift values and considering the reference data*® on the size dependence of the exciton
absorption peak wavelength for ZnO NPs, the estimated radius of ZnO NPs in our samples is 2 nm for D-PAA/ZnO NPs
(-OAc) and 1.5 nm for D-PAA/ZnO NPs(SO4*) samples. Notably, the spectroscopically estimated sizes of ZnO NPs
agree well with those obtained from the DLS data, especially considering the limited accuracy of DLS for small particles
such as ZnO NPs.
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Figure 2 Normalized absorption (a) and fluorescence (b) spectra of ZnO NPs in water solution of dextran-polyacrylamide/ZnO NPs from zinc sulphate (D-PAA/ZnO
NPs(SO,4%)) — red line, zinc acetate (D-PAA/ZnO NPs(-OAc)) — blue line. The dotted lines in part (a) present the exciton absorption peaks extracted from the total spectra.
The spectra were measured at room temperature.

The ZnO NPs in the studied colloidal samples exhibit fluorescence with maxima at 363 nm for D-PAA/ZnO NPs
(-OAc) and 357 nm for D-PAA/ZnO NPs(SO4%) samples. Similar to the absorption peaks, the fluorescence (FL)
peaks of ZnO NPs in the samples are blue-shifted relative to the FL peak of exciton in bulk ZnO due to the
quantum confinement effect. Additionally, it can be observed that the FL peaks have a red Stokes shift from the
respective absorption peaks, namely 9 nm for D-PAA/ZnO NPs(-OAc) and 8 nm for D-PAA/ZnO NPs(SO4%). This
relatively small Stokes shift suggests a weak electron-phonon interaction in ZnO NPs. Furthermore, it is noteworthy
that there is a significantly more intense fluorescence of ZnO NPs in the D-PAA/ZnO NPs(SO4*-) nanosystem
compared to the D-PAA/ZnO NPs(-OAc) nanosystem. This could be attributed to two possible reasons. First, it may
be due to the quantum effect of increasing the probability of radiative exciton transitions with a decrease in NP
size. Second, it could be explained by a stronger aggregation process in D-PAA/ZnO NPs(-OAc), which could
quench the FL.

The size distributions obtained from TEM images consistently showed a mean radius value of 1.0+0.5 nm (Figure 3).
However, it is important to note that the absence of particles in some TEM images makes it challenging to directly
compare and evaluate differences between samples, primarily due to the significant degradation of the samples under the
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Figure 3 Transmission electron microscopy images and radii distributions of dextran-polyacrylamide/ZnO NPs from zinc sulphate (D-PAA/ZnO NPs(SOf’) (a), and zinc
acetate (D-PAA/ZnO NPs (-OAc) (b).
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electron beam. Nevertheless, the TEM images do reveal the presence of particle aggregates with sizes of approximately
10-20 nm, which are also observable through the DLS method.

In general, the analysis of TEM images supports the conclusions regarding the size and size distribution derived from
other measurement methods, providing further confirmation of the consistency in the observed particle characteristics.

Thus, proceeding from DLS and FL data, one can conclude that D-PAA/ZnO NPs(SO4>") nanosystem seems to be
more suitable for biomedical applications than D-PAA/ZnO NPs(-OAc) due to a smaller size of ZnO NPs and weaker
aggregation.

The selectivity of anticancer drugs has a great importance. Zinc oxide NPs have shown promising evidence of
inducing cancer cell death while having minimal negative effects on normal cells.**>° In our study, we investigated the
sensitivity of fibroblasts to D-PAA/ZnO NPs(-OAc) and D-PAA/ZnO NPs(SO,%). Microscopic examination revealed that
D-PAA/ZnO NPs(-OAc) did not cause any noticeable changes in the fibroblast monolayer even at the highest concentra-
tions. The number of cells, monolayer confluence, and adhesion remained unaffected (Figure 4).

The ability of ZnO NPs to penetrate the cell membrane, interact with proteins and DNA, and disrupt their functions
has been established in numerous studies. ZnO NPs induce the production of reactive oxygen species (ROS), leading to
oxidative stress, damage of the endoplasmic reticulum, and subsequent autophagy.>'->

Cell viability assays demonstrated that the survival of cells exposed to D-PAA/ZnO NPs(-OAc) was not compromised
(Figure 5). The scratch assays indicated normal mobility of fibroblasts. In contrast, D-PAA/ZnO NPs(SO,>) had a more
pronounced impact on fibroblasts. At the highest concentration used, D-PAA/ZnO NPs(SO4>) caused visible changes in
the fibroblast monolayer, including a reduction of the cells number and diminished confluence (Figure 4). The MTT assay
showed a reduction in cell viability, but this result was not supported by the neutral red uptake assay (Figure 5).
Importantly, D-PAA/ZnO NPs(SO,*) had a noticeable effect on the mobility of fibroblasts.

They statistically significantly reduced the functional activity of dermal fibroblasts at the concentrations of over 3.07
mM (Figures 6 and 7).

Our findings suggest that D-PAA/ZnO NPs(-OAc) exhibits lower toxicity against fibroblasts compared to D-PAA/ZnO
NPs(SO,%). This finding aligns with our hypothesis regarding the higher biomedical potential of the D-PAA/ZnO

Figure 4 Microscopy of fibroblast monolayers exposed to hybrid nanocomposites: (A) intact cells before incubation (day 0); (B) fibroblast non-exposed to nanocomposites
(day 1); (C) dermal fibroblasts exposed to 1.53 mM dextran-polyacrylamide/ZnO NPs from zinc acetate (D-PAA/ZnO NPs(-OAc)) nanocomposite; (D) cells treated with
12.3 mM D-PAA/ZnO NPs(-OAc) nanocomposite; (E) fibroblast monolayer incubated with 1.53 mM dextran-polyacrylamide/ZnO NPs from zinc sulphate (D-PAA/ZnO
NPs(SO,4%)) nanocomposite; (F) cells exposed to 12.3 mM D-PAA/ZnO NPs(SO,*) nanocomposite. Scale bar: 100 ym. D-PAA/ZnO NPs(SO4*) nanocomposite at the
concentration of 12.3 mM altered the cell morphology and monolayer confluence.
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Figure 7 Scratch assay demonstrates that exposure to dextran-polyacrylamide/ZnO NPs from zinc sulphate (D-PAA/ZnO NPs(SO,4>)) reduces the motility of fibroblasts at
concentrations 3.07 mM and above in contrast to D-PAA/ZnO NPs(-OAc): a representative control sample directly after scratching, 0 h (A); a representative control
sample, 24 h (B); a representative monolayer exposed to dextran-polyacrylamide/ZnO NPs from zinc acetate (D-PAA/ZnO NPs(-OAc)) at 12.3 mM, 24 h (C);
a representative monolayer exposed to D-PAA/ZnO NPs(SO42") at 12.3 mM, 24 h (D). Scale bar: 100 pm.

NPs(SO,%) nanosystem, as supported by DLS and FL data. Furthermore, we did not observe significant cytotoxicity of
either type of nanosystem against fibroblasts in vitro.

Previous studies have also investigated the cytotoxicity of zinc oxide nanoparticles on various cell types. For
instance, ovarian germ cells were found to be sensitive to 80 nm zinc oxide nanoparticles at a concentration of 30 mg/
mL, resulting in increased production of reactive oxygen species and alterations in germ cell markers.>> On the other
hand, subtoxic concentrations of ZnO NPs did not affect cytokine secretion and differentiation of human adipose
tissue-derived stromal cells.>* Toxic effects on isolated mice bone marrow mesenchymal stem cells were observed with
ZnO NPs of 6-8 nm in size, leading to mitochondrial and cytoskeletal disturbances and increased ROS generation at
concentrations above 20 mg/mL.>

The cytotoxicity of ZnO NPs is known to be dependent on their size. Murine fibroblasts exhibit higher sensitivity to
20 nm nanoparticles compared to those of 40 nm and 80 nm, with toxicity observed at 0.1 mM for 20 nm NPs and 1 mM
for 40 nm and 80 nm NPs, respectively.”® It should be noted that the ZnO NPs used in our study, incorporated within the
D-PAA nanosystems, were significantly smaller in size and exhibited lower cytotoxicity towards fibroblasts. This may be
attributed to the role of the carrier polymer in facilitating cell penetration, stabilizing the nanoparticles, and preventing
their direct interaction with intracellular targets. Additionally, the cytotoxicity is likely mediated by the release of Zn**
ions from the zinc oxide nanoparticles through chemical reactions triggered by pH decrease.'® Normal cells typically
maintain tight control over intracellular pH and homeostasis, which may explain the reduced cytotoxicity of the
nanosystems towards normal cells.

Zinc concentration in prostate cancer cells is approximately decreased at 10-25%.>” Zinc contain in prostate cancer
cells was significantly lower than in benign tumors and normal prostates.’® Breast cancer cells, on the contrary, tend to
accumulate zinc.”® The mechanisms of this phenomenon have not been fully elucidated. Nevertheless, zinc content is
a marker of the prostate and breast cancer. Thus, cell lines with different physiological features of regulation of zinc
concentration were used.

4830 https://doi.org/10.2147/1)N.S416046 International Journal of Nanomedicine 2023:18
DovePress


https://www.dovepress.com
https://www.dovepress.com

Dove Chumachenko et al

Previous studies have shown the lack of cytotoxicity of D-PAA polymers against various cell lines.®* %% The sensitivity of
prostate and breast cancer cells to D-PAA/ZnO NPs solutions was determined. Three distinct prostate cancer cell lines with
varying degrees of malignancy were used. LNCaP, DU-145 and PC-3 were low, intermediate and high degree of malignancy,
respectively. MDA-MB-231 and MCF-7 were breast cancer cells lines. The sensitivity of cancer cells to the influence of
different D-PAA/ZnO NPs concentrations was determined. The values of EC50 were calculated. The lowest sensitivity of
LNCaP cells to the ZnO NPs influence was revealed. EC50 of ZnO NPs for LNCaP was 2.81+0.14 mM, DU-145 —2.69+0.15
mM, PC-3 — 2.34+0.2 mM. Thus, with increasing malignancy of cells, their sensitivity to the nanocomposite increases. The
sensitivity of breast cancer cells to D-PAA/ZnO NPs was slightly higher. EC50 for MDA-MB-231 was 2.2+0.17 mM, and
MCE-7 — 2.21+0.14 mM. The D-PAA/ZnO NPs(-OAc) antitumor activity was lower compared to D-PAA/ZnO NPs(SO4>).
Antitumor efficiencies of these ZnO NPs are shown in Figure 8.

The maximum effect of ZnO NPs strongly depends on the cell type. The cell death rate was 80% for cells with low
and intermediate degrees of malignancy, and 50-60% for cells with high degrees of malignancy. The EC50 for D-PAA/
ZnO NPs(-OAc) increased approximately 10-fold to 18-25 mM (Table 1).

It is hypothesized that the cytotoxicity of the nanosystems was primarily caused by non-selective mechanisms, which
involve the release and accumulation of Zn*" ions. The D-PAA/ZnO NPs have a large surface area relative to their small
dimensions, attributed to the small size of the ZnO NPs (approximately 1-2 nm in radius) and their stabilization in the D-PAA
polymer matrix, which prevents aggregation. It results in the rapid accumulation of critical concentrations of Zn*" ions in the
cells, aided by the decrease of environmental pH and high lysosomal activity in the cancer cell.®>**

The nanosystems exhibited higher cytotoxicity against cancer cells in vitro compared to normal cells. Extensive
evidence suggests that nanoparticles (NPs) enter normal and cancer cells at different rates and accumulate in the
cytoplasm.®® The physiological characteristics of cancer cells contribute to increased plasma membrane permeability
for various compounds, which is necessary to sustain high levels of cancer cell metabolism. We assume that differences
in ZnO NPs cytotoxicity was determined by the metabolic activity of the cells. Similar studies have demonstrated
selective apoptosis inhibition in A549 lung cancer cells and reduced migration potential. HaCaT keratinocytes, on the
other hand, showed less toxicity from ZnO NPs at concentrations up to 20 mg/L.¢
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Figure 8 Survival of prostate cancer cell lines LNCaP (a), DU-145 (b), PC-3 (c), breast cancer MDA-MB-23| (d), MCF-7 (e) and normal cells MAEC (f) treated with
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Table 1 EC50 and Maximal Percentage of Cell Death in Prostate Cancer Cell Lines, Breast Cancer Cells, and Normal Cells Treated
with Dextran-Polyacrylamide/ZnO NPs Derived from Zinc Acetate (D-PAA/ZnO NPs(-OAc)) and Zinc Sulfate (D-PAA/ZnO
NPs(SO,%)) (Mean + SD)

Cells Line EC50 (mM) Maximal Percent Cell Death (for 50 mM [Zn])
D-PAA/ZnO NPs (SO,%) | D-PAA/ZnO NPs (-OAc) | D-PAA/ZnO NPs (S0,%) | D-PAA/ZnO NPs (-OAc)
LNCaP 2.81+0.14 17.3+0.14 99.0+2.3 97.6+2.8
DU-145 2.69+0.15 25.0+0.24* 99.0+2.5 82.8+3.2
PC-3 2.34+0.2 -b 97.0£3.3 55.0£3.1
MDA-MB-231 2.2+0.17 b 97.2+2.9 73.6%2.8
MCF-7 2.21+0.14 23.2+0.22* 97.5+2.9 86.0+3.3
MAEC = = 54.7+3.9 15.623.2

Notes: Prostate cancer cells line were LNCaP, DU-145, PC-3, breast cancer cells were MDA-MB-23 |, MCF-7, normal cells were MAEC. *EC50 is approximate due to lack of
close to 100% cell death; PEC50 can not be calculated.

The selective cytotoxicity of ZnO NPs on co-cultured C2C12 myoblastoma cells and 3T3-L1 adipocytes has been
described. Increased expression of proapoptotic proteins was observed in both cell types, but 3T3-L1 adipocytes exhibited
significantly lower sensitivity to ZnO NPs.%” Co-crystallized zinc oxide with tea polyphenol and epigallocatechin-3-gallate
has been shown to induce cell death in PC-3 prostate cancer cells while remaining non-toxic to WI-38 lung fibroblasts.®®

A high concentration of zinc can lead to protein denaturation.®”’® In response to this, cells undergo a series of
adaptive changes to repair the damage. However, if the damage is severe and cannot be repaired, the cells initiate
apoptosis. Some intracellular proteins may become unfolded or misfolded, forming protein aggregates. If the ubiquitin-
dependent systems fail to repair the damage, apoptosis is triggered.”'

In our previous studies, we analyzed expression changes of apoptosis and proliferation-associated markers, namely
p53, Ki-67, Bcl-2, and Bax, in prostate cancer cell lines LNCaP, DU-145, and PC-3.7* Upregulation of the pro-apoptotic
proteins p53 and Bax was demonstrated, while Bcl-2 and Ki-67 showed simultaneous downregulation. Similar results

were observed in breast cancer cells (Figure 9). After incubation with D-PAA/ZnO NPs, the expression of p53 increased
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Figure 10 Changing of morphology of prostate cancer cell lines LNCaP (a), DU-145 (b), PC-3 (c), breast cancer MDA-MB-231 (d), MCF-7 (e) and normal cells MAEC (f)
treated with dextran-polyacrylamide/ZnO NPs from zinc sulphate (D-PAA/ZnO NPs(SO,4%)). Right — control, left - incubation with EC50 D-PAA/ZnO NPs(SO,%) for 24
hours. (MAEC was incubated at 3 mM D-PAA/ZnO NPs(SO,>) that more then EC50 for cancer cells; staining with acridine Orange 0.002 mg/mL in saline for | min; arrows
show cells in the last stages of apoptosis).
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10-fold in MCF-7 cells and 2-fold in MDA-MB-231 cells. Additionally, the levels of Ki-67 and Bcl-2 were decreased in
MDA-MB-237 cells. However, no statistically significant expression changes of these proteins were found in MCF-7
cells. We think that the differential response to D-PAA/ZnO NPs is influenced by the physiological characteristics of
different cancer cell lines.

Morphological changes in cells were evaluated after 24 hours of incubation with D-PAA/ZnO NPs(SO,%"), which was
chosen for its higher cancer toxicity compared to D-PAA/ZnO NPs(-OAc). Figure 10 shows fluorescent images of cancer
cells stained with acridine orange. Control samples exhibited single spherical cells with no noticeable changes in nucleus
and cytoplasm size. However, incubation with D-PAA/ZnO NPs(SO,%) resulted in a significant increase of the spherical
cells number, where the nucleus occupied almost the entire cell. Cells in advanced stages of apoptosis with the formation
of apoptotic bodies were detected in all investigated cancer cell lines after the addition of D-PAA/ZnO NPs(S0,>)
(Figure 10, indicated by arrows).

Thus, the nanocomposite promotes apoptosis in prostate and breast cancer cells. However, other regulated cell death
modalities such as autophagy, necrosis, or ferroptosis cannot be excluded, given the significant regulatory role of ROS
signaling in these cell death modes. A decrease of adhesion of MDA-MB-231 cells to the surface during incubation with
nanocomposites was observed. The expression of E-cadherin, N-cadherin, and CD44 was investigated. MDA-MB-231
showed a 45% decrease of expression of E- and N-cadherins (Figure 11b).

In other cancer cell lines, the expression of these proteins increased to varying degrees. E-cadherin and N-cadherin
play important roles in intercellular adhesion as well as they are factors in contact inhibition of proliferation and
metastasis in advanced stages of cancer.”*”’* The functions of CD44 in cancer progression are controversial, as the
protein has many isoforms that serve as markers of oncological cell transformation.”® No statistically significant changes
of CD44 expression were detected in LNCaP and MDA-MB-231 cells, while it increased by 39.6% for PC-3 and
decreased by 50.9% for DU-145 and 32.4% for MCF-7 (Figure 11a and b). In general, it can be concluded that D-PAA/
ZnO NPs(SO4>) induce apoptosis and increase the expression of adhesion proteins. This may potentially reduce the
ability of tumors to metastasize and aid in their treatment. However, the data for MDA-MB-231 cells show the opposite
reaction with decreased adhesion. Therefore, further research is needed to elucidate the mechanism of action of D-PAA/
ZnO NPs(SO4%) on different types of cancer cells.

It should be noted, D-PAA/ZnO NPs obtained from ZnSO, are able to effectively eliminate various types of cancer
cells in vitro. In the future, it is necessary to determine the interaction mechanisms of these nanocomposites with normal
and cancer cells as well as their ability to targeted delivery of active components to tumors without influence on normal
tissues.
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Conclusion

Two hybrid nanosystems, D-PAA/ZnO NPs(SO,%) and D-PAA/ZnO NPs(-OAc), were synthesized using zinc sulphate
and zinc acetate as precursors, respectively. These nanosystems consist of zinc oxide nanoparticles (ZnO NPs) as the
cytotoxic agent and dextran-graft-polyacrylamide copolymer (D-PAA) as the nanocarrier. The radius of the ZnO NPs was
1-2 nm, which is much smaller than those obtained through green synthesis, sol-gel, and co-precipitation methods (which
typically have radii ranging from 15 to 50 nm). The D-PAA copolymer effectively stabilized the ZnO NPs, resulting in
small-sized nanoparticles (not exceeding 40 nm) and a low number of aggregates.

Both D-PAA/ZnO NPs(SO4>") and D-PAA/ZnO NPs(-OAc) demonstrated low toxicity to fibroblasts and MAEC cells.
However, the D-PAA/ZnO NPs nanosystem synthesized using zinc sulphate exhibited higher anticancer activity
compared to the sample prepared using zinc acetate. These nanosystems effectively destroyed prostate cancer cell
lines (LNCaP, PC-3, DU-145) and breast cancer cell lines (MDA-MB-231, MCF-7) in vitro, primarily through apoptosis.
An expression increase of proapoptotic proteins and corresponding morphological changes in the cells were observed.
The increased expression of E-cadherin and N-cadherin suggests about decrease of the metastatic potential of the cells.

These findings indicate the selective cytotoxicity of D-PAA/ZnO NPs against cancer cells and suggest their potential
use in cancer treatment. The observed difference in anticancer activity between D-PAA/ZnO NPs(SO,>) and D-PAA/
ZnO NPs(-OAc) nanosystems is likely attributed to differences in nanoparticle size, as well as differences in their
permeability and interaction with cells. However, further research is required to explore these assumptions and to
elucidate the mechanism of action of D-PAA/ZnO NPs nanosystems on different cell types.
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