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Introduction: Tumor drug resistance and systemic toxicity are major challenges of modern anticancer therapy. Nanotechnology 
makes it possible to create new materials with the required properties for anticancer therapy.
Methods: In this research, Dextran-graft-Polyacrylamide/ZnO nanoparticles were used. The study was carried out using prostate 
(DU-145, LNCaP, PC-3), breast (MDA-MB-231, MCF-7, MCF-7 Dox) cancer cells and non-malignant (MAEC, BALB/3T3 clone 
A31) cells. Zinc was visualized with fluorescence in vitro and in vivo. ROS and apoptotic markers were identified by cytometry. Zinc 
accumulation and histopathological changes in the tumor, liver, kidney, and spleen were evaluated in a rat model.
Results: ZnO nanoparticles dissociation and release of Zn2+ into the cytosol occurs in 2–3 hours for cancerous and non-cancerous 
cells. ROS upregulation was detected in all cells. For non-malignant cells, the difference between the initial ROS level was 
insignificant. The rate of carbohydrate metabolism in cancer cells was reduced by nanosystems. Zinc level in the tumor was 
upregulated by 25% and 39% after treatment with nanosystems and doxorubicin combined, respectively. The tumor Walker-256 
carcinosarcoma volume was reduced twice following mono-treatment with the nanocomplex and 65-fold lower when the nanocomplex 
was combined with doxorubicin compared with controls. In the liver, kidney and spleen, the zinc level increased by 10–15% but no 
significant pathological alterations in the tissues were detected.
Conclusion: D-PAA/ZnO NPs nanosystems were internalized by prostate, breast cancer cells and non-malignant cells via endocytosis 
after short time, but cytotoxicity against non-cancer cells were significantly lower in vitro and in vivo. D-PAA/ZnO NPs nanocomplex 
efficiently promoted cell death of tumor cells without showing cytotoxicity against non-malignant cells making it a promising anti- 
cancer agent.
Keywords: zinc oxide nanoparticles, doxorubicin, prostate cancer, breast cancer, zinc imaging, histopathology

Introduction
The last few decades have witnessed significant advances in nanotechnology. The organization of materials into 
nanoscale structures noticeably changes their properties. Nanosize-mediated characteristics allow nanoparticles to 
interact with cellular structures in a special way.1 All nanomaterials have a large surface area-to- volume ratio, which 
significantly increases their reaction properties. Despite significant progress in nanomedicine, our knowledge of intricate 
mechanisms that govern interactions between nanomaterials, cells and tissues are still ambiguous.2

Zinc oxide nanoparticles (ZnO NPs) have semiconductor properties, which allow them to be applied in electronics, 
optics, photocatalysis, cosmetics, and medicine.3 There is abundant evidence that zinc is low-toxic to cells at 
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physiological conditions (pH = 7.4).4 ZnO NPs have a high biocompatibility due to weak dissociation and Zn2+ release. 
Nevertheless, it has been reported that ZnO NPs cause oxidative stress and cell damage at slightly acidic pH. Tumor cells 
stimulate significant changes in environmental tissues. Tumor microenvironment (TME) of various cancer types is 
different, but hallmark features include blood vessels, immune cells and extracellular matrix. The TME dynamically 
changes in response to hypoxia and decreased pH. The Warburg effect promotes the production of lactate and its efflux 
into the intercellular space.5 This significantly reduces the effectiveness of anticancer pharmaceuticals. In addition, TME 
cells initiate a program of active angiogenesis to remove metabolites and supply the tumor with oxygen and nutrients. 
Thus, based on the TME parameters, ZnO NPs can accumulate and interact with the tumor with some selectivity due to 
greater blood flow and low pH3.

Importantly, ZnO NPs interact with biomolecules to form a dynamic protein corona.6 The complex is recognized by 
immune cells and can be phagocytosed by macrophages. Analysis of nanocarrier/ZnO NPs distribution in tissues is 
important for identifying target organs, features of accumulation and specific toxicity.7 Of note, the distribution of ZnO 
NPs in organs strongly depends on exposure route and physicochemical properties.8 ZnO NPs do not cause significant 
pathological changes in the kidneys, brain and spleen, but their hepatotoxicity has been reported.9 As an approach to 
partially prevent opsonization and reduce the cytotoxicity of ZnO NPs, their conjugation with polymer nanocarriers can 
be used.10 Since the polymer-nanocarrier complex can provide targeted delivery to tumors,11 these nanosystems have 
significantly higher bioavailability, tumor-damaging capacity and selectivity compared to free ZnO NPs.

Most human tumors are characterized by increased glucose consumption compared to the surrounding tissues. 
Glucose is metabolized to lactate, known as the Warburg effect.12 It should be emphasized that this phenomenon favors 
the growth and invasion of tumors, especially under hypoxic conditions. Excessive lactic acid is exported from the cells 
through H+/lactate symporters MCT1/MCT4.13–15 Notably, environmental acidification has a toxic effect on normal cells 
and interferes with the influx of anticancer drugs.16

Polymer nanocarriers are important for improving bioavailability of pharmaceuticals and safeguard healthy cells from 
toxic effects of certain therapeutics. Polymer carriers can deliver different type of biologically active substance, for 
example, small molecules, peptides, genes, RNA, metal nanoparticles etc. Other important properties are stabilization 
and increase of drugs bioavailability.17 ZnO NPs are prone to aggregation with subsequent loss of activity. Therefore, 
a star-like copolymer dextran-polyacrylamide was used to prevent aggregation and increase bioavailability of the 
nanosystem. The main advantages of such star-like polymers as nanocarriers and scaffolds for encapsulation of drugs, 
small organic molecules as well as inorganic nanoparticles are related to the internal structure of star-like molecules. 
They have more rigid structure in comparison with linear polymer using now. Star-like molecules almost do not change 
their conformation (size) after encapsulation of some substances inside of molecules because grafted polyacrylamide 
chains in branched structure have limited flexibility. For biomedical application namely size and functionality of polymer 
nanocarrier play the main role.

A number of earlier studies have demonstrated that dextran-graft-polyacrylamide (D-PAA) polymers are of low 
toxicity.18,19 Moreover, D-PAA/ZnO NPs have been shown to be of mild toxicity to non-cancer and blood cells.20,21 

Additionally, experimental evidence indicates that apoptosis is induced and adhesion proteins are overexpressed in 
prostate and breast cancer cells exposed to D-PAA/ZnO NPs. Thus, despite some evidence that D-PAA/ZnO NPs 
nanosystems can be considered as promising anti-cancer agents, more cell culture-based and animal studies are required 
to unveil their effects.

The aim of the research was to determine the anticancer properties of D-PAA/ZnO NPs in cell models of breast and 
prostate cancer in vitro, as well as the possibility of tumor inhibition in vivo. For this purpose, we have studied the 
dynamics D-PAA/ZnO NPs-derived of intracellular zinc accumulation in prostate and breast cancer cells with distinct 
physiological features of intracellular zinc regulation. Additionally, we determined the intracellular ROS-levels, phos-
phatidylserine externalization, features of glucose metabolism and lactate production to delve into the molecular 
mechanisms of D-PAA/ZnO NPs-induced anti-cancer effects. Finally, we intended to determine the zinc accumulation 
and histopathological changes in the liver, kidney, spleen and tumor in an in vivo model following D-PAA/ZnO NPs 
cancer treatment.
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Materials and Methods
Synthesis and Macromolecular Parameters of Dextran-Graft-Polyacrylamide/ZnO 
Nanoparticles
All chemicals were Fluka (Buchs, Switzerland). A star-like dextran-graft-polyacrylamide copolymer was used. The 
polymers were synthesized in an argon atmosphere at room temperature for 24 h. Cerium-ion-induced redox initiation 
method was used. Polyacrylamide was grafted to Dextran backbone. The average number of polyacrylamide arms is 
10, Mn = 8.6∙105 g∙mole−1 and the polydispersity index is Mw/Mn = 1.62. The route of synthesis, characterization and 
peculiarities of copolymer structure were reported earlier.22 ZnO NPs were synthesized in D-PAA matrices by 
precipitation method. Initially, 1 mL of a ZnSO4 solution (0.1 mol∙mL−1) was added to 5 mL of an aqueous D-PAA 
solution (103 g∙mL−1). After 20 minutes, 2 mL of a sodium hydroxide solution (0.1 mol∙mL−1) was added dropwise. 
Solution was then continuously stirred at 50°C for 24 hours to yield D-PAA/ZnO NPs. Synthesis and characterization 
of ZnO NPs from ZnSO4 in situ into the D-PAA matrix was reported in details earlier as well.20 The average diameter 
of ZnO NPs was 3 nm, hydrodynamic radius of D-PAA/ZnO NPs was 7 nm.

Zinc Accumulation in Cells in vitro
The study was carried out using prostate (DU-145, LNCaP, PC-3), breast (MDA-MB-231, MCF-7, MCF-7 Dox) cancer 
cells and non-malignant (MAEC, BALB/3T3 clone A31 (further 3T3 A31)) cells. Reference cultures were kindly 
provided by the R.E. Kavetsky Institute of Experimental Pathology, Oncology and Radiobiology, National Academy 
of Science of Ukraine. Cells were cultured on coverslips in DMEM (Biowest, France) supplemented with 10% fetal 
bovine serum (Sigma-Aldrich, USA), 40 μg/mL gentamicin, 5% CO2 atmosphere at 37°C for 48 hours. D-PAA/ZnO NPs 
nanosystems were added to the incubation solution at EC50 concentrations for each cell line.20 Non-malignant cells 
BALB/3T3 clone A31 and MAEC were incubated with 3 mM D-PAA/ZnO NPs. Zinc content was measured at 15- 
minute intervals during the first hour of incubation, then at one-hour intervals up to 5 hours. After incubation, the glass 
with cells was washed with saline solution for 30 sec. N-(6-methoxy-8-quinolinyl)-4-methylenebenzenesulfonamide 
(TSQ, Sigma-Aldrich, USA) was used to determine the zinc content in the cells.23,24 The dye stock solution was prepared 
in DMSO. The final concentration of TSQ was 30 µM in phosphate-saline buffer (PBS, Biowest). The cells were 
incubated in the TSQ solution for 30 min. The dye was washed out with saline solution for 30 sec. Fluorescence was 
acquired using an Olympus BX53 (Tokyo, Japan) microscope equipped with an XCite Series 120 Q fluorescent block and 
an Olympus DP72 camera. Fluorescence excitation was performed by an ultraviolet light filter, whereas emission was 
collected by a blue light filter. Exposure was 10 ms. At least 20 fields of view were snapped for each sample. Testing and 
luminescence registering were performed under the same conditions for all cells. Experiments were carried out in 
triplicate.

Cell images processing was carried out with the ImageJ software (Bethesda, Maryland, USA). Integrate density of 
individual cells was measured. The measured area was 354 μm2, which corresponds to the area of an individual cell. 
Integrate density was determined for 100 individual cells. Data were presented as the median and interquartile range 
(median (Me), 25–75%).

ICP-MS for Zinc Content in Cells
For mineral analysis, 0.5 mL of samples were transferred into PTFE tubes, 0.5 mL of concentrated 69.5% HNO3 (Fluka, 
Buchs, Switzerland) was added and the tubes were heated in an oven at 200 °C for 20 min (close to dryness).

After digestion, the solutions were diluted to a final volume of 10 mL. Zinc content was measured by 
inductively coupled plasma - optical emission spectrometry (ICP-OES) using a spectrometer with axial viewed 
plasma (Thermo Fisher Scientific iCAP 7000 DUO). Operating conditions were as follows: power of 1150 W; 
plasma flow gas of 15 L/min; auxiliary gas flow of 0.5 L/min; nebulizer gas flow of 0.5 L/min. All analyses were 
performed in duplicate.

The selected emission line (213.8 nm) was that providing the maximum signal-to-noise ratio and minimum spectral 
interferences. Blank correction was performed analyzing reagent blank. The calibration curve was built by analyzing six 
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standard solutions containing the target metal within the concentration range of 0.01–0.5 mg/L. Instrumental limit of 
detection, calculated according to [ISO 11843–2:2000] was 0.009 mg/L and the limit of quantitative determination (LoQ) 
was 0.017 mg/L. All analyzed samples showed results above LoQ.

Cell Lines and Incubation Conditions
Non-malignant murine fibroblasts BALB/3T3 clone A31 and mouse aortic endothelial cells (MAECs), prostate 
cancer (DU-145, LNCaP, PC-3) and breast cancer cell lines (MCF-7, MCF-7 Dox, MDA-MB-231) were used to 
assess cell death-promoting effects of the D-PAA/ZnO NPs nanocomplex. The cells were cultured in 24-well plates 
in DMEM Dulbecco’s Modified Eagle Medium (BioWest) supplemented with 10% fetal bovine serum (FBS, 
BioWest) and 100 U/mL Penicillin/Streptomycin (Thermo Fischer Scientific, USA) at 37 °C and 5% CO2. 
Initially, 2×105 cells were seeded. The cells were incubated for 24 h with the D-PAA/ZnO NPs nanocomplex at 
EC30 (DU-145 – 1.82 mM, LNCaP – 2.7 mM, PC-3 – 1.96 mM, MCF-7 – 1.98 mM, MCF-7 Dox – 1.98 mM, MDA- 
MB-231 – 1.1 mM, respectively). Non-malignant cells BALB/3T3 clone A31 and MAECs were incubated with 
3 mM D-PAA/ZnO NPs.

Annexin V/7-Aminoactinomycin D Staining
The cells were collected, washed and stained with annexin V-FITC (BD PharmingenTM FITC-Annexin V, BD 
Biosciences, USA), or the combined annexin V-FITC and 7-AAD (7-aminoactinomycin D, BD Pharmingen™, BD 
Biosciences, USA) staining was employed. The cells were resuspended in 1x Annexin-binding buffer (BD 
PharmingenTM, BD Biosciences, USA). Following addition of 5 μL of annexin V-FITC or/and 5 μL of 7-AAD, the 
suspensions of normal and cancer cells were incubated in the dark for 15 min. Detection of fluorescence was performed 
by BD FACS Canto II flow cytometer (Becton Dickinson, USA). Post-acquisition analysis was carried out using FlowJo 
(v10; BD Biosciences, USA) software. The difference was considered statistically significant at p < 0.05. The experi-
ments were performed in triplicate.

ROS Detection
For ROS level detection, 0.5×106 cells were resuspended in 0.5 mL of 15 μM of 2′,7′-dichlorofluorescein diacetate 
(Sigma Aldrich, USA) and incubated for 40 minutes at 37 °С. Cells were washed with 1.5 mL of PBS (Biowest) and 
centrifuged at 400 g for 10 min. The cells were resuspended in 0.5 mL of PBS and analyzed on a flow cytometer 
(DxFlex, Beckman Coulter, Brea, California, USA). Fluorescence intensity was analyzed using the FITC channel (light 
filter 525/40 nm).

At least 25,000 events were analyzed for each sample. Primary data processing was carried out using the CytExpert 
software. The difference in ROS level was calculated by following formula:

where DROS was the difference in intracellular ROS level, Fc was fluorescence of untreated cells, Fs was fluorescence of 
D-PAA/ZnO-treated cells.

The experiments were performed in triplicate.

Glucose and Lactate Determination
Cells were incubated in DMEM (Biowest) with 10% fetal bovine serum (Sigma-Aldrich, USA), 40 μg/mL gentamicin, 
5% CO2 atmosphere at 37°C for 24 h. The medium contained D-PAA/ZnO NPs at EC50 concentrations for each cell line, 
respectively. Following incubation, the complete medium was collected and analyzed for glucose and lactate content. 
ChemWell 2900 Auto-Analyser with Lactate Assay Kit (Roсhe, Hoffmann-La Roche, Basel, Switzerland) and Glucose 
Assay Kit (Roсhe) were used for L-lactate (mM) and glucose (mM) determination, respectively. Preparation and 
measurement of samples were done in accordance with the manufacturer’s guidelines. Numerical data were presented 
as the mean and Standard Deviation (M±SD). The experiments were repeated 5 times.
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Interaction of D-PAA/ZnO NPs with Blood Serum Proteins
D-PAA/ZnO NPs nanosystems (8 mM) were incubated with a bovine albumin (Sigma) solution (40 mg/mL) in saline for 
24 h. The transmission of 530 nm light (T%) was investigated on a Lambda 365 UV spectrophotometer (Perkin Elmer, 
Waltham, Massachusetts, USA). The same studies were performed with blood serum of rats. Blood was collected and 
cells were centrifuged at 1300 rpm (Nuve NF200, Ankara, Republic of Türkiye) for 15 min at room temperature. The 
serum was not diluted. Serum and an aliquot of D-PAA/ZnO NPs in water were added to quartz cuvettes. The final 
concentrations of ZnO NPs were 4 and 8 mM. The optical transmittance (T%) at 530 nm was measured similarly to the 
studies with albumin. The experiments were repeated 5 times.

In vivo Studies
The experiment was carried out on Wistar breed rats. The animals were kept under standard conditions in the vivarium of 
the Institute for Problems of Cryobiology and Cryomedicine NAS of Ukraine. All manipulations with laboratory animals 
were carried out in accordance with the Law of Ukraine “On the Protection of Animals from Cruelty Treatment”, “On 
Approval of the Procedure for Conducting Experiments and Experiments on Animals by Scientific Institutions”, 
European Convention on the Protection of Vertebrate Animals (Strasbourg, March 18, 1986), Directives of the 
Council of the European Economic Society on the Protection of Vertebrate Animals (Strasbourg, November 24, 1986) 
and Helsinki Declaration of the World Medical Association. The research was approved by the Ethics and Bioethics 
Committee of the Kharkiv National Medical University (Kharkiv National Medical University, Kharkiv, Ukraine; 
minutes #9 dated November 3, 2021).

Walker-256 carcinosarcoma cells were used to generate tumors. Cell suspension (106 cells) in saline was injected 
subcutaneously into the right side of the rats. The animals were divided into 5 groups containing 5 animals each:

1. Control (saline);
2. D-PAA (1 mg/mL);
3. Doxorubicin (1.5 mg/kg weight);
4. D-PAA/ZnO NPs (200 μMol/kg weight);
5. D-PAA/ZnO NPs (200 μMol/kg weight + Doxorubicin 1.5 mg/kg weight).

All samples (the volume was 0.5 mL) were injected into the lateral tail vein (syringe U-40 BD Micro-Fine Plus 30G, 
Becton, Dickinson and Company, USA) daily for 5 days. Therapy was administered on day 3 after tumor inoculation. 
The injection site was treated with 96% ethyl alcohol (MyChem, Kyiv, Ukraine). Following 5 days of therapy, the size of 
the tumor was measured with a caliper Miol-15-240. The volume of the tumor was calculated in accordance with the 
following formula:25

where V is the volume of tumor (cm3); l, w and h are width, length and height of tumor, respectively.
On day 5, the animals were decapitated. Kidney, liver, spleen, and tumor samples were collected for determination of 

the relative zinc content and histopathological studies.

Zinc Content in Tissues
Fragments of hepatic, renal, splenic and tumor tissues were rapidly frozen at −18 °C and histological sections of 20 µm 
were prepared with Microtome Cryostat HM525 (Microm, Thermo Scientific, Waltham, Massachusetts, USA). The slides 
with tissue sections were kept at 37 °C for 1 h. Samples were incubated with TSQ (30 μM in PBS) for 30 min at 37 °C. 
The dye was not washed out. Fluorescence was investigated using an Olympus BX53 microscope equipped with an 
XCite Series 120 Q fluorescent block and an Olympus DP72 camera. Fluorescence excitation was performed with an 
ultraviolet light filter, whereas emission was collected with a blue light filter. Exposure was 10 ms, whereas 5 histological 
sections were analyzed for each tissue sample. Image processing was carried out with the ImageJ software. Integrate 
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density of the same tissue area (at least 30 plots at 10 histological slides) was measured. Data were presented as the 
median and interquartile range (median (Me), 25–75%).

Histopathological Studies
The selected rat organs were immediately placed in formal calcium (10% CaCl2 in formaldehyde) and kept for 7 days. 
Tissue samples were embedded in paraffin blocks. Tissue sections of 5–6 μm were made on a microtome Microm 
HM325 (Thermo Scientific, Waltham Massachusetts, USA). Histological sections were deparaffinized and stained with 
hematoxylin-eosin according to standard techniques.26 Tissue samples were analyzed on an Olympus BX53 (Tokyo, 
Japan) microscope equipped with an Olympus DP72 camera.

Statistical Analysis
Statistical data processing was carried out using the one-way ANOVA Scheffe test (M±SD, p<0.05) for parametric data. 
Mann–Whitney U-test was applied using Graph Pad Prism 5.0 software (USA). Kruskal–Wallis and Dunn’s tests were 
used to compare the non-parametric data. Results were presented as the median and interquartile range (Me, 25–75%). 
The difference was statistically significant at p<0.05.

Results and Discussion
There is accumulating evidence that the zinc level in tissues and blood is considered to be a cancer marker. For instance, 
zinc levels in breast cancer tissues are higher than in healthy tissues, and reduction of circulating zinc levels has been 
additionally reported.27 Notably, prostate cancer tissue has lower levels of zinc than the healthy tissues. Zinc level in 
blood has been demonstrated to be lower in men with prostate cancer.28 These changes are associated with impaired 
expression of zinc transporters and altered regulation of zinc concentration in cells.29–31 Interestingly, ZnO NPs are 
a relatively safer source of Zn compared to soluble forms. Uptake and accumulation of NPs by cancer cells is of huge 
importance for determining the toxicity of ZnO NPs-based nanomaterials.

The basic zinc levels in prostate (DU-145, PC-3, LNCaP), breast (MDA-MB-231, MCF-7, MCF-7 Dox) cancer cell 
lines and non-malignant (3T3 A31, MAEC) cells are illustrated in Figure 1.

Weak STQ fluorescence in prostate cancer (DU-145, LNCaP) and non-malignant cells (MAEC) was detected. 
Fluorescence was statistically significantly higher in MCF-7, MCF-7 Dox and MDA-MB-231 breast cancer cells 
compared to MAEС. Fluorescence of fibroblasts 3T3 A31 and prostate PC-3 cancer cells was found to be elevated. 
Baseline fluorescence values of the cells are summarized in Supplementary Figure S1. The initial fluorescence levels 
were chosen as baselines to assess internalization of D-PAA/ZnO NPs and cellular zinc accumulation.

In the current study, we demonstrated that zinc accumulation in 3T3 A31 cells and MAEC was similar. A statistically 
significant increase in intracellular zinc level was detected after 45 min of incubation with D-PAA/ZnO NPs nanosystems 
(Figure 2A and B).

We are reporting an increase in cellular granularity. It has been suggested that D-PAA/ZnO NPs are internalized by 
endocytosis and remain in endocytosis vesicles and lysosomes for some time.32 Furthermore, uniform fluorescence of the 
vast majority of 3T3 A31 and MAEC cells was shown after 2–3 h of incubation with D-PAA/ZnO NPs (Supplementary 
Figures S2 and S3).

These changes could be attributed to the release of Zn2+ from lysosomes and its accumulation in the cytoplasm. The 
maximum intracellular level of zinc was detected following 4 h of incubation. Accumulated zinc was partly unloaded 
from 3T3 A31 cells after 5 h. This phenomenon was not detected for the MAEC cell line. Nor further accumulation was 
observed. Thus, different mechanisms for regulating intracellular zinc content were detected in these cell lines.33 

A change in the shape of most cells to spherical was observed after incubation of non-malignant cells with D-PAA/ 
ZnO NPs for 5 h, but there were no visual signs of apoptosis. Thus, non-malignant 3T3 A31 and MAEC cells internalize 
and accumulate D-PAA/ZnO NPs nanosystems without affecting viability of cells, which has also been demonstrated in 
our earlier studies.20,21

Prostate cancer cells LNCaP, DU-145 and PC-3 internalize D-PAA/ZnO NPs faster than the non-malignant cells 
(Figure 3).
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A statistically significant increase in zinc levels in LNCaP and PC-3 cells was detected following 30 min, and DU- 
145 after 15 min incubation with D-PAA/ZnO NPs. Almost the entire internalized zinc was localized in multiple vesicles, 
presumably lysosomes. There were significantly more vesicles in prostate cancer cells than in the non-cancerous cells 
(Supplementary Figures S4–S6).

Figure 1 Fluorescence of TSQ in prostate (DU-145, PC-3, LNCaP), breast (MDA-MB-231, MCF-7, MCF-7 Dox) and non-malignant (MAEC, 3T3 A31) cell lines untreated 
with dextran-graft-polyacrylamide/ZnO nanoparticles (median, 25%-75%; Kruskal–Wallis test: ap < 0.05 compared to 3T3 A31, bp < 0.05 compared to MAEC). Staining with 
30 μM TSQ for 30 min.

Figure 2 Zinc level in the non-malignant 3T3 A31 (A) and MAEC (B) cells during their incubation with dextran-graft-polyacrylamide/ZnO nanoparticles (D-PAA/ZnO NPs) 
for 5 h (median, 25%-75%; Kruskal–Wallis test: *p < 0.05). Basic fluorescence is the fluorescence of cells without D-PAA/ZnO NPs treatment. Staining with 30 μM TSQ for 
30 min.

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S485106                                                                                                                                                                                                                       

DovePress                                                                                                                      
11725

Dovepress                                                                                                                                                           Virych et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=485106.pdf
https://www.dovepress.com
https://www.dovepress.com


A three-fold elevation of the basal zinc level in LNСaP cells was detected. This parameter was 5.6-fold higher for 
DU-145 cells and 4.7-fold higher for PC-3 cells following 5 h of incubation with D-PAA/ZnO NPs. These were the 
maximum zinc levels for prostate cancer cells of low (LNCaP) and intermediate malignancy (DU-145). No maximum for 
zinc accumulation was found for high-malignancy prostate cancer cells (PC-3). Thus, they continued to absorb zinc from 
the incubation solution even after 5 h. Prostate cancer cells have an abnormal protein expression of the ZIP and ZnT 
family, which are responsible for zinc influx and efflux.34,35 ZIP1 downregulation in PC-3 prevents the maintenance of 
normal zinc levels in cells, which explains high malignancy and metastatic potential.36 The PC-3 cell line developed 
resistance to high zinc levels or zinc anticancer therapy via KRAS NF-κB-mediated pathways and changes in the 
expression of zinc transporters.37 Thus, the D-PAA/ZnO nanosystem can overcome such cell defense systems and 
effectively increase the intracellular zinc level.

Importantly, malignant transformation of breast cells is accompanied by an increase in the zinc concentration, which 
is normally low.38 Our findings indicate that the intracellular zinc accumulation correlates with the malignancy of breast 
cancer cell lines (Figure 4).

A statistically significant increase in the zinc amount was detected in MCF-7 cells after 15 min, MCF-7 Dox after 
30 min, and MDA-MB-231 after 2 h of incubation, respectively. The maximum intracellular zinc level was registered 
after 4 h of incubation with D-PAA/ZnO NPs for all breast cancer cell lines (Supplementary Figures S7–S9).

Figure 3 Zinc level in the prostate DU-145 (A), LNCaP (B) and PC-3 (C) cancer cell lines during their incubation with dextran-graft-polyacrylamide/ZnO nanoparticles 
(D-PAA/ZnO NPs) for 5 h (median, 25%-75%; Kruskal–Wallis test: *p < 0.05). Basic fluorescence is the fluorescence of cells without DPAA/ZnO NPs treatment. Staining 
with 30 μM TSQ for 30 min.
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Accumulation of zinc ions in breast tumor tissues is associated with overexpression of Zn-transport proteins. Of note, 
upregulation of ZIP-family zinc transporters was found in breast cancer cells.39 Metallothioneins and ZnT-family 
transporters play an important role in tumorigenesis of breast cancer. Mammalian metallothioneins are polypeptides of 
61–68 amino acids. They have high cysteine content (30%) to bind to heavy metals including zinc and copper. ZnT- 
family proteins are zinc efflux transporters (ZnT1) or that pumping zinc into organelles. They were found to be 
upregulated in MDA-MB-231 cells.40,41 Thus, in breast cancer cells zinc influx prevails over the zinc efflux. The 
decrease in zinc concentration was mediated by the activation of binding and Zn2+ efflux.

Intracellular zinc was quantified (Figure 5). Importantly, intracellular zinc levels correlated with the degree of 
malignancy of prostate and breast cancer cells. There is experimental evidence that zinc concentrations are diminished 
in prostate cancer cells during malignant transformation. Additionally, the zinc concentration in LNCaP cells is higher 
than in PC-3.42,43

Our findings reflecting intracellular zinc concentrations were consistent with the data of fluorescence microscopy. 
Excessive zinc accumulation was found in LNCaP and PC-3 prostate cancer cells after 24 h of incubation with D-PAA/ 
ZnO NPs. A particularly dramatic 71.8-fold increase was found for PC-3 cells. In breast cancer cell lines, the amount of 
zinc corresponded to the level of cell malignancy.

Figure 4 Zinc level in the MCF-7 (A) MCF-7 Dox (B) and MDA-MB-231 (C) breast cancer cell lines during their incubation with dextran-graft-polyacrylamide/ZnO 
nanoparticles (D-PAA/ZnO NPs) for 5 h (median, 25–75%; Kruskal–Wallis test: *p < 0.05). Basic fluorescence is the fluorescence of cells without D-PAA/ZnO NPs 
treatment. Staining with 30 μM TSQ for 30 min.
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Thus, D-PAA/ZnO NPs nanosystems were internalized by prostate, breast cancer cells and non-malignant cells via 
endocytosis. The rate of absorption was dependent on the level of cell metabolism or the degree of their malignancy. ZnO 
NPs dissociation and release of Zn2+ into cytosol occurs in 2–3 hours. These processes were similar for cancerous and 
non-cancerous cells. High cytotoxicity to cancer cells reported earlier could be attributed to elevated intracellular Zn2+.

It has been widely accepted that one of the ZnO NPs cytotoxicity mechanisms is ROS generation. ROS-generating 
effects could be attributed to the semiconducting properties of NPs and the presence of oxygen vacancy defects. 
A compelling body of evidence indicates that elevated ROS concentrations are observed in cells exposed to ZnO 
NPs.44–47 Notably, ROS generation was independent of light irradiation.48

In the current study, we detected elevation of ROS levels by 26% and 40% in non-malignant 3T3 A31 cells and 
MAEC respectively, following exposure to the nanocomplex. A significant increase in ROS level was detected in prostate 
cancer cells after 24 h of incubation with D-PAA/ZnO NPs (Figure 6).

A 7.1-fold and 7.4-fold increase of ROS level was registered in LNCaP and DU-145 cells, respectively. This 
parameter was 4.4-fold higher in PC-3 cells. Changes in ROS levels were found to be prostate cancer cell lines 
malignancy-dependent. Elevation of intracellular ROS levels was revealed for breast cancer MCF-7, MCF-7 Dox and 
MDA-MB-231 cell lines to be 2.6-, 3-, and 3.2-fold, respectively. Thus, ROS upregulation was detected in all cells. 
Nevertheless, for non-malignant cells, the difference between the initial ROS level was insignificant. Accumulation of 
ZnO NPs and ROS overgeneration mediate cytotoxicity of the nanocomplex. A change in the shape of non-malignant 
cells to the spherical one was previously detected, but without visual signs of apoptosis. In the cancer cell lines, 
proapoptotic proteins were upregulated, and the cellular morphology showed alterations characteristic of apoptosis.20

Annexin V-FITC staining was used to detect lipid scrambling in 3T3 A31 fibroblasts and MAEC. As demonstrated in 
Figure 7, the cells exposed to D-PAA/ZnONPs nanocomplex did not have abnormal values of annexin V-positive PS- 
expressing cells indicating no cytotoxicity of the nanocomplex used.

The combined staining with annexin V-FITC and 7-AAD is a generally accepted approach that provides the 
opportunity to distinguish viable, early apoptotic, late apoptotic/necrotic and dead necrotic cells. As shown in 

Figure 5 Zinc level in the prostate (LNCaP, DU-145, PC-3), breast cancer (MDA-MB-231, MCF-7 and MCF-7 Dox) and non-malignant (3T3 A31, MAEC) cell lines during 
their incubation with dextran-graft-polyacrylamide/ZnO nanoparticles (D-PAA/ZnO NPs) for 24 h (M±SD; ANOVA Scheffe test: *p < 0.05 compared to the untreated cells).
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Figure 8, exposure to D-PAA/ZnO NPs nanocomplex noticeably reduces the viability of DU-145 and LNCaP prostate 
cancer cell lines promoting cell death.

Notably, the similar cytotoxic effects were demonstrated for breast cancer cell lines (Figure 9). However, they were 
less pronounced.

To detect the toxicity of D-PAA/ZnO NPs nanocomplex, we analyzed its impact on phospholipid scrambling in 
normal murine 3T3 A31 fibroblasts and MAEC. PS externalization is commonly observed in apoptosis, necroptosis, as 
well as in stressed and senescent cells.49–52 Importantly, PS-expressing cells are detected by macrophages, since PS 
located in the outer leaflet of cell membrane acts as an “eat-me” signal promoting efferocytosis.53 Thus, evaluation of PS 
externalization covers a wide range of cytotoxicological effects compared to specific apoptosis markers alone. Our 
findings suggest that D-PAA/ZnO NPs nanocomplex does not promote PS externalization indicating lack of toxicity 
against normal cells at the concentration used. To assess therapeutic potential of D-PAA/ZnO NPs nanocomplex as an 
anti-cancer drug, we evaluated its cytotoxicity in vitro using several prostate and breast cancer cell lines. The present 
study revealed that D-PAA/ZnO NPs nanocomplex efficiently promoted cell death of tumor cells without showing 
cytotoxicity towards normal cells making it a promising anti-cancer agent. Further in-death evaluation of its toxicity and 
effectiveness should be encouraged.

Neoplastic transformation of cells is accompanied by metabolic reprogramming. Changes in cellular metabolism are 
necessary to meet the high requirements for ATP and biomolecules. As a result, cancer cells consume much more glucose 
than non-malignant cells.54

No statistically significant changes in glucose consumption by non-malignant 3T3 A31 and MAEC cells were found 
after 24 h of incubation with D-PAA/ZnO NPs (Figure 10A).

Glucose consumption in prostate cancer DU-145 and PC-3 was reduced by 15–20%. Less malignant LNCaP prostate 
cancer cells did not alter glucose metabolism following exposure to D-PAA/ZnO NPs. MDA-MB-231 breast cancer cells 
were the most sensitive to D-PAA/ZnO NPs. Glucose uptake was found to be reduced almost twice. No changes in 

Figure 6 ROS levels in the prostate (LNCaP, DU-145, PC-3), breast cancer (MDA-MB-231, MCF-7 and MCF-7 Dox) and non-malignant (3T3 A31, MAEC) cell lines during 
their incubation with dextran-graft-polyacrylamide/ZnO nanoparticles (D-PAA/ZnO NPs) for 24 h. The difference in ROS levels was calculated relatively to D-PAA/ZnO 
NPs-untreated cells. The baseline level of ROS was taken as 100% (M±SD, Kruskal–Wallis test:*p < 0.05 compared to untreated cells).
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glucose consumption were detected for MCF-7 and MCF-7 Dox breast cancer cell lines. Thus, highly malignant cells 
were associated with reduced glucose uptake in the presence of D-PAA/ZnO NPs.

Glucose metabolism is rewired in cancer cells. Hypoxia promotes the lactate production, which correlates with tumor 
aggressiveness, metastatic potential, and invasion.55,56 Reduced lactate production is one of the strategies for decreasing 
the malignancy level of tumors.57 Lactate production by triple-native breast cancer cells provides a basis for prognostic 
models.58 Diminishment of lactate concentration in the incubation medium by 20–30% was found for all cancer cell lines 
following treatment with D-PAA/ZnO NPs (Figure 10B). Lactate production was not affected (3T3 A31) or reduced by 

Figure 7 D-PAA/ZnO NPs nanocomplex does not induce phosphatidylserine (PS) externalization in murine 3T3 fibroblasts (a) and mouse aortic endothelial cells (b). 
Representative histograms demonstrate the population of PS-displaying cells. Data were statistically processed using Mann–Whitney U-test (n = 3). No statistically significant 
changes between the percentage of PS-exposing cells were found (p > 0.05).
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Figure 8 D-PAA/ZnONPs nanocomplex triggers cell death in prostate cancer cell lines. Representative dotplots are provided for DU-145 (a), LNCaP (b), and PC-3 (c) 
cells. Exposure to D-PAA/ZnO NPs nanocomplex increased the percentage of late apoptotic/necrotic cells for DU-145 cell line, as well as early apoptotic, late apoptotic/ 
necrotic and dead necrotic cells for LNCaP cell line. Data were statistically processed using Mann–Whitney U-test (n = 3). 
Notes: *p < 0.05; ***p < 0.001 compared with the control samples.
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Figure 9 D-PAA/ZnO NPs nanocomplex promotes cell death in breast cancer cell lines to a lesser extent than in prostate cancer cell lines. Representative dotplots are 
demonstrated for MCF-7 (a), MCF-7Dox (b), and MDA-MB-231 (c) cells. Treatment of cells with D-PAA/ZnONPs nanocomplex enhanced the percentage of early apoptotic, 
late apoptotic/necrotic cells for MCF-7 cell line, as well as late apoptotic/necrotic cells for MCF-7Dox cell line and early apoptotic cells for MDA-MB-231 cells. Data were 
statistically processed using Mann–Whitney U-test (n = 3). 
Notes: *p < 0.05; **p < 0.01; ***p < 0.001 compared with the control samples.
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30% (MAEC) for non-malignant cells. Initial lactate production by cancer cell lines was 30–40% higher than for the non- 
malignant ones.

Other studies have shown the impact of ZnO NPs on the lactate production of other cancer cells in vitro and 
in vivo.59,60

Our findings indicate that D-PAA/ZnO NPs reduce glucose consumption and lactate production by cancer cells. The 
rate of carbohydrate metabolism in cancer cells was reduced by D-PAA/ZnO NPs.

Figure 10 Glucose uptake (A) and lactate production (B) in the prostate (LNCaP, DU-145, PC-3), breast cancer (MDA-MB-231, MCF-7, MCF-7 Dox) and non-malignant 
(3T3 A31, MAEC) cell lines after incubation with dextran-graft-polyacrylamide/ZnO nanoparticles (D-PAA/ZnO NPs) for 24 h (M±SD, *p < 0.05 compared to untreated 
cells).

Figure 11 Relative zinc content in tissues of Walker-256 carcinosarcoma after intravenous injection of saline (C), D-PAA (D), doxorubicin (Dox), D-PAA/ZnO NPs (D/Zn), 
D-PAA/ZnO NPs/Dox (D/Zn/Dox) for 5 days. Staining with 30 μM TSQ in PBS for 30 min; (Median, 25%-75%, *p < 0.05). The volume of a single injection was 0.5 mL. 
Doxorubicin dosage was 1.5 mg/kg of rat weight, ZnO NPs was 200 μMol/kg.
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Zinc and zinc-containing nanomaterials have a high affinity for proteins.9,61 ZnO NPs interact with blood plasma and 
form a protein corona.62–64 In this state, they are transported to tissues and organs. ZnO NPs accumulate in various 
tissues and can disrupt their functions.65

In the current study, the light transmittance (530 nm) of 3 mM D-PAA/ZnO NPs aqueous solutions was about 40% 
(Supplementary Figure S10). The solution of bovine serum albumin (40 mg/mL) was almost transparent, whereas the 
light transmittance was 95%. A decrease in the light transmittance to 40% was detected after adding D-PAA/ZnO NPs to 
the albumin solution, but the return to the original state of the transmittance (95%) was registered already following 
30 min. Similar changes were detected when blood serum was incubated with D-PAA/ZnO NPs.

Thus, ZnO NPs due to their high affinity to proteins are at least partially transferred by blood plasma proteins. 
Interaction occurs quite rapidly. The solutions are stable for 24 hours.

The advantages of the therapeutic application of nanoparticles include their small size, high penetration into tissues 
and the ability to overcome various barriers. This makes it possible to create anticancer drug delivery and diagnostics 
systems based on ZnO NPs.66–68 A number of studies have shown that ZnO NPs are accumulated in the liver and 
kidneys.69–71 Excessive ZnO NPs promote organ dysfunction in an oxidative stress dependent fashion.72 At the same 

Figure 12 Zinc accumulation in Walker-256 carcinosarcoma tissues after intravenous injection of saline (Control), D-PAA, doxorubicin (Dox), D-PAA/ZnO NPs and 
D-PAA/ZnO NPs/Dox for 5 days. Staining with 30 μM TSQ for 30 min. An increase in the zinc level in the cells was found after treatment with D-PAA/ZnO NPs and D-PAA/ 
ZnO NPs/Dox (Scale bar is 100 µm).
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time, ZnO NPs have protective effects on tissues in relation to highly toxic anticancer drugs such as doxorubicin.73,74 In 
this study, we assessed hepatic, renal, splenic and tumor accumulation of D-PAA/ZnO NPs following intravenous 
injection of D-PAA/ZnO NPs. The doxorubicin was used as a reference anticancer drug.

Baseline of zinc content in the tumor was not modified as a result of intravenous injection of D-PAA and Dox. No 
changes in zinc content were detected in Walker-256 carcinosarcoma tissues after treatment with the polymer or 
doxorubicin (Figure 11).

Zinc content in tumors increased by 25% following D-PAA/ZnO NPs and 39% with D-PAA/ZnO NPs/Dox treatment. 
Thus, doxorubicin contributed to increased permeability and greater zinc accumulation in tumor tissues. An increase in 
zinc levels for tumor cells were found in animals exposed to D-PAA/ZnO NPs and D-PAA/ZnO NPs/Dox (Figure 12). 
This indicated the delivery of nanosystems to tumor cells.

The growth of Walker-256 carcinosarcoma tumors was slowed down compared to controls after treatment with 
D-PAA/ZnO NPs (Figure 13). This was most likely mediated by the uptake and accumulation of D-PAA/ZnO NPs in the 
cancer cells. Consistently, other studies have reported positive therapeutic effects of ZnO NPs in hepatocellular 
carcinoma and 39 murine breast cancer models in vivo.75,76

The tumor volume was 65 times lower than the control one when treated with doxorubicin 1.5 mg/kg for 5 days. 
These values were almost unaffected when using D-PAA/ZnO NPs/Dox. Thus, no influence of D-PAA/ZnO NPs on the 

Figure 13 Tumor volume (A) and a visual comparison (B) of Walker-256 carcinosarcoma following intravenous injection of saline (C), D-PAA (D), doxorubicin (Dox), 
D-PAA/ZnO NPs (D/Zn), D-PAA/ZnO NPs/Dox (D/Zn/Dox) for 5 days. Staining with 30 μM TSQ in PBS for 30 min (M±SD, *p<0.05). The volume of a single injection was 
0.5 mL. Doxorubicin dosage was 1.5 mg/kg of rat weight, ZnO NPs was 200 μMol/kg.
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antitumor efficacy of Dox in vivo was found. This proves the possibility of combined administration of D-PAA/ZnO NPs 
and Dox for the anti-cancer therapy.

Elevated zinc content was observed in hepatic tissue following intravenous injection of D-PAA, Dox, D-PAA/ZnO 
NPs and D-PAA/ZnO NPs/Dox (Figure 14A, Supplementary Figure S11). The liver plays a crucial role in zinc 
metabolism.77,78 It has been hypothesized that metabolized Dox and D-PAA might increase hepatic zinc content. The 
zinc level was elevated by no more than 10–12%. Higher zinc level in hepatic tissues by 20% was found in case of 
exposure to D-PAA/ZnO NPs and D-PAA/ZnO NPs/Dox.

A 20% increase in zinc levels was found in the renal tissue following treatment with D-PAA/ZnO NPs (Figure 14B, 
Supplementary Figure S12). This parameter was 10% higher in case of D-PAA/ZnO NPs/Dox treatment. Zinc content 
was reduced by 40% in the spleen as a result of intravenous injection of Dox (1.5 mg/kg) for 5 days. Perhaps this was due 
to the drug-induced splenic toxicity which contributed to the leakage of zinc into the bloodstream. An increase in zinc 
levels by 10% and 27% in the spleen was registered after the D-PAA/ZnO NPs and D-PAA/ZnO NPs/Dox treatments, 
respectively (Figure 14C, Supplementary Figure S13). A mild accumulation of zinc in organs can reduce the toxic effects 
and tissue damage during doxorubicin anticancer therapy.73,74

Basophilic spherical cells with large nuclei were found in tumor tissue of control animals. Approximately 20% of the 
cells had signs of apoptosis or necrosis such as eosinophilic cytoplasm, pyknotic nuclei or lack of nuclei. The tissue was 
permeated with connective tissue fibers with interspersed adipose tissue (Figure 15).

Figure 14 Relative zinc content in tissues of liver (A), kidney (B) and spleen (C) after intravenous injection of saline (C), D-PAA (D), doxorubicin (Dox), D-PAA/ZnO NPs 
(D/Zn), D-PAA/ZnO NPs/Dox (D/Zn/Dox) for 5 days. Staining with 30 μM TSQ in PBS for 30 min (Median, 25%-75%, *p<0.05). The volume of a single injection was 0.5 mL. 
Doxorubicin dosage was 1.5 mg/kg of rat weight, ZnO NPs was 200 μMol/kg.
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These tissue characteristics were found when animals were treated with D-PAA. However, the relative number of 
cells with signs of apoptosis was increased. This indicated the D-PAA interaction with the tumor and cancer cells, but the 
mechanisms of apoptosis induction by the polymer nanocarrier in vivo need to be elucidated (Figure 15). In vitro studies 
on non-malignant and cancerous cells revealed no changes in cellular survival or apoptosis following treatment with 
D-PAA.20 No significant changes compared to the control samples and D-PAA in the morphology of tumor tissues and 
cells were found after D-PAA/ZnO NPs treatment of animals. A large number of apoptotic bodies, pyknotic nuclei, and 
cells without nuclei were identified. The cell number in the tumor tissue was significantly reduced after treating the 
animals with doxorubicin (Figure 15). The vast majority of cells had signs of apoptosis or necrosis. The combined 
application of D-PAA/ZnO NPs and Dox enhanced antitumor effects. A high proportion of irregularly shaped cells, 
apoptotic bodies and cells with pyknotic nuclei were identified (Figure 15).

A large number of Kupffer cells were identified in the hepatic tissue of the control group of animals. Blood stasis in 
the central veins and cells with signs of apoptosis were registered (Figure 16). Сhanges in hepatic tissue similar to the 
control group were found after treatment of animals with D-PAA. The number of Kupffer cells was reduced compared 

Figure 15 Histopathologic changes in Walker-256 carcinosarcoma tissues after intravenous injection of saline (Control), D-PAA, doxorubicin (Dox), D-PAA/ZnO NPs and 
D-PAA/ZnO NPs/Dox for 5 days. Hematoxylin and eosin staining. For doxorubicin and D-PAA/ZnO NPs/Dox, tissue cellularity was greatly reduced. (Scale bar is 50 µm).
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with the control samples. Accumulation of inflammatory infiltrate was revealed around the central veins (Figure 16). 
Eosinophilic cytosolic inclusions were found in some hepatocytes. No significant morphological changes were found in 
liver tissues compared with the controls following treatment with D-PAA/ZnO NPs. However, no cells with signs of 
apoptosis or necrosis were identified (Figure 16). Thus, ZnO NPs were hepatoprotective and prevented the development 
of some liver dysfunctions in cancer, which was demonstrated in other studies as well.73,74 No significant pathological 
alterations were identified in the hepatic tissue after animal treatment with doxorubicin. Cells with karyomegaly and 
blood stasis were found in the central veins.

The number of cells with an karyomegaly, Kupffer cells, apoptotic and necrotic cells were found in hepatic tissue 
after the combined treatment of animals with D-PAA/ZnO NPs and Dox (Figure 16). Thus, the toxic effect of 
doxorubicin on the liver was diminished by D-PAA/ZnO NPs and the negative consequences of the tumor process 
were also reduced.

Single hyperplastic regeneration and loss of the border of tubulocytes were observed in the control group of animals. 
The renal tissue in animals of the control group was not pathologically altered (Figure 17). The renal tubular apparatus 

Figure 16 Histopathologic changes in liver after intravenous injection of saline (Control), D-PAA, doxorubicin (Dox), D-PAA/ZnO NPs and D-PAA/ZnO NPs/Dox for 5 
days. No significant pathological changes were identified in the liver tissues for all animal groups. Individual apoptotic cells and a significant number of Kupffer cells were 
found. (Scale bar is 50 µm).
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was preserved, but the lumen of the nephron capsule was reduced and the shape of the glomeruli was changed to the 
irregular one after animal treatment with D-PAA (Figure 17). Morphological tissue changes indicate some nephrotoxicity 
of D-PAA. An increase in the lumen of the nephron capsule and isolated cases of loss of the border cells of the tubules 
were found after animal treatment with D-PAA/ZnO NPs (Figure 17). Necrosis of tubulocytes, loss of tubular cellular 
living, flattening of the tubular epithelium were identified when doxorubicin was used to treat cancer (Figure 17). The 
loss of tubulocyte borders, cells with pyknotic nuclei, blood stasis in capillaries and increased tubulo-intestinal cellularity 
were found after the combined treatment of animals with D-PAA/ZnO NPs and doxorubicin (Figure 17).

No pathological changes in splenic tissues were found in animals of the control group (Figure 18). Slight white pulp 
hypoplasia and well-developed red splenic pulp were observed in D-PAA-treated rats. The identified changes indicated 
weak inhibition of leukopoiesis. Solitary apoptotic cells were detected (Figure 18).

The white pulp and red pulp of the spleen were well developed after treatment of animals with D-PAA/ZnO NPs 
(Figure 18). Well-developed red pulp capillaries were found. Severe hypoplasia of the splenic white pulp was revealed 
after treatment with doxorubicin (Figure 18). The changes were typical for doxorubicin anticancer therapy. Slight 
hypoplasia of the white pulp was found following the D-PAA/ZnO NPs and Doxorubicin cancer treatment 

Figure 17 Histopathologic changes in the kidney after intravenous injection of saline (Control), D-PAA, doxorubicin (Dox), D-PAA/ZnO NPs and D-PAA/ZnO NPs/Dox for 
5 days. (Scale bar is 50 µm).
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(Figure 18). Thus, the negative consequences of doxorubicin application for the spleen were diminished as a result of the 
combined treatment with D-PAA/ZnO NPs.

Conclusion
D-PAA/ZnO NPs nanosystems were internalized by prostate, breast cancer cells and non-malignant cells via endocytosis after 
15–45 min of incubation, zinc release into cytosol occurs in 2–3 h. These processes were similar for cancerous and non-malignant 
cells. ROS upregulation was detected in all cells. Nevertheless, for non-malignant cells, the difference between the initial ROS 
level was insignificant. The rate of carbohydrate metabolism in cancer cells was reduced by D-PAA/ZnO NPs. D-PAA/ZnO NPs 
nanocomplex efficiently promoted cell death of tumor cells without showing cytotoxicity against non-malignant cells making it 
a promising anti-cancer agent. In vivo model study reveals that the volume of Walker-256 tumor carcinosarcoma was half as 
much than the control one when treated with D-PAA/ZnO NPs. No impact of D-PAA/ZnO NPs on the antitumor effectiveness of 
Dox in vivo was found. This proves the possibility of combined administration of D-PAA/ZnO NPs and Dox for the anticancer 
therapy. Thus, the D-PAA/ZnO NPs nanosystem inhibits cancer cells and has a weak effect on non-malignant ones. These 
properties were preserved in vivo models after treatment for up to 5 days. In addition, when co-treatment with doxorubicin, the 

Figure 18 Histopathologic changes in spleen after intravenous injection of saline (Control), D-PAA, doxorubicin (Dox), D-PAA/ZnO NPs and D-PAA/ZnO NPs/Dox for 5 
days. Severe hypoplasia of the splenic white pulp was found after treatment with doxorubicin, D-PAA/ZnO NPs and D-PAA/ZnO NPs/Dox. (Scale bar is 50 µm).
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toxicity effects on the tumor were preserved. Thus, D-PAA/ZnO NPs nanosystems can potentially be used as anticancer agents 
both individually and in combination with doxorubicin. In future studies, we plan to improve the targeting of the D-PAA/ZnO 
NPs by modifying the copolymer carrier as well as evaluate the effectiveness of combined treatment with ultrasound.
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