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In vitro localization of modified
zinc oxide nanoparticles showing
selective anticancer effects
against colorectal carcinoma using
biophysical techniques
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In recent decades, despite advancements in conventional cancer therapies, their serious side effects
on both healthy and tumor cells remain a major concern. Aiming to address indiscriminate drug
distribution, unwanted toxicity, and high chemotherapy doses, this study explores the targeted
delivery of zinc oxide nanoparticles (ZnO NPs). ZnO NPs were synthesized and coated with bovine
serum albumin (BSA) and tetraethoxysilane (TEOS) to control cellular uptake and enhance anticancer
activity. Characterized by UV-visible spectroscopy, DLS, FTIR, XRD, and TEM, ZnO, ZnOB, and ZnOT
particles displayed sizes of 140 +13.6 nm, 342 +8.4 nm, and 145 +23.8 nm, respectively, with ZnOT
showing a positive charge of +19.3 +4.16 mV, enhancing stability and cellular interaction. Cytotoxicity
assays revealed ZnO's potent anticancer effect in Caco-2 cells with an 1C50 of 219 pg/ml, while ZnOB
and ZnOT showed moderate toxicity (IC50 values of 308 pg/ml and 235 pg/ml). HepG2 cells maintained
viability close to 100%, highlighting ZnO NPs’ selectivity for Caco-2 cells. Flow cytometry and confocal
microscopy indicated differential uptake, with ZnOB showing the highest uptake in Caco-2 cells after
24 h at 37 °C, increasing fluorescence intensity by over 80% compared to ZnO. ZnOT notably increased
late apoptotic cells by 65% in Caco-2 lines and caused a 40% rise in G2/M phase arrest. Mitochondrial
function assays showed that ZnO reduced mitochondrial membrane potential by over 30%, indicating
stress induction. These results support the potential of ZnO-based nanoparticles in colorectal cancer
treatment, offering selective cytotoxicity, enhanced cellular uptake, and clear apoptotic activity,
making them a promising alternative to conventional chemotherapy.

Keywords Zinc oxide nanoparticles, Tetraethoxysilane, Bovine serum albumin, Caco-2 cell lines,
Cytotoxicity, Cellular uptake, Selective anticancer activity.

Cancer remains a major cause of death globally and a significant obstacle to increasing life expectancy. The
number of new cancer cases is expected to reach 29.5 million per year'. A World Health Organization (WHO)
report indicates that cancer deaths are projected to increase from 10 million in 2020 to 16.4 million annually
by 20402, Cancer arises from the uncontrolled proliferation of abnormal cells that disregard the signals
regulating normal cell behavior, eventually invading other parts of the body’. Cancer has usually been treated
by chemotherapy, radiation, and surgery*. Chemotherapy can be employed as the initial treatment (first-line
therapy) on its own or in conjunction with other treatment modalities®. Although conventional cancer therapies
have seen significant progress in recent years, they also carry a significant risk of severe side effects because
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they target both healthy cells and tumor cells®. The non-specific nature of these therapeutic methods and the
emergence of drug resistance during prolonged use necessitate the urgent development of novel treatment
options’.

In recent years, there has been a significant push to design effective strategies for delivering chemotherapeutic
molecules. The concept of targeted drug delivery has been around for years, with the goal of overcoming the
limitations of non-specific drug distribution, unwanted side effects, and high dosages®. The development of truly
effective tools for precise delivery of chemotherapeutic molecules to the target site is of paramount importance
to overcome all biological barriers’. Emerging nanotechnology-based techniques in cancer therapy have
demonstrated promising results. Therefore, the development of efficient, cost-effective, and highly biocompatible
treatment alternatives is essential. The development of nanoparticles smaller than 1 micrometer has propelled
nanotechnology to become one of the world’s fastest-growing fields'’. Their small size endows them with a high
surface area-to-volume ratio, enhancing drug efficacy, surface contact, solubility, and reactivity, and expanding
their potential applications!’.

A wide spectrum of organic and inorganic nanoparticles, particularly metal nanoparticles (NPs) and their
composites, has been extensively studied and employed in diverse applications'>!%. The development of NP-
based drugs has proven effective in minimizing side effects and achieving targeted action on cancer cells due to
their large surface area. Notably, inorganic NPs, including metal and metal oxide particles such as gold, nickel,
silver, iron oxide, zinc oxide, gadolinium, and titanium dioxide, hold promise for various medicinal applications,
including cell imaging, biosensing, drug/gene delivery, and cancer therapy'*. While nanoparticles can themselves
act as toxic agents, zinc oxide nanoparticles (ZnO NPs) stand out as a promising candidate due to their inherent
selective cytotoxicity towards cancer cells'.

Zinc oxide nanoparticles (ZnO NPs) have garnered significant attention due to their advantageous properties,
including biocompatibility, environmental friendliness, low cost, ease of fabrication, high photosensitivity, large
excitation binding energy, high thermal conductivity, and stability under harsh environmental conditions'.
ZnO NPs possess the ability to absorb ultraviolet rays while remaining transparent to visible light, making them
excellent sunscreen agents!”. Numerous research studies have shown that ZnO NPs exhibit selective cytotoxicity
towards cancer cells, effectively targeting and destroying cancerous cells through selective localization and cell
cytotoxicity mechanisms'®. The anticancer and antibacterial properties of ZnO NPs stem from their ability to
induce the generation of reactive oxygen species (ROS). ZnO NPs possess a remarkable ability to trigger oxidative
stress in cancer cells, which has been identified as a key mechanism of their cytotoxicity. The semiconductor
nature of zinc oxide is responsible for its ability to generate ROS, leading to oxidative stress and eventually cell
death when the cell’s antioxidant capacity is surpassed. Furthermore, the abundance of -OH groups on the
surface of ZnO enables its slow dissolution in both acidic (such as tumor cells and the tumor microenvironment)
and strongly basic conditions. ZnO NPs have attracted significant attention in biomedical applications due to
their ability to inhibit angiogenesis, platelet aggregation, and inflammation, as well as their potential as dental
materials and anticancer agents'.

Similar to other metal oxide NPs, ZnO NPs have been the subject of numerous studies investigating their
potential toxicity. These studies have demonstrated that ZnO NPs can exhibit toxic effects on various cell
lines and animals through a variety of mechanisms'®. The low toxicity of zinc under physiological conditions
(pH=7.4) can be attributed to its limited release of Zn>* ions. Comparable to elemental zinc, ZnO NPs exhibit
biocompatibility towards normal mammalian cells due to their slow dissolution rate. However, at slightly acidic
pH, ZnO NPs rapidly dissolve into Zn*" ions, leading to oxidative stress and subsequent cell damage in cancer
cells, demonstrating pH-responsive cytotoxicity?’. Additionally, it is important to note that ZnO nanoparticles
have a natural tendency to aggregate in various environments, including biological media?'. This aggregation
can influence their stability and functionality by reducing the available surface area and altering the distribution
of nanoparticles within biological systems?2. Such aggregation is often observed in suspensions and can be
exacerbated in biological media due to the presence of proteins and other biomolecules that can induce or
stabilize aggregates. This aggregation behavior necessitates careful consideration of nanoparticle modification
strategies, such as coating with biocompatible materials, to enhance their dispersion, stability, and overall
functionality in biological applications.

A wide range of approaches have been explored to achieve targeted delivery of anticancer drugs and
minimize the toxicity of nanoparticles at specific concentrations. One promising strategy involves the utilization
of functional ligands that can selectively bind to specific receptors that are overexpressed on cancer cells. In
addition, cell-penetrating peptides or ligands for tight junction opening in tumors are being actively pursued as
strategies to enhance the intracellular delivery of anticancer drugs. These functional ligands can be used alone
or in combination to improve the intracellular uptake and target selectivity of anticancer drugs®>?*. Moreover,
the optoelectronic properties of ZnO can be affected by adsorbed proteins. Bovine serum albumin (BSA), as a
model protein, is widely used in biomedical applications for its low toxicity and compatibility with biological
systems®>26, Its coating improves the stability of ZnO NPs by preventing agglomeration and enhances their
hydrophilicity, which is crucial for maintaining a uniform dispersion in aqueous solutions. Additionally, BSA’s
functional groups facilitate interactions with cellular components, potentially improving the nanoparticles’
uptake and targeting efficiency. Various studies have also shown that the fluorescence intensity of BSA decreases
when ZnO NPs are present, suggesting that energy transfer occurs from excited BSA to ZnO in the ZnO-BSA
complex?’.

Coating nanoparticles with inorganic compounds not only ensures their stability but also substantially
broadens their applicability. Silicon compounds are the most commonly employed for this purpose. Silica, a
classic coating material for nanoparticles, enhances their dispersion in aqueous solutions, increases their
durability, and provides protection in acidic environments. Encapsulating nanoparticles with a silica (SiO,) shell
using tetraethoxysilane (TEOS) as a silicon precursor effectively mitigates their potential toxicity and enhances
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their colloidal stability within the physiological pH range?®. Therefore, coating the ZnO NPs with BSA and TEOS
can increase their selective ability as anticancer drugs and reduce their toxicity at higher concentrations.

While previous studies have explored the anticancer potential of ZnO NPs, this research introduces a novel
approach by synthesizing and characterizing ZnO NPs coated with BSA and TEOS. The unique combination of
these coatings aims to enhance the stability, dispersibility, and selective cytotoxicity of ZnO NPs, particularly
against colorectal cancer cells (Caco-2). Unlike previous studies that primarily focused on unmodified ZnO
NPs, this study investigates the synergistic effects of dual-coating with BSA and TEOS, which not only improves
the nanoparticles’ biocompatibility but also enhances their cellular uptake and targeted delivery capabilities.
Furthermore, this research employs a comprehensive suite of biophysical techniques, including UV-Vis
spectroscopy, DLS, FTIR, XRD, and TEM, to thoroughly characterize the modified nanoparticles. The study also
evaluates the differential uptake and cytotoxic effects of these nanoparticles on both cancerous (Caco-2) and
non-cancerous (HepG2) cell lines, providing a deeper understanding of their selective anticancer activity**-3L.
By demonstrating the enhanced stability, reduced toxicity, and improved targeting efficiency of BSA- and TEOS-
coated ZnO NPs, this research offers a promising alternative to conventional chemotherapy, paving the way for
more effective and safer cancer treatments.

Experimental details

Materials

Fluorescein isothiocyanate (FITC), acridine orange (AO), ethidium bromide (EB), puriss sodium hydroxide
pellets, 2-propanol ACS reagent 99.5%, tetraethyl orthosilicate reagent grade 98%, and bovine serum albumin
98% lyophilized powder were obtained from Sigma-Aldrich (USA). Zinc acetate dihydrate 99.5% p.a. ACS
was obtained from Roth (Germany). DMEM medium, fetal bovine serum (FBS), Ultraglutamine, penicillin/
streptomycin, amphotericin B, and trypsin-EDTA were obtained from Lonza (Belgium). A WST-1 Cell
Proliferation Assay Kit was obtained from Takara (Japan). The Alexa Fluor 488 Annexin V/Dead Cell Apoptosis
Kit with Alexa Fluor 488 Annexin V and PI were obtained from Molecular Probes, Life Technologies (USA).
Glass-based Petri dishes were obtained from SPL Life Science (Korea). Visking dialysis tubes were obtained from
Serva Electrophoresis (Germany). Propidium iodide (PI), Rhodamine 123, Triton X-100, and dimethyl sulfoxide
(DMSO) were obtained from Sigma-Aldrich (USA). Flow cytometry tubes were obtained from BD Biosciences
(USA). All other reagents for flow cytometry, including buffers, were sourced from Cell Signaling Technology
(USA). All chemicals and reagents were of analytical grade or higher. The chemicals were used as received.

Synthesis of the ZnO nanoparticles

ZnO nanoparticles (ZnO NPs) were synthesized as a colloidal suspension prepared following a previously
described method®?-%. Briefly, 8.7796 g of zinc acetate dihydrate (99.5%) was dissolved in 80 ml of 2-propanol
(99.9%) at 50 °C and later diluted to 920 ml. Next, 80 ml of a 1.6 g sodium hydroxide (99.5%) solution, prepared in
a 7:1 mixture of 2-propanol and deionized water, was added at 0 °C to slow reaction kinetics, allowing controlled
nucleation and growth, which results in smaller, uniform nanoparticles and prevents agglomeration, leading
to higher purity and more consistent particle size. This addition occurred over 1 min, followed by continuous
stirring for 30 min. The mixture was immersed for 2 h in a water bath preheated to 65 °C. After three days of
further aging at room temperature, the solvent was removed by centrifugation at 7000 rpm for 15 min. The
centrifugation process was repeated until the residual chemicals were completely removed. The precipitate was
dried in an oven at 120 °C for 3 h. Afterward, the powder was calcined in a muffle furnace at 400 °C for 2 h*2.
Then, characterization measurements were performed using a UV-Vis spectrophotometer along with DLS, ELS,
XRD, and TEM.

Preparation of TEOS and BSA capped ZnO NPs

Zinc oxide (ZnO) was dispersed in water or capped with a selection of ligands using the following protocol,
which was modified from a previous report®®. ZnO NPs (100 mg) were sonicated for 15 min at room temperature
for tetraethyl orthosilicate (TEOS), or at 4 °C for bovine serum albumin (BSA), in an ultrasonic bath along with
5 ml of 2-propanol. Next, 100 ml of a 2% solution of TEOS in DI water, or 100 ml of an 18.8 uM solution of
BSA (1.25 mg/ ml) in DI water, was introduced, and the suspension was sonicated for 1 h at room temperature
(TEOS), or with a gradual increase in temperature to room temperature (BSA). The lower concentration of BSA
compared to TEOS in ZnO NPs modification is due to differences in their molecular structure and binding
mechanisms. BSA, a large protein, covers a significant surface area with small amounts and forms a stable protein
Layer on ZnO nanoparticles through multiple binding sites. On the other hand, TEOS, a smaller molecule,
requires a higher concentration to form an effective silane layer. The NPs were then reacted overnight at room
temperature (plain and BSA) or at 60 °C (TEOS) with shaking before being purified from the excess ligand and/
or organic solvent residue by triple centrifugation/decantation (13,000 rpm, 15 min, room temperature). The
capped ZnOB and ZnOT NPs were then redispersed by sonication in ultrapure water at a concentration of 1 mg/
ml

Fluorescein isothiocyanate (FITC) labeling of ZnO, ZnOB and ZnOT

The NPs were labeled using the procedure described as follows: 25 mg of ZnO, ZnOB, and ZnOT nanoparticles
were suspended in 50 ml of deionized water and left stirring for 30 min or until completely suspended. The
pH of the solution was adjusted to 6.5 using 1 M HCI, after which 2.5 mg of FITC dissolved in DMSO (1 mg/
ml) was added to the solution. The solution was then stirred overnight in the dark. Afterward, the solution was
centrifuged at 5000 rpm at 4 °C for 20 min, the supernatant was discarded, and centrifugation was repeated
several times with deionized water until no FITC remained in the supernatant. To verify successful FITC
conjugation, absorbance from 400 to 700 nm was measured using a spectrophotometer. After removing the
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residual unreacted FITC, the ZnO-FITC (ZnOF), ZnOB-FITC (ZnOBF), and ZnOT-FITC (ZnOTF) pellets
were suspended in deionized water.

Structural characterization of the zinc oxide nanoparticles

The ZnO, ZnOF, ZnOB, ZnOBE, ZnOT and ZnOTF nanomaterials were characterized using a UV-Vis-
NIR spectrophotometer (Cary 5000 UV-Vis-NIR; Varian, UK.). The zeta potentials and particle sizes of
the nanomaterials were determined by laser diffraction spectrometry (Malvern, UK.) and high-resolution
transmission electron microscopy (HRTEM, Tecnai G20, FEI, Netherlands) operating at 200 kV. The
morphologies of the nanomaterials were characterized using TEM. Nanoparticle samples were stained with
phosphotungstic acid, and the TEM images were obtained under negative contrast. Fourier transform infrared
spectroscopy (FTIR) analysis was conducted using a JASCO FTIR 6100 spectrometer (Japan). Identification
of the peaks and bands was performed using IRPAL 2.0 (Table driven Infrared Application) software. The
characterization procedures and experiments were performed at the Nanotechnology and Advanced Materials
Central Lab.

Biological characterization of the zinc oxide nanoparticles

Cell culture

Human colorectal (Caco-2) cells, hepatocyte (HepG2) cells, and human embryonic kidney (HEK293) cells were
obtained from the cell culture laboratory at VACSERA, Egypt. The cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 100 pg/ml of streptomycin, 100 units/ml of penicillin, and 10%
fetal bovine serum (FBS), in a humidified atmosphere containing 5% CO, at 37 °C for 24 h to form a confluent
monolayer and permit cell adhesion. All cell culture supplies were obtained from Lonza (Germany).

Cytotoxicity evaluation of the zinc oxide nanoparticles

The HEK293, HepG2, and Caco-2 cells were used for cytotoxicity evaluation. They were seeded into 96-well plates
at a density of 10 x 103 cells/well using 200 pl of growth media (10% FBS, 1% alanyl-L-glutamine, 1% penicillin,
streptomycin, and 0.1% amphotericin) in each well and were incubated for 24 h. Next, the growth media was
replaced with 200 pl of growth media containing ZnO, ZnOT, or ZnOB nanoparticles at concentrations of up to
400 pg/ml for each nanoparticle formulation. After incubating for 24 h, the media was replaced with 100 pl of
fresh media and 10 pl of a water-soluble tetrazolium salt (WST-1) solution (Takara, Japan) to assess cell viability.
After an additional incubation period of 2 h, the OD was determined at 450 nm and a reference absorbance was
measured at 630 nm using a Sunrise microplate spectrophotometer (Tecan, USA)*’-3°. The experiments were
conducted in triplicate and repeated twice. The results are expressed as the mean * standard deviation.

Live/dead cell assay by CLSM

Cells were seeded into eight glass Petri dishes at a density of 10 x 10* cells/dish and were cultured for 24 h in 2 ml
of growth media. Next, the growth media was replaced with media containing ZnO, ZnOB, or ZnOT at their
IC,, concentrations. After incubating for 24 h, 10 ul of an AO and EB mixture at a concentration of 100 pig/ml
for each dye was added. The Petri dishes were incubated at 37 °C for 15 min. Next, the cells were observed by
CLSM?¥740,

Apoptosis by CLSM and flow cytometry

The ability of zinc oxide nanoparticles to induce apoptosis was performed using Alexa Fluor' 488 Annexin
V - Propidium iodide (PI) assay. In this assay, viable cells have a uniform bright green nucleus with a normal
structure!®374!, ZnO, ZnOB, or ZnOT nanoparticles were incubated with cells for 24 h under normal incubation
conditions at their IC, ) concentrations with respect to the effect of each nanomaterial. In the glass Petri dish,
100 pl of a 1x annexin binding buffer was added to 5 pl of Alexa Fluor 488 Annexin V and 1 pl of a 100 pg/ml
PI working solution. The cells were then incubated at room temperature for 15 min. Afterward, 400 ul of the 1x
Annexin binding buffer was added, followed by gentle mixing and maintaining the Petri dishes on ice. The cells
were then viewed under CLSM at 488 nm and 543 nm for Alexa Fluor 488 and PI, respectively, according to
the manufacturer’s instructions. All imaging studies were performed using an LSM 710 (Carl Zeiss, Germany)
with an image size of 1024 x 1024 pixels, a 16-bit depth, and Plan-Apochromat 63x/1.4 oil DIC and EC Plan-
Neofluor 40x/1.3 oil DIC objectives. The acquisition was performed using Zen 2009 software, and processing
was conducted using Zen 2012 (blue and black edition).

To evaluate apoptosis induction in treated cells, HEK293, HepGz2, and Caco-2 cells using flow cytometry.
Post-treatment, both floating and adherent cells were collected by trypsinization, washed with cold PBS, and
resuspended in 100 pl of 1X Annexin V binding buffer. Cells were then stained with 5 pl of Alexa Fluor’ 488
Annexin V and incubated for 20 min at room temperature. After incubation, 400 pl of binding buffer was
added to each sample then 5 pl of propidium iodide (PI, 50 ug/ml) was added and the samples were analyzed
immediately by CytoFlex V5-B5-R3 flow cytometer using the 488 nm laser. 10,000 events were recorded from
each sample and the data was analyzed using CytExpert 2.3 software. A doublet discrimination chart was used
to exclude aggregates and duplicates from the downstream analysis The applied gating strategy was: live cells
“Annexin V-, PI7, early apoptotic cells “Annexin V*, PI7, late apoptotic cells “Annexin V*, PI*” and necrotic
cells “Annexin V-, PI*”,

Cell cycle analysis

To assess the effects of ZnO, ZnOB, and ZnOT nanoparticles on cell cycle progression, HEK293, HepG2, and
Caco-2 cells were seeded in 6-well plates (2 x 10 cells per well) and allowed to adhere overnight. The cells were
treated with ZnO, ZnOB, and ZnOT nanoparticles at 100 pg/ml concentration for 24 h. After treatment, both
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floating and adherent cells were collected, washed with cold PBS, and then fixed in 3 ml of 70% ice-cold, ethanol
was added dropwise to the cell pellet while vertexing. Cells then were stored at 4 °C overnight. The fixed cells
were washed twice with 5 ml cold PBS at 650 x g for 10 min, then resuspended in 500 pl of PI/RNase Staining
Solution, and incubated at 37 °C CO, incubator for 15 min then the cells emerged directly in ice till acquisition.
The stained cells were analyzed by CytoFlex V5-B5-R3 flow cytometer using a 488 nm laser. 10,000 events were
recorded from each sample and analyzed using CytExpert 2.3 software. The cell cycle stages (G0/G1-S-G2/M)
were determined based on the control samples and the gates were then applied to the experimental samples,
a doublet discrimination chart was used to exclude aggregates and duplicates from the downstream analysis.
Histogram charts were created with the PI on the X-axis and cell count on the Y-axis to determine the number
of cells per cell cycle phase.

Cellular uptake and internalization of the ZnO NPs by CLSM and flow cytometry

The Caco-2 cells were used to investigate the cellular uptake and internalization of the prepared nanoparticles'®4!.
They were cultured in glass Petri dishes at a density of 10 x 10* cells/dish for 24 h in 2 ml of growth media. Next,
the media was discarded and replaced with 2 ml of growth media containing ZnOF (10 ug/ml), ZnOBF (10 pg/
ml), or ZnOTF (10 pg/ml) nanoparticles. The cells were incubated for 4 h at 4°C and at 37 °C and 5% CO, in a
humidified incubator for 4 and 24 h. At the designated time points, the media was discarded and the cells were
washed three times with PBS followed by immediate CLSM imaging using a 488 nm excitation wavelength to
assess the uptake of the FITC conjugated nanoparticles.

To evaluate the cellular uptake of ZnO, ZnOB, and ZnOT nanoparticle by flow cytometry, post-incubation,
cells were washed with cold PBS, trypsinized, and resuspended in PBS for immediate analysis by flow cytometry
using a 488 nm laser and a 530/30 nm bandpass filter for FITC detection. 10,000 events were recorded from
each sample, and the data was analyzed using CytExpert 2.3 software. A doublet discrimination chart was used
to exclude aggregates and duplicates from the downstream analysis. The mean fluorescence intensity (MFI) was
calculated by the software to quantify the internalization of FITC-labeled nanoparticles by the cells.

Mitochondrial function assay by flow cytometry

Rhodamine 123 (Rh123), a fluorescent dye, was used to study mitochondrial membrane potential in HEK293,
HepG2, and Caco-2 cells after treatment with ZnO, ZnOB, and ZnOT nanoparticles at 100 ug/ml concentration
for 24 h32. The cells were labeled with Rh123 by incubating them with the dye (1 ug/ml) for 2 h at 37 °C and 5%
CO, in the incubator. After incubation, cells were washed first with cold PBS, trypsinized, and centrifuged then
resuspended in 300 ul of PBS. The samples were analyzed immediately by CytoFlex V5-B5-R3 flow cytometer
using a 560 nm laser to detect Rh123* (live), Rh1234m (stressed), and Rh123™ cells (dead). 10,000 events were
recorded from each sample and the data was analyzed analysis using CytExpert 2.3 software. Data analysis
focused on a doublet discrimination chart to exclude aggregates and duplicates from the downstream analysis,
and then mean fluorescence intensity (MFI) of Rh123 was calculated.

Statistical analysis

All data were analyzed through Origin 8.0 (Origin Lab Corporation, USA) and shown as the average + standard
deviation. All experiments were performed in triplicate (n=3). The significance was calculated by Student’s
ANOVA test using GraphPad Prism 7.00, where values of p<0.05 were considered statistically significant.
Graphs are marked as follows: * significant at p <0.05, ** significant at p<0.01, *** significant at p<0.001, and
** significant at p <0.0001.

Results and discussion

Characterization of the ZnO, ZnOB, and ZnOT nanoparticles

Absorption spectroscopy is a powerful nondestructive method for evaluating the optical properties of applicable
nanoparticles. Additionally, the UV-Vis absorption spectrum is a function of the nanoparticles (NPs) size as
it has a direct effect on A__ . The maximum wavelength(\ ) exhibits an inverse relationship with quantum
confinement effects in smaller particles, leading to a blue shift in smaller sizes and a red shift in larger ones. In
other words, there is a direct relationship between the absorption peak of the ZnO NPs and their size. Based on
this fact, a larger A max for the NPs and lower energies leads to a redshift in the absorbance spectrum of the ZnO
NPs. Therefore, the absorption spectra of the different forms of the ZnO NPs were measured and represented
in Fig. 1. The measured A __values of 363 nm for ZnO, 361 nm for ZnOB, and 357 nm for ZnOT indicate a
slight shift in ZnOB and ZnOT due to changes in particle size compared to ZnO, confirming the relationship
between X and particle size. A generic excitation absorption at 492 nm was observed for the FITC-labeled
nanoparticles (ZnOE ZnOBE and ZnOTF). From these A values, the particles size of the different forms of
ZnO were expected to be consistent after modification with BSA or TEOS, which enhanced the dispersibility and
stability of the ZnO NPs in an aqueous solution.

The shift observed in the UV-Vis spectra of ZnOT and ZnOB nanoparticles after modification is attributed
to potential electronic interactions between the nanoparticle surfaces and the modifiers. These interactions likely
result in charge transfer or changes in surface electronic density, stabilizing the nanoparticles and leading to
lower energy transitions. Furthermore, the stabilizing effect of BSA and TEOS enhances nanoparticles dispersion
and reduces aggregation.

Particle size plays a key role in the cellular uptake of NPs and is a critical parameter for cationic polymers
intended for application use*>**. Therefore, the sizes of the nanoparticles were measured using dynamic light
scattering (DLS). The average particle sizes and polydispersity index (PDI) values for the nanoparticles are as
follows: ZnO exhibited a size of 140 +13.6 nm with a PDI of 0.457, indicating moderate uniformity. ZnOB and
ZnOT nanoparticles had average particle sizes of 342+8.4 nm and 145+23.8 nm, with PDI values of 0.307
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Fig. 1. UV-Vis absorption spectra and DLS analysis of ZnO nanoparticle formulations. (a-c) UV-Vis

absorption spectra of ZnO, ZnOB, and ZnOT nanoparticles and their respective FITC-labeled forms, showing
spectral shifts associated with size and surface modifications. (d-f) DLS particle size distribution of ZnO,
ZnOB, and ZnOT nanoparticles and their FITC-labeled forms, illustrating changes in hydrodynamic diameter
and monodispersity upon surface functionalization.

and 0.398, respectively, showing relatively higher monodispersity. This trend aligns with the optical absorption
properties, where larger particle sizes (ZnOB) correlate with a red shiftin A __ .

The size of particles and their Polydispersity Index (PDI) play a crucial role in how well cells absorb them and
how effective they are in treatment. These factors can significantly impact both the cellular uptake and the overall
therapeutic success of a treatment. Nanoparticles such as ZnOT, are generally more efficiently internalized by
cells via endocytosis due to their optimal size for membrane interactions and cellular transport. Larger particles,
such as ZnOB, can exhibit enhanced retention at the target site due to slower clearance rates, potentially
increasing localized therapeutic effects. Additionally, lower PDI values indicate higher monodispersity,
which ensures uniform interaction with biological systems and reduces variability in cellular uptake. These
characteristics are particularly critical for applications in drug delivery, where controlled and consistent uptake
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enhances the therapeutic index of the nanoparticles. For the FITC-labeled variants, ZnOF, ZnOBEF, and ZnOTE,
particle sizes were 220+11.05 nm, 615+16.21 nm, and 255+ 31.5 nm, with PDI values of 0.537, 0.459, and
0.475, respectively. The PDI values confirm a consistent particles size distribution across formulations, with
slight increases in labeled variants due to the labeling process, which did not significantly impact nanoparticle
behavior in evaluation tests (Fig. 1).

The zeta potential of NPs determines their colloidal stability and influences the effectiveness of their
interactions with the cell membrane. Thus, the zeta potentials of NPs can affect their efficiencies*2. The measured
zeta potentials were —19.21+£3.38, -11.24+3.31, -3.24+4.3, 3.45+4.64, 19.3+£4.16, and 14.7+3.29 mV for the
ZnO, ZnOEF, ZnOB, ZnOBE, ZnOT, and ZnOTF nanoparticles, respectively, as illustrated in Fig. 2. The surface
charge of nanoparticles, as indicated by the zeta potential, plays a pivotal role in their interaction with biological
systems. Negatively charged nanoparticles, such as BSA-coated ZnO NPs, tend to interact less aggressively
with negatively charged cell membranes due to electrostatic repulsion, potentially reducing cytotoxicity and
improving biocompatibility. In contrast, positively charged nanoparticles, like ZnOT and ZnOTE exhibit
stronger electrostatic interactions with cell membranes, which can enhance cellular uptake but may also increase
the risk of membrane disruption and toxicity.

FITC-modified ZnO nanoparticles exhibit zeta potential values closer to neutrality, suggesting a reduction
in electrostatic interactions. This neutral charge distribution may facilitate penetration into tissues with dense
extracellular matrices or limit nonspecific interactions, improving biodistribution and reducing off-target effects.
In contrast, BSA presents multiple peaks, suggesting higher variability in its zeta potential, with a maximum
peak showing a negative value (- 10.6+4.92) lower than that of FITC (- 1.92£3.34). This indicates that BSA-
coated nanoparticles likely possess a more negative surface charge compared to those labeled with FITC, which
aligns with the protein’s nature, as it contains carboxylic and amide groups. The ZnO NPs demonstrated poor
stability in suspension, attributed to their tendency to aggregate, a conclusion supported by the zeta potentials
of the various ZnO forms. Modifying ZnO with TEOS resulted in a positive zeta potential, potentially altering
its interactions with cells. The interaction between ZnO NPs and FITC likely relies on both electrostatic and
van der Waals forces, as evidenced by the change in zeta potential upon adding FITC to the nanoparticles,
which approaches the isoelectric point regardless of their initial zeta potential. The isoelectric point (IEP) is
the pH at which a nanoparticle’s net surface charge becomes neutral. At this point, the electrostatic repulsion
between particles is minimized, increasing the likelihood of aggregation. In biological environments, the IEP
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Fig. 2. Zeta potential of modified and labeled ZnO nanoparticles. (a) Zeta potential of control molecules
(FITC and BSA). (b-d) Zeta potentials of ZnO, ZnOB, and ZnOT nanoparticles with and without FITC
labeling, showing surface charge variations due to functionalization and their implications for stability and
biological interactions.
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also governs how nanoparticles interact with biomolecules, such as proteins and cell membranes. For example,
nanoparticles at or near their IEP may show reduced stability in suspension, impacting their biodistribution
and clearance rates. Conversely, a zeta potential far from the IEP suggests enhanced colloidal stability, which is
essential for maintaining consistent nanoparticle behavior in vivo. The shift toward the IEP upon FITC labeling
highlights the balance between stabilizing forces and functionalization-induced changes, which could influence
the nanoparticles’ biological interactions and therapeutic efficacy. Overall, the observed zeta potential variations
highlight the versatility of surface modifications in tailoring nanoparticles for specific therapeutic applications.
For instance, the positively charged ZnOT nanoparticles could be used for localized drug delivery to cancerous
tissues, where enhanced cellular uptake is desirable, while the negatively charged ZnOB nanoparticles could be
employed for systemic applications requiring lower nonspecific interactions.

The morphologies and size distributions of ZnO, ZnOB, and ZnOT nanoparticles were further confirmed by
TEM analysis (Fig. 3). The electron diffraction pattern of ZnO revealed the crystalline nature of the zinc oxide
nanoparticles (Fig. 3). The average diameters of ZnO, ZnOB, and ZnOT as measured from TEM images were
14+5.2 nm, 19+6.8 nm, and 17.8+7.4 nm, respectively. Agglomeration was observed in all the nanoparticle
formulations, this is a typical characteristic of ZnO NPs*. The agglomeration observed in TEM images has
potential implications for biological applications and in vivo behavior. Agglomeration can influence cellular
uptake by reducing the effective surface area and altering the interaction of nanoparticles with cell membranes.
While smaller, well-dispersed nanoparticles are often preferred for efficient cellular internalization, agglomerates
may exhibit slower uptake rates but can benefit from prolonged circulation times in vivo due to decreased renal
clearance.

BSA and TEOS formed shells surrounding ZnO NPs with diameters of 3.6 and 5.6 nm for ZnOB and
ZnOT, respectively. These shells play a critical role in enhancing the stability and functional properties of the
nanoparticles. The BSA coating provides steric stabilization, reducing aggregation by forming a protein layer
that acts as a physical barrier, which is particularly useful for maintaining colloidal stability in biological
environments. Additionally, the functional groups present in BSA, such as carboxyl and amine groups, may
enhance biocompatibility and facilitate conjugation with biomolecules for targeted delivery applications.
Similarly, the TEOS-modified shell introduces a silica-like coating, known for its chemical inertness and ability
to improve dispersibility. The increased shell thickness in ZnOT nanoparticles contributes to their colloidal
stability and may provide additional protection against enzymatic degradation in biological systems. This
stability ensures that the nanoparticles retain their structural integrity during cellular uptake and enhances their
overall functional properties for biomedical applications.

A quantitative analysis of size distribution was conducted using multiple TEM images (Fig. 3), and the
results demonstrated consistency with the DLS measurements. Although TEM tends to show smaller average
sizes due to the drying and potential aggregation of particles on the grid, the observed agglomeration in all
formulations is consistent with the DLS data. This confirms that the larger particle sizes observed in DLS are
likely due to the formation of agglomerates in solution. The particle sizes observed in this study are in agreement
with reported literature values for similar ZnO nanoparticle systems, where ZnO particles typically range from
10 to 50 nm for TEM measurements, depending on synthesis and stabilization methods*>*¢. The slightly larger
diameters observed for ZnOB and ZnOT align with findings from studies involving surface modifications
with BSA and TEOS, which contribute to increased shell thickness and enhanced dispersibility*”*8. These
comparisons contextualize our results within the broader framework of ZnO nanoparticle research and further
validate the consistency between the DLS and TEM data. Overall, the TEM size distribution analysis provides
complementary information, validating the DLS results and offering a comprehensive understanding of the
particle size characteristics.

Figure 4 shows the XRD pattern of the ZnO NPs grown by using the hydrothermal synthetic method. The
dominant diffraction peak for the (002) plane indicates a high degree of orientation®’. This pattern demonstrated
the hexagonal wurtzite structure of the ZnO NPs. The ZnO wurtzite structure has a hexagonal unit cell with
two lattice parameters, a and ¢, and belongs to either the Cg, or P63 mc space group. In wurtzite hexagonal
ZnO, each anion is surrounded by four cations at the corners of a tetrahedron, which reflects the tetrahedral
coordination of the anions and hence exhibits sp* covalent bonding™. The XRD pattern showed the orientation
and crystal nature of the zinc oxide nanoparticles. The diffraction pattern of the ZnO NPs presented distinctive
peaks for the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) planes for the peak
positions with 26 values of 31.79°, 34.48°, 36.32°, 47.55°, 56.69°, 62.96°, 66.43°, 67.96°, 69.17°, 72.57° and 77.05°,
respectively. These results are in agreement with the standard peaks of the hexagonal phase structure of ZnO
according to the ICDD database library (JCPDS File No. 00-001-1136). All peak positions and relative peak
intensities of the ZnO product agreed well with those of the standard XRD pattern, indicating that the ZnO
product was of high purity. Moreover, all the diffraction peaks of the product showed strong peak intensities,
indicating that the obtained ZnO NPs had a high degree of crystallinity, which was in agreement with the results
reported by L. Shen et al.* and Y. Chung et al.*!. Additionally, the crystallite sizes for each diffraction peak were
calculated using the Scherrer equation, and the results are summarized in Table 1. The calculated crystallite
sizes varied significantly across different peaks, ranging from 12.6 nm (126 A) to 49.7 nm (497 A). These results
further confirm the nanoscale crystalline nature of the ZnO particles. Additionally, these size variations can have
significant implications for the optical and mechanical properties of the nanoparticles.

The crystallite size influences the bandgap energy of ZnO nanoparticles. Smaller crystallites typically exhibit
quantum confinement effects, leading to a wider bandgap and a corresponding blue shift in optical absorption
spectra. Conversely, larger crystallites may result in reduced bandgap widening and are associated with higher
light scattering. These effects are critical for applications such as UV-blocking coatings and optoelectronic
devices. Crystallite size can also affect the mechanical properties of ZnO. Smaller crystallites generally contribute
to enhanced hardness and strength due to the Hall-Petch effect, where grain boundaries act as barriers to
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Fig. 3. TEM images and size distributions of ZnO, ZnOB, and ZnOT nanoparticles. TEM micrographs
confirm the spherical morphology, size uniformity, and agglomeration behavior of nanoparticles. The presence
of BSA and TEOS shells around ZnOB and ZnOT respectively, are also observed, with consistent size ranges
compared to DLS data.

dislocation motion. However, excessively small crystallites might lead to grain boundary weakening under
certain conditions. Larger crystallites, on the other hand, may provide more flexibility but could reduce the
material’s ability to resist mechanical deformation. These relationships underline the importance of tailoring
crystallite size during synthesis to optimize ZnO nanoparticles for specific applications, such as optical sensors,
antimicrobial agents, or structural composites.

Crystallite size also influences the reactivity and stability of nanoparticles, which are crucial for their
therapeutic applications. Smaller crystallites, with their higher surface-to-volume ratio, have more active
sites for chemical reactions, enhancing the efficacy of ZnO nanoparticles in drug delivery and antimicrobial
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Fig. 4. XRD and FTIR spectra of ZnO nanoparticles and their derivatives. (a) XRD patterns confirming the
crystalline wurtzite structure of ZnO nanoparticles. (b) FTIR spectra demonstrating characteristic peaks
corresponding to surface functional groups, coatings (BSA and TEOS), and FITC modifications, validating
successful nanoparticle functionalization.

No. | Pos. [°20] | Crystallite Size [A]
1 31.79 203
2 34.48 265
3 36.32 205
4 47.55 126
5 56.69 256
6 62.96 135
7 66.43 175
8 67.96 188
9 69.17 497
10 72.57 347
11 77.05 328

Table 1. Crystallite sizes of ZnO nanoparticles calculated using the scherrer equation based on XRD peak
positions (20).

applications. However, this also makes them more prone to oxidation and degradation, potentially reducing
their stability in biological environments. Larger crystallites tend to be more stable due to fewer surface defects
and a lower energy state. This increased stability can be beneficial in long-term drug delivery applications where
sustained release is needed without rapid degradation of the nanoparticles. The stability of ZnO nanoparticles
is also influenced by surface charge, agglomeration, and surface modifications (e.g., BSA or TEOS), which can
alter their reactivity and behavior in vivo.

b) FTIR spectra of ZnO, ZnOB, ZnOT, and FITC-labeled nanoparticles, highlighting specific functional groups
and chemical bonds formed during surface modifications. These spectra directly connect functionalization to
enhanced biocompatibility and targeting capabilities.

FTIR spectra were obtained to investigate the interactions and the formed bonds of the ZnO, ZnOB, and
ZnOT nanoparticles with FITC to estimate the possible peak shifts due to labeling the ZnO, ZnOB, and ZnOT
nanoparticles with the FITC dye (Fig. 4). The peaks presented in the spectra of ZnO were in agreement with
those reported in the literature®>>*. A detailed summary of the functional groups and their corresponding peak
positions is presented in Table 2. The FTIR spectra of ZnO, ZnOB, and ZnOT nanoparticles reveal significant
structural changes due to the coating with FITC and modification with BSA. ZnO NPs exhibit characteristic
peaks for FITC dye interaction at 2086 and 1024 cm™!, amide I groups at 1640 cm™', OH vibrations between
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Functional Group Peak Position (cm™') | Assignment Nanoparticles

OH stretching 3200-3600 Hydrogen-bonded OH groups ZnO, ZnOB, ZnOT
C-N stretching 2800-2900 C-N stretching Zn0, ZnOB, ZnOT
FITC stretching 2086, 1024 FITC dye interaction ZnO

Amide I stretching 1640 Amide I groups ZnO

OH vibrations 400-800 OH bending and stretching vibrations ZnO

C-N symmetric stretching 1088, 1108 Symmetric stretching of C-N bond ZnO, ZnOB, ZnOT
C-S symmetric stretching 701,711 Symmetric stretching of C-S bond ZnO, ZnOB

NCN asymmetric bending 579, 504 NCN asymmetric bending ZnO, ZnOB

NH, asymmetric stretching 3370 NH2 asymmetric stretching ZnO, ZnOB, ZnOT
NH stretching 3162, 3260, 3419 NH stretching modes ZnO, ZnOB, ZnOT
NH?3* stretching 2086, 2164 NH3 + stretching ZnO, ZnOB

P =0 stretching (Phosphoramide) | 1640 P =0 stretching in phosphoramide confirming BSA modification | ZnOB

Thiourea bond formation 2086 Thiourea bond formation with FITC ZnO

Table 2. Summary of functional groups and their corresponding peak positions in FTIR spectra.

400 and 800 cm™!, and NH, stretching at 3370 cm 1245 Thiourea bond formation with FITC is indicated at
2086 cm™!. ZnOB NPs show phosphoramide P =0 stretching at 1640 cm™!, confirming BSA attachment. They
also display NH, asymmetric stretching at 3370 cm™, NH stretching at 3419 cm™, and NH?* stretching at
2164 cm™!, along with C-N and C-S symmetric stretching at 1108 and 701 cm™, respectively. ZnOT NPs share
similar BSA modification peaks and exhibit additional peaks due to thiourea bond formation and functional
group interactions. Key shifts and increased intensities in peaks (e.g., 2915, 1632, 1509 cm™) suggest further
modifications compared to ZnOB. Ultimately, the spectra confirm the stabilization and coating of ZnO
nanoparticles through various functional group interactions, including coordination with OH, NH, C-N, and
aldehyde groups, as well as the formation of thiourea bonds with FITC and modifications from BSA.

The functional group interactions observed in the FTIR spectra significantly influence the nanoparticles’
physicochemical properties. For example, the incorporation of BSA improves colloidal stability by altering
surface charge, as evidenced by zeta potential measurements. Thiourea bonds and other functional groups
contribute to enhanced binding efficiency with targeting molecules such as FITC. The presence of functional
groups such as NH, and C-N contributes to improved interaction with biological molecules, while BSA coatings
ensure reduced cytotoxicity and prolonged stability in physiological conditions. These features are vital for
functional enhancements, such as targeted drug delivery, where surface functionality directly impacts cellular
uptake and distribution.

Cytotoxicity evaluation of the ZnO, ZnOB, and ZnOT nanoparticles

The impact of ZnO, ZnOT, and ZnOB nanoparticles on cell viability was evaluated across different cell lines. For
HEK293 cells (Fig. 5a), ZnOT and ZnOB demonstrated higher cell viability than ZnO at lower concentrations
(5,12.5, and 25 pg/ml), with ZnOT showing a statistically significant increase at 12.5 pug/ml (*p <0.05, **p <0.01).
However, at higher concentrations (50 pg/ml and above), all nanoparticles caused a significant reduction in
viability, with the most pronounced decrease at 100 ug/ml and beyond (***p <0.0001). ZnOT and ZnOB appear
to be less toxic at lower doses but exhibit increased cytotoxicity at higher concentrations, while ZnO consistently
reduces viability with increasing concentration. This concentration-dependent cytotoxicity highlights the
therapeutic efficiency of ZnOT and ZnOB for targeted therapy applications, minimizing off-target effects while
ensuring efficacy at higher doses.

For HepG2 cells (Fig. 5b), cell viability remained close to 100% across all tested concentrations of the
nanoparticles, showing no statistically significant changes. This suggests that HepG2 cells are resistant to the
cytotoxic effects of ZnO, ZnOB, and ZnOT, indicating their biocompatibility. The observed resistance may result
from reduced ROS generation, efficient antioxidant mechanisms, and lower nanoparticle uptake, highlighting
their suitability for non-cancerous applications. In contrast, Caco-2 cells (Fig. 5¢) maintained high viability at
lower concentrations (5, 12.5, and 25 pg/ml) but showed a noticeable decline starting from 50 pg/ml, with ZnO
exhibiting the highest cytotoxicity at concentrations of 100 pg/ml and above. The nanoparticles exhibit dose-
dependent cytotoxicity, with ZnO being the most toxic. These results suggest that ZnO, ZnOT, and ZnOB have
potential for targeted therapy in colorectal cancer due to their selective cytotoxicity at higher concentrations,
while their biocompatibility with HepG2 cells indicates their suitability for non-cancerous applications.
Surface modifications in ZnOB and ZnOT, such as BSA and TEOS coatings, reduce toxicity by stabilizing the
nanoparticles and limiting ROS generation, which is particularly beneficial for therapeutic safety.

The IC,, values were calculated for the different forms of ZnO and reported in Table 3. This table summarizes
the IC50 values of ZnO, ZnOT, and ZnOB against two cell lines, HepG2 and Caco-2. The IC50 values indicate
the concentration required to inhibit 50% of cell viability, highlighting the selective cytotoxic effects of these
nanoparticles on Caco-2 cells while maintaining biocompatibility with HepG2 cells. Additionally, the cytotoxic
effects of the ZnO, ZnOB, and ZnOT nanoparticles against the Caco-2 cells were dependent on the nanoparticle
concentration and treatment duration. ZnO NPs are known to have selective anticancer activity by inducing a
strong electrostatic interaction with the cancer cells”’. The mechanism of the selective anticancer activity may

Scientific Reports |

(2025) 15:16811

| https://doi.org/10.1038/s41598-025-00434-3 natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A
_— * tlf == Zno ZnOT == ZnOB
32
m o
o = T
= 100+ T _
N 2 - ke o
¥ .g T *kk *kk  kkk
> *kk s
— = 50 T "
L (&]
B
150+ == ZnO ZnOT == ZnOB
2
o
o =100 T T T T . . .
O =
©
Q 3
) = 501
- (&]
C
150+ == Zno ZnOT == ZnOB
X
[-)
2 100-
o £ 100{ it 1 i . r . X
o ..g .
o .; hdodatd Fkekk
© = 50
O o woar T
& & & & & & &
o o ® ES & & &

Fig. 5. Cytotoxicity profiles of ZnO, ZnOB, and ZnOT nanoparticles across three cell lines. Cell viability
results in HEK293 (a), HepG2 (b), and Caco-2 (c) cells after exposure to varying nanoparticle concentrations,
highlighting dose-dependent cytotoxicity and selective anticancer activity toward Caco-2 cells.

ZnO | 2080 pg/ml 219 pg/ml
ZnOT | 2178 pg/ml 235 pg/ml
ZnOB | 1912 pg/ml 308 pg/ml

Table 3. IC50 values of ZnO, ZnOT, and ZnOB nanoparticles in HepG2 and Caco-2 cell lines.
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Parameter ZnO ZnOB ZnOT
Size (nm) 140+ 13.6 342+8.4 145+23.8
Zeta Potential (mV) -19.21+3.38 | -3.24+4.3 | 19.3+4.16
Cytotoxicity (IC50, ug/mL)

HepG2 2080 1912 2178
Caco-2 219 308 235

Table 4. Summarizing particles size, zeta potential, and cytotoxicity results of ZnO, ZnOB, and ZnOT
nanoparticles across different cell lines.

Fig. 6. (a) CLSM images of live/dead staining using AO and EB on Caco-2 cells after incubating for 24 h with
ZnO, ZnOB, and ZnOT nanoparticles, showcasing cell viability and selective cytotoxic effects. (b) Annexin V
and PI staining images represent apoptosis and necrosis in Caco-2 cells, highlighting the mode of cell death

induced by nanoparticles. These findings are crucial for understanding their targeted therapeutic mechanism.

depend on many variables such as the enzymatic activity of zinc, the functional characteristics of the cells,
or particle interactions with the cells. As observed from the obtained data, ZnO had a clear toxic effect on
the Caco-2 cells at concentrations an order of magnitude lower than that of HepG2 cells. Our findings are
consistent with previous research indicating that the selective cytotoxicity of ZnO nanoparticles against cancer
cells can be attributed to the generation of ROS2 The overproduction of ROS may also result in oxidative DNA
damage and autophagic cell death®®>. These mechanisms are particularly relevant in the context of our study, as
they explain the observed selective cytotoxicity of ZnO nanoparticles towards Caco-2 cells compared to HepG2
cells. Additionally, the selective cytotoxicity of ZnOB and ZnOT towards cancer cells, particularly at higher
concentrations, can be also attributed to mechanisms such as ROS overproduction and oxidative DNA damage.
These mechanisms align with existing literature on nanoparticle-based therapies and position ZnOB and ZnOT
as superior alternatives to conventional therapies due to their enhanced biocompatibility and targeted action.

To provide a clear comparison of ZnO, ZnOB, and ZnOT nanoparticles, Table 4 summarizes their size, zeta
potential, and cytotoxicity across different cell lines.

Live/dead cell assay of ZnO, ZnOB, and ZnOT nanoparticles

Live dead assays work by employing two dyes. First, AO can penetrate intact cell membranes and intercalate into
double-stranded (ds) DNA, emitting green fluorescence and signaling a live cell. Second, EB can only penetrate
impaired cell membranes, emitting red fluorescence when bound to DNA signaling a dead cell. The live/dead
assay revealed that all the different forms of ZnO induced cell death (Fig. 6a).

Apoptosis and necrosis assay by CLSM

ZnO nanoparticles induce apoptosis through several mechanisms, including the generation of reactive oxygen
species (ROS), disruption of mitochondrial function, and activation of apoptotic pathways. The increase in ROS
levels leads to oxidative stress, damaging cellular components and triggering the intrinsic apoptotic pathway. Key
markers of apoptosis, such as changes in mitochondrial membrane potential (A ), are observed in cells exposed
to ZnO NPs. The effect of functionalized ZnO NPs on apoptosis can vary with the type of functionalization.
Functional groups that enhance ROS generation may intensify apoptotic effects, while those with antioxidant
properties may reduce apoptosis. For example, in our assays, Caco-2 cells treated with ZnO, ZnOB, and ZnOT
nanoparticles showed a decrease in viable cells, an increase in early apoptotic cells, and a minimal presence of
necrotic cells (Fig. 6b)*”. ZnOT specifically resulted in a higher number of late apoptotic cells. This suggests that
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functionalizing ZnO with tetraethyl orthosilicate (TEOS) heightened its toxic effects by accelerating apoptosis.
Necrosis, characterized by uncontrolled cell death, is often linked to severe cellular damage or stress®.

ZnO NPs can induce necrosis through mechanisms such as overwhelming oxidative stress, direct membrane
damage, or disruption of cellular homeostasis. Our results indicate that the ZnO-NPs induced DNA damage
resulting in cell death for a fraction of the treated cells. Repair mechanisms may no longer act effectively, and sub
cytotoxic repairable effects may be converted into cytotoxic effects, leading to a higher percentage of eliminated
cells. In addition to NP concentration, the shape, dispersion, and surface charge seemed to play important roles
in nanoparticle cytotoxicity®'.

Apoptosis necrosis assay by flow cytometry

The impact of NPs on cell apoptosis was examined across different cell lines as shown in (Figs. 7). A representative
flow cytometric analysis in Fig. 7 showed the gating strategy and the cell populations as the following: viable cells
“Annexin V~/PI7”, early apoptotic cells “Annexin V*/PI™, late apoptotic cells “Annexin V*/PI*” and necrotic cells
“Annexin V7/PI*”

A statistical analysis of cell apoptosis and viability in the three mentioned cell lines was represented in Fig. 7
with statistical significance indicated by asterisks. The analysis in Fig. 7a showed that in HEK293 cells, the
control group exhibited complete cell viability with minimal percentage of apoptosis. ZnO treatment led to
a significant increase in early apoptosis and a considerable non-significant increase in late apoptosis. ZnOB
treatment showed a slight non-significant decrease in cell viability compared to ZnO and a significant decrease
in cell viability compared to the control cells, but still resulted in a non-significant increase in early apoptosis
and a significant increase in late apoptosis compared to the control cells. ZnOT treatment caused a significant
reduction in cell viability and significant increases in both early and late apoptosis, respectively, indicating its
high cytotoxic effect on HEK 293 cells.

In Fig. 7b, the control cells of HepG2 also showed a complete cell viability. The ZnO treated cells showed a
significant decrease in cell viability compared to the control cells, while showed significant increases in both
early and late apoptosis, respectively. ZnOB treated cells exhibited a non-significant decrease in cell viability
compared to the control cells, while showed a non-significant increase in viability compared to ZnO treated cells.
On the other hand, ZnOB treated cells showed a significant increase in early apoptosis compared to the control
cells. In addition, ZnOT while showing slightly less toxicity than ZnOB, it still showed a non-significant decrease
in cell viability compared to the control cells while showed a slight non-significant increase in cell viability
compared to ZnO. Moreover, ZnOT caused a significant increase in early apoptosis and a considerable increase
in late apoptosis compared to the control cells.

In Fig. 7c, the control group of Caco-2 cells maintained almost complete cell viability. However, ZnO treated
cells showed significant decrease in cell viability, and significant increases in early and late apoptosis. ZnOB
treatment had a relatively similar impact, it induced a significant decrease in cell viability but slightly less than
the ZnO treatment, and it induced a significant increase in early and late cell apoptosis, respectively, compared
to the control group. ZnOT also resulted in a significant decrease in cell viability, while showed significant
increases in both early and late apoptosis of Caco-2 cells. Finally, ZnOT nanoparticles demonstrated the highest
cytotoxicity across all cell lines, strongly inducing apoptosis. ZnOB nanoparticles exhibited moderate cytotoxic
effects that varied between cell lines. These findings suggest that the specific composition and surface properties
of the nanoparticles significantly influence their cytotoxicity and biological interactions.

Cell cycle analysis

The impact of NPs on cell cycle was examined across the different cell lines. A representative histogram in
Fig. 8 showed the cell cycle stages (G0/G1-S-G2/M) of each experimental condition and showed the progression
of the cell cycle across the Caco-2 cell lines upon the effect of the tested NPs. The statistical analysis of cell
cycle in the three cell lines, (HEK293, HepG2, and Caco-2), were represented in Fig. 8. Figure 8a, for HEK293
Cells, the control untreated cells showed a predominant increase of the cells in the GO/G1 phase, and showed
fewer cell number in the S phase, and the fewest cell number in G2/M phase. Treatment with ZnO, ZnOB, and
ZnOT significantly decreased the number of cells in the GO/G1 phase as compared to the control cells. ZnO and
ZnOB and ZnOT treatments caused significant decreases in the number of the cells in the S phase as compared
to the control cells. ZnO and ZnOT both resulted in significant increases in the G2/M phase as compared to
the control group, suggesting a potential block in the transition from G2 to mitosis. As shown in Fig. 8b, for
HepG2 Cells, ZnO caused a non-significant decrease in the number of the cells in GO/G1 phase as compared
to the control cells. ZnOB and ZnOT treatments significantly reduced the number of the cells in GO/G1 phase,
respectively. In addition, ZnO treatment led to a slight non-significant increase in the S phase, while ZnOB and
ZnOT significantly increased the number of the cells in S phase, respectively, as compared to the control cells. As
compared to the control cells, ZnO showed a slight non-significant increase in the number of the cells in G2/M
phase, while ZnOB significantly increased the number of the cells in G2/M phase, and ZnOT treatment caused
a non-significant increase in the number of the cells in G2/M phase.

As shown in Fig. 8c, for Caco-2 cells, ZnO, ZnOB, and ZnOT treatments significantly reduced the number
of the cells in the GO/G1 phase, respectively, compared to the control cells. The number of the cells in S phase
significantly decreased upon ZnO, ZnOB, and ZnOT treatments, respectively, compared to the control cells.
ZnOT treatment only showed a significant increase in the G2/M phase compared to the control cells while ZnO
showed a slight increase in the G2/M phase compared to the control cells. All prior results indicate that NPs
cause notable changes in cell cycle progression across all tested cell lines, consistently showing a reduction in
the GO/G1 phase alongside increases in the S and G2/M phases. Notably, ZnOT exhibits the most significant
impact, implying it may greatly disrupt normal cell cycle progression, potentially resulting in growth inhibition
and cytotoxic effects.
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Fig. 7. Flow cytometric representative with quantitative statistical analysis of cell apoptosis using Annexin
V-FITC/PI staining of three different cell lines: (a) HEK293, (b) HepG2, and (c) Caco-2 under four
experimental conditions: untreated control, and treated with ZnO, ZnOB, or ZnOT nanoparticles. This
data provides a comparative understanding of apoptosis induction and differential effects across cell lines,
reinforcing the nanoparticles’ selective action.

Scientific Reports|  (2025) 15:16811 | https://doi.org/10.1038/s41598-025-00434-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Control ZnO ZnOB ZnOT
2 oot R — R [
1 Ga-m Prase( s4%;
(32
w
I
80
o
H
.g 60
e
& w
s
o
20
o ¢ S0 & &
I A L & E &© 4 &8
& VA & Y ° & I
CTRL PG Sage ca HepG2. 20 gt HEPG2. 01 - SrgaCate HEPG2. 1 Segle ot
{ I
§ S Phase(24 77%) § Phase(41 28%) §‘ § Phase(30.77%
¥ 432-M Phase(1 81%) {G2-M Phase(9 90%) 1 F {52-M Phase(4 01%]
N
S - .
o =
()
3 "
H 2
5 2
= S
(4] =
= &8
8 ]
i saghile G T S e
. 5 . . 5 &l
: ozt Py i ] . T
2 2 8 g
. . 5
g g g
2 ® 2
N
L]
o w x STo e TTm T e =
- o bires -
o
©
'—{ 100
o 100 .
80 T
80
: L, g o
By 2 5% S
o n 40 H
37w 5 s
8 20
20
o o
0 SO &S
& S 00 A
S L VY & 9
& o il & ®° o
L%

Fig. 8. Cell cycle analysis of HEK293, HepG2, and Caco-2 cells after treatment with ZnO, ZnOB, and ZnOT
nanoparticles. Representative histograms display cell distribution across G0/G1, S, and G2/M phases for each
nanoparticle treatment compared to control. ZnO, ZnOB, and ZnOT induced significant cell cycle disruptions,
with ZnOT showing the most pronounced G2/M phase arrest, especially in Caco-2 cells. In HEK293 and
HepG2 cells, treatments led to reductions in GO/G1 and S phase populations, indicating cell cycle progression
interference across all tested cell lines.
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Cellular uptake and internalization of the zinc oxide nanoparticles by CLSM

ZnO NPs resulted in measurable uptake being detected in almost all cells after 4 h of incubation (Fig. 9).
Furthermore, individual cell images revealed that the ZnO NPs were internalized into the cell cytoplasm and
nucleus (Fig. 9)*2. Due to the negative zeta potential, ZnO could form new pores or channels in the cell membrane
and nucleus, enabling it to be internalized into cells. Figure 13 shows the localization of ZnO in the cytoplasm
and nucleus of the HepG2 and Caco-2 cells. Clearly, ZnO could be taken up by the nucleus and endosomes as
its uptake by mitochondria may be one of the reasons that it has a rapid effect on high metabolism cancer cells
due to it affecting mitochondrial functionality. Additionally, uptake through endosomes was assumed due to the
presence of small vesicles surrounding the nucleus after incubation for 4 h at 37 °C, which did not appear after
incubation for 24 h at 37 °C. After the 24 h, the nucleus of the Caco-2 cells had been denatured, and the cells had
begun to undergo cell death®>%3. Caco-2 cells, resembling enterocytes, focus on nutrient absorption, digestion,
and active transport. Their oxidative stress enzymes help detoxify foreign substances, but when exposed to
ZnO nanoparticles, they often exhibit uptake, stress, and inflammation due to their specialized pathways for
xenobiotic absorption®*¢>. HepG2 cells, with robust xenobiotic-metabolizing enzymes like cytochrome P,
excel at processing foreign substances. Their role in liver detoxification makes them efficient in metabolizing
ZnO nanoparticles, leading to oxidative stress and cytotoxicity as they break down and biotransform these
particles®®®’,

On the other side, the ZnOB and ZnOT nanoparticles showed poor cellular uptake, internalization into the
cytoplasm, and attachment to the Caco-2cell membrane after incubating for 4 h at 4 °C (Fig. 10). However, their
uptake was enhanced by incubating for either 4 h at 37 °C or 24 h at 37 °C (Fig. 10). Finally, cellular uptake and
internalization of the prepared nanoparticles indicated that ZnO had entered the cytoplasm and nucleus after
4-24 h at 37 °C (likely interacting with DNA strands), while the modified ZnOB and ZnOT nanoparticles had
only diffused into the cytoplasm and did not enter the nucleus. These results suggest that although TEOS and
BSA enhanced the dispersibility and stability of ZnO in solution. Zn entered cells in the ionized form, Zn?*, thus
maintaining its same behavioral effect on cancer cells after modification, as shown in the cytotoxicity assay test.
This finding likely reflected the fact that the nuclear pores are typically 20-50 nm in size, limiting the access of
the ZnOB and ZnOT nanoparticles, which have a diameter greater than that of ZnO®. This indicated that the
different forms of ZnO are enter the cells through diffusion and their uptake may be increased through other
transport processes such as endocytosis or phagocytotic transport.

Cellular uptake and internalization of the zinc oxide nanoparticles flow cytometry

For HEK293 Cells (Fig. 11a), when the cells incubated at 4 °C for 4 h, ZnOB treated cells nanoparticles exhibited
the highest uptake, as compared to the control cells, followed by ZnOT which also exhibited also a high uptake
compared to the control cells while ZnO treated cells showed non-significant uptake, compared to the control
cells. This suggests that ZnOB has a strong affinity for HEK293 cells, potentially involving an energy-independent
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Fig. 9. CLSM imaging of ZnOF nanoparticle internalization in Caco-2 and HepG2 cells. Fluorescence images
demonstrating temperature-dependent internalization patterns in Caco-2 cells at different time points (a—c)
and 24 h uptake in (A) HepG2 and (B) Caco-2 cells, with localization into cytoplasm and nuclei.
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Fig. 10. CLSM imaging of ZnOBF and ZnOTF uptake in Caco-2 cells. Fluorescence images showing uptake
at (a) 4 °C for 4 h, (b) 37 °C for 4 h, and (c) 37 °C for 24 h. FITC-labeled nanoparticles exhibit enhanced
cytoplasmic internalization at higher temperatures and longer exposure durations.

uptake mechanism. When the cells incubated at 37 °C for 4 h, ZnOB also showed the highest uptake, followed
by ZnO and ZnOT that both showed significant increased uptakes compared to the control cells, indicating that
ZnOT uptake may be temperature-dependent and likely involves an active process. After 24 h at 37 °C, ZnO,
ZnOB and ZnOT achieved significantly increased uptake compared to the control cells, suggesting that HEK293
cells reach maximum uptake capacity over this extended period. For HepG2 Cells (Fig. 11b), when the cells
were incubated at 4 °C for 4 h, ZnOB had the most significant increased uptake followed by ZnOT, and ZnO
as compared to the control cells. The overall uptake was lower compared to HEK293 cells, indicating different
uptake mechanisms or less affinity in HepG2 cells. when the cells were incubated at 37 °C for 4 h, ZnOB still
had the most significant increased uptake, followed by ZnO and ZnOT which still showed significant increased
uptakes. After 24 h at 37 °C, similar to HEK293 cells, ZnO, ZnOB, and ZnOT achieved significantly increased
uptake compared to the control cells. indicating that HepG2 cells also achieve saturation with sufficient time.

For Caco-2 Cells (Fig. 11c), when the cells were incubated at 4 °C for 4 h ZnOB showed the most significant
increased uptake followed by ZnOT and ZnO, respectively. At 37 °C for 4 h, ZnOB still had the most significant
increased uptake while ZnO and ZnOT both showed non-significant uptake compared to the control cells. After
24 h at 37 °C, ZnOB showed the most significant increased uptake, followed by ZnO and ZnOT which both
showed significantly increased uptakes, respectively as compared to the control cells, indicating saturation with
sufficient incubation time. Finally, ZnOB nanoparticles demonstrated the highest uptake across all cell lines
and conditions, indicating greater cellular affinity or more efficient internalization, potentially due to enhanced
surface modifications. ZnO nanoparticles showed lower uptake, especially at shorter time points, suggesting
they may need more time or rely on energy-dependent mechanisms. ZnOT nanoparticles displayed intermediate
uptake levels, with increased uptake observed with higher temperatures and longer incubation times, indicating
a role of active, temperature-dependent processes. These findings provide valuable insights into the differential
uptake abilities of the nanoparticles, guiding their potential applications based on cell targeting and uptake
efficiency.

Mitochondrial function assay
The observed differences in cell viability, stress, and cytotoxicity among the nanoparticles can be understood
through their effects on mitochondrial membrane potential (MMP) (Fig. 12). For HEK293 Cells, the significant
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Fig. 11. Flow cytometry-based quantification of nanoparticle uptake in HEK293, HepG2, and Caco-2 cells.
Uptake efficiency of ZnO, ZnOB, and ZnOT nanoparticles in (a) HEK293, (b) HepG2, and (c) Caco-2 cells
under different temperature and incubation conditions, demonstrating time- and temperature-dependent
internalization patterns.

increases in dead cells upon ZnOB treatment, and stressed cells upon ZnO and ZnOB treatments, together with
the decrease in the percent of dead and stressed cells upon ZnOT treatment, suggests that these nanoparticles may
influence mitochondrial function. ZnO, with its higher cytotoxicity, could be causing a substantial loss in MMP,
leading to mitochondrial dysfunction, increased oxidative stress, and ultimately cell death. ZnOB’s increase in
stressed cells, but not as severe as ZnO, may also reflect moderate mitochondrial impairment. In contrast, ZnOT’s
relatively better biocompatibility might be associated with less disruption of MMP, thus contributing to reduced
cell stress and apoptosis. ZnOB and ZnOT showed higher cell viability and lower levels of stress compared
to ZnO for HepG2 Cells. This differential response could be related to how each nanoparticle affects MMP.
ZnOB and ZnOT likely maintain better MMP compared to ZnO, thereby supporting mitochondrial health and
reducing stress-induced apoptosis. ZnO, which induces higher stress and lower viability, might compromise
MMP significantly, leading to mitochondrial damage and cell death. The observed protection offered by
ZnOB and ZnOT may be linked to their ability to preserve MMP and mitochondrial function. The reduction
in stressed cells observed with NPs, coupled with minimal cytotoxic effects, indicates that these nanoparticles
might better preserve MMP in Caco-2 cells. This preservation of MMP could contribute to reduced oxidative
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Fig. 12. Mitochondrial membrane potential assessment using Rhodamine 123 staining. Flow cytometric
analysis of live, dead, and stressed cells in HEK293, HepGz2, and Caco-2 lines after nanoparticle exposure,
linking mitochondrial function disruption to nanoparticle-induced cytotoxicity.

stress and enhanced cell viability. ZnO’s moderate stress response and cytotoxicity could be associated with
partial disruption of MMP, leading to increased cell stress and death. Our results confirm that the differential
effects of ZnO, ZnOB, and ZnOT on cell viability, stress, and cytotoxicity are likely related to their impact on
mitochondrial membrane potential. ZnO, with higher cytotoxicity and stress, may cause significant disruption
of MMP, leading to mitochondrial dysfunction and cell death. ZnOB, exhibiting better biocompatibility, might
maintain a more stable MMP, thus supporting cell viability and reducing stress. These findings emphasize the
importance of mitochondrial health in mediating the cellular responses to different nanoparticles and highlight
the potential for ZnOB to offer better safety profiles due to their lesser impact on mitochondrial function.
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Despite the promising anticancer activity of ZnO nanoparticles demonstrated in this study, their clinical
translation faces notable challenges rooted in aggregation tendencies and biocompatibility concerns. A limitation
of unmodified ZnO NPs is their propensity to aggregate in biological media, driven by high surface energy
and interactions with proteins or ions, which compromises colloidal stability, biodistribution, and therapeutic
efficacy’>?®. Aggregation reduces the effective surface area available for drug delivery or ROS generation and
may lead to unintended accumulation in non-target tissues, as observed in prior studies?. Furthermore, while
ZnO NPs exhibit pH-selective cytotoxicity, residual Zn?* release in physiological conditions (pH 7.4) can induce
off-target toxicity in normal cells, as evidenced by moderate HEK293 cell viability reduction (IC ~ 50 ~=2080 ug/
mL)*. This underscores the need for precise surface engineering to enhance biocompatibility without
compromising anticancer activity. In this study, BSA and TEOS coatings addressed these limitations by sterically
stabilizing nanoparticles (PDI<0.4) and reducing Zn?* leakage, as confirmed by zeta potential and cytotoxicity
assays. However, long-term stability under physiological conditions, immune response modulation, and scalable
synthesis of uniform coatings remain unresolved challenges’. Future work must also evaluate in vivo clearance
pathways and chronic toxicity to fully realize the clinical potential of ZnO-based nanotherapies.

Conclusion

This study thoroughly characterizes zinc oxide nanoparticles (ZnO NPs) and their modified forms, ZnOB and
ZnOT, which are coated with bovine serum albumin (BSA) and tetraethyl orthosilicate (TEOS), respectively.
These coatings enhance the stability, dispersibility, and functionality of ZnO NPs. UV-Vis absorption spectra
showed slight shifts with coatings, confirming minimal impact on particle size, while FITC labeling and FTIR
verified successful functionalization. Cytotoxicity assays revealed ZnO’s selective toxicity toward Caco-2
cancer cells at lower concentrations, highlighting its potential as a targeted cancer therapy. ZnOB and ZnOT
demonstrated improved stability, dispersibility, and controlled release capabilities, making them suitable for
enhanced cellular interactions. Apoptosis assays indicated ZnOT induced the highest levels of early and late
apoptosis, with cell cycle analysis showing significant disruption by ZnOT. Mitochondrial function assays
confirmed ZnOT’s strong impact on mitochondrial membrane potential, correlating with increased cytotoxicity.
Cellular uptake studies showed ZnOB had the highest uptake, with both ZnOB and ZnOT demonstrating better
biocompatibility and stability than unmodified ZnO, making them suitable for drug delivery, imaging, and
antimicrobial applications. In summary, ZnO NPs are promising for targeted cancer therapy, while ZnOB and
ZnOT offer enhanced stability, uptake, and biocompatibility, supporting their potential in diverse biomedical
applications. Future work will evaluate their long-term stability and explore further functionalization strategies.
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The data used during the current study are available from the corresponding author upon reasonable request.

Received: 26 March 2024; Accepted: 28 April 2025
Published online: 14 May 2025

References
1. Anjum, S. et al. Recent advances in zinc oxide nanoparticles (ZnO NPs) for Cancer diagnosis, target drug delivery, and treatment.
Cancers (Basel) 13, (2021).
2. Shawki, M. M., Sadieque, E., Elabd, A. & Moustafa, M. E. S. Synergetic effect of tumor treating fields and zinc oxide nanoparticles
on cell apoptosis and genotoxicity of three different human Cancer cell lines. Molecules 27, (2022).
3. Dutta, B., Barick, K. C. & Hassan, P. A. Recent advances in active targeting of nanomaterials for anticancer drug delivery. Adv.
Colloid Interface Sci. 296, 102509 (2021).
4. Berehu, H. M. et al. Cytotoxic potential of biogenic zinc oxide nanoparticles synthesized from Swertia Chirayita leaf extract on
colorectal Cancer cells. Front. Bioeng. Biotechnol. 9, (2021).
5. Wang, L. et al. Efficacy and safety of anti-PD-1/PD-L1 in combination with chemotherapy or not as first-line treatment for
advanced non-small cell lung cancer: A systematic review and network meta-analysis. Thorac. Cancer. 13, 322-337 (2022).
6. Gao, Q. et al. Opportunities and challenges for co-delivery nanomedicines based on combination of phytochemicals with
chemotherapeutic drugs in cancer treatment. Adv. Drug Deliv Rev. 188, 114445 (2022).
7. Paus, C., van der Voort, R. & Cambi, A. Nanomedicine in cancer therapy: Promises and hurdles of polymeric nanoparticles. Explor.
Med. 2,167-185 (2021).
8. Sakhrani, N. M. & Padh, H. Organelle targeting: Third level of drug targeting. Drug Des. Devel Ther. 7, 585-599 (2013).
9. Huo, D, Jiang, X. & Hu, Y. Recent advances in nanostrategies capable of overcoming biological barriers for tumor management.
Adv. Mater. 32, 1904337 (2020).
10. Elshoky, H. A. et al. Improved in vitro biocompatibility and cytoplasmic localization of gold nanoparticles and graphene oxide
nanosheets assessed using confocal microscopy. J. Drug Deliv Sci. Technol. 86, (2023).
11. Ramburrun, P, Khan, R. A. & Choonara, Y. E. Design, preparation, and functionalization of nanobiomaterials for enhanced
efficacy in current and future biomedical applications. 11, 1802-1826 (2022).
12. Nikolova, M. P. & Chavali, M. S. Metal oxide nanoparticles as biomedical materials. Biomimetics 5 (2020). https://doi.org/10.3390
/biomimetics5020027
13. Abd El-Aziz, W. R. et al. Evaluation of cell-mediated immunity of e.coli nanovaccines in chickens. J. Immunol. Methods. 506, 1-9
(2022).
14. Jayakar, V. et al. Optimization and green synthesis of zinc oxide nanoparticle using Garcinia cambogia leaf and evaluation of their
antioxidant and anticancer property in kidney cancer (A498) cell lines. Biomedicine 41, 206-222 (2021).
15. Ortiz-Casas, B. et al. Bio-acceptable 0D and 1D ZnO nanostructures for cancer diagnostics and treatment. Mater. Today. 50,
533-569 (2021).
16. Abdussalam-Mohammed, W. Comparison of chemical and biological properties of metal nanoparticles (Au, Ag), with metal oxide
nanoparticles (ZnO-NPs) and their applications. Adv. J. Chem. Sect. A. 3, 111-236 (2020).
17. Yang, D., Ramu, A. G. & Choi, D. Synthesis of transparent ZnO-TiO2 and its nanocomposites for ultraviolet protection of a
polyethylene terephthalate (PET) film.Catalysts12 (2022).
18. Liao, C, Jin, Y., Li, Y. & Tjong, S. C. Interactions of zinc oxide nanostructures with mammalian cells: Cytotoxicity and photocatalytic
toxicity. Int. J. Mol. Sci. 21, 6305 (2020).

Scientific Reports |

(2025) 15:16811 | https://doi.org/10.1038/s41598-025-00434-3 nature portfolio


https://doi.org/10.3390/biomimetics5020027
https://doi.org/10.3390/biomimetics5020027
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

Mittag, A. et al. Cellular Uptake and toxicological effects of differently sized zinc oxide nanoparticles in intestinal cells. Toxics 9
(2021). https://doi.org/10.3390/toxics 9050096

Singh, T. A,, Das, J. & Sil, P. C. Zinc oxide nanoparticles: A comprehensive review on its synthesis, anticancer and drug delivery
applications as well as health risks. Adv. Colloid Interface Sci. 286, 102317 (2020).

Maiga, D. T., Nyoni, H., Nkambule, T. T., Mamba, B. B. & Msagati, T. A. M. Impact of zinc oxide nanoparticles in aqueous
environments: Influence of concentrations, natural organic matter and ionic strength. Inorg. Nano-Metal Chem. 50, 680-692
(2020).

Shrestha, S., Wang, B. & Dutta, P. Nanoparticle processing: Understanding and controlling aggregation. Adv. Colloid Interface Sci.
279, 102162 (2020).

Bajracharya, R. et al. Functional ligands for improving anticancer drug therapy: Current status and applications to drug delivery
systems. Drug Deliv. 29, 1959-1970 (2022).

Somu, P. & Paul, S. A biomolecule-assisted one-pot synthesis of zinc oxide nanoparticles and its bioconjugate with Curcumin for
potential multifaceted therapeutic applications. New. J. Chem. 43, 11934-11948 (2019).

Zhang, T. et al. Enhanced oral bioavailability from food protein nanoparticles: A mini review. J. Control Release. 354, 146-154
(2023).

Tong, T., Wang, L., You, X. & Wu, J. Nano and microscale delivery platforms for enhanced oral peptide/protein bioavailability.
Biomater. Sci. 8, 5804-5823 (2020).

Rezek, B. et al. Microscopic study of bovine serum albumin adsorption on zinc oxide (0001) surface. Phys. Status Solidi. 218,
2000558 (2021).

Mylkie, K., Nowak, P., Rybczynski, P. & Ziegler-Borowska, M. Polymer-coated magnetite nanoparticles for protein immobilization.
Materials vol. 14 at (2021). https://doi.org/10.3390/ma14020248

Mylkie, K., Nowak, P., Rybczynski, P. & Ziegler-Borowska, M. Polymer-coated magnetite nanoparticles for protein immobilization.
Mater. (Basel). 14, 1-40 (2021).

Mittag, A. et al. Cellular uptake and toxicological effects of differently sized zinc oxide nanoparticles in intestinal cells. Toxics 9,
(2021).

Scherzad, A., Meyer, T., Kleinsasser, N. & Hackenberg, S. Molecular mechanisms of zinc oxide Nanoparticle-induced genotoxicity
short running title: genotoxicity of ZnO NPs. Mater. (Basel) 10, (2017).

Simonelli, G. & Arancibia, E. L. Effects of size and surface functionalization of zinc oxide (ZnO) particles on interactions with
bovine serum albumin (BSA). J. Mol. Lig. 211, 742-746 (2015).

Mohamed, S. Y., Elshoky, H. A, El-Sayed, N. M., Fahmy, H. M. & Ali, M. A. Ameliorative effect of zinc oxide-chitosan conjugates
on the anticancer activity of cisplatin: Approach for breast cancer treatment. Int. J. Biol. Macromol. 257, 128597 (2024).

Benkova, D. et al. CS and ZnO nanoparticles as fungicides against potato fungal pathogens Alternaria Solani and fusarium Solani:
Mechanism underlining their antifungal activity. Comptes Rendus L’ Académie Bulg. Des. Sci. (2024).

Krumova, E. et al. Exploring the mechanism underlying the antifungal activity of chitosan-based ZnO, CuO, and SiO2
nanocomposites as nanopesticides against fusarium Solani and Alternaria Solani. Int. J. Biol. Macromol. 268, 1-15 (2024).
Bartczak, D., Baradez, M. O., Merson, S., Goenaga-Infante, H. & Marshall, D. Surface ligand dependent toxicity of zinc oxide
nanoparticles in HepG2 cell model. J. Phys. Conf. Ser. 429, 012015 (2013).

Tian, L. et al. Functionalized nanoscale graphene oxide for high efficient drug delivery of cisplatin. . Nanoparticle Res. 16, 1-14
(2014).

Tan, L., Huang, R, Li, X, Liu, S. & Shen, Y. Chitosan-based core-shell nanomaterials for pH-triggered release of anticancer drug
and near-infrared bioimaging. Carbohydr. Polym. 157, 325-334 (2017).

Tan, L., Huang, R, Li, X, Liu, S. & Shen, Y. Controllable release of nitric oxide and doxorubicin from engineered nanospheres for
synergistic tumor therapy. Acta Biomater. 57, 498-510 (2017).

Song, Y. etal. In vitro cytotoxicity of silver nanoparticles and zinc oxide nanoparticles to human epithelial colorectal adenocarcinoma
(Caco-2) cells. Mutat. Res. 769, 113-118 (2014).

Elshoky, H. A., Salaheldin, T. A., Ali, M. A. & Gaber, M. H. Ascorbic acid prevents cellular uptake and improves biocompatibility
of Chitosan nanoparticles. Int. J. Biol. Macromol. 115, 358-366 (2018).

Xiao, B. et al. Effects of tripolyphosphate on cellular uptake and RNA interference efficiency of chitosan-based nanoparticles in
Raw 264.7 macrophages. J. Colloid Interface Sci. 490, 520-528 (2017).

Kostadinova, A. et al. Interactions of Chitosan-Based nanoparticles with Bio-Inspired membranes. Oxid. Commun. 71, 63-71
(2021).

Shen, L. et al. Direct synthesis of ZnO nanoparticles by a solution-free mechanochemical reaction. Nanotechnology 17, 5117-5123
(2006).

Uribe-Lopez, M. C. et al. Photocatalytic activity of ZnO nanoparticles and the role of the synthesis method on their physical and
chemical properties. J. Photochem. Photobiol Chem. 404, 112866 (2021).

Krol, A., Pomastowski, P., Rafiriska, K., Railean-Plugaru, V. & Buszewski, B. Zinc oxide nanoparticles: Synthesis, antiseptic activity
and toxicity mechanism. Adv. Colloid Interface Sci. 249, 37-52 (2017).

Bao, Y. & Oluwafemi, A. Recent advances in surface modified gold nanorods and their improved sensing performance. Chem.
Commun. (2024).

Tao, C. et al. Facile synthesis and performance studies of BSA and PDA@ ag Hollow microcapsules using SiO2 microspheres as the
templates. J. Alloys Compd. 715, 154-160 (2017).

Bulcha, B. et al. Synthesis of zinc oxide nanoparticles by hydrothermal methods and spectroscopic investigation of ultraviolet
radiation protective properties. . Nanomater. 1-10 (2021). (2021).

Vaseem, M., Umar, A. & Hahn, Y. Y. ZnO nanoparticles: growth, properties, and applications. Metal Oxide Nanostruct. Their Appl. 5
(2010).

Chung, Y. T., Ba-Abbad, M. M., Mohammad, A. W. & Benamor, A. Functionalization of zinc oxide (ZnO) nanoparticles and its
effects on polysulfone-ZnO membranes. Desalin. Water Treat. 1-11. https://doi.org/10.1080/19443994.2015.1067168 (2015).
Kolodziejczak-Radzimska, A. & Jesionowski, T. Zinc Oxide—From synthesis to application: A review. Mater. (Basel). 7,2833-2881
(2014).

Spectral Properties of. Thiourea Based Organic and Semiorganic Single Crystals. in 85-116.

Mujtaba, M. et al. Utilization of flax (Linum usitatissimum) cellulose nanocrystals as reinforcing material for Chitosan films. Int. J.
Biol. Macromol. 104, 944-952 (2017).

Aydin, R. S. T. & Pulat, M. 5-Fluorouracil encapsulated Chitosan nanoparticles for pH-Stimulated drug delivery: evaluation of
controlled release kinetics. . Nanomater. 1-10. https://doi.org/10.1155/2012/313961 (2012).

Shigemasa, Y., Matsuura, H., Sashiwa, H. & Saimoto, H. Evaluation of different absorbance ratios from infrared spectroscopy for
analyzing the degree of deacetylation in Chitin. Int. J. Biol. Macromol. 18, 237-242 (1996).

Vo, D. & Lee, C. Cells capture and antimicrobial effect of hydrophobically modified Chitosan coating on Escherichia coli.
Carbohydr. Polym. 164, 109-117 (2017).

Chen, R. et al. Endoplasmic reticulum stress induced by zinc oxide nanoparticles is an earlier biomarker for nanotoxicological
evaluation. ACS Nano. 8, 2562-2574 (2014).

Baldzov4, L., Baldz, M. & Babula, P. Zinc oxide nanoparticles damage tobacco BY-2 cells by oxidative stress followed by processes
of autophagy and programmed cell death. Nanomaterials 10, 1066 (2020).

Scientific Reports |

(2025) 15:16811 | https://doi.org/10.1038/s41598-025-00434-3 nature portfolio


https://doi.org/10.3390/toxics9050096
https://doi.org/10.3390/ma14020248
https://doi.org/10.1080/19443994.2015.1067168
https://doi.org/10.1155/2012/313961
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

60. Kain, S. R. Necrosis: methods and protocols edited. Methods Biochem. Anal. 47 (2013).

61. Warheit, D. B., Webb, T. R., Reed, K. L., Frerichs, S. & Sayes, C. M. Pulmonary toxicity study in rats with three forms of ultrafine-
TiO2particles: Differential responses related to surface properties. Toxicology 230, 90-104 (2007).

62. Khalil Abad, M. H., Nadaf, M. & Taghavizadeh Yazdi, M. E. Biosynthesis of ZnO.Ag 2 O 3 using aqueous extract of Haplophyllum
obtusifolium: Characterization and cell toxicity activity against liver carcinoma cells. Micro Nano Lett. 18, (2023).

63. Mousavi-Kouhi, S. M., Beyk-Khormizi, A., Amiri, M. S. & Mashreghi, M. Taghavizadeh Yazdi, M. E. Silver-zinc oxide
nanocomposite: From synthesis to antimicrobial and anticancer properties. Ceram. Int. 47, 21490-21497 (2021).

64. Kamiloglu, S., Capanoglu, E., Grootaert, C. & Van Camp, J. Anthocyanin absorption and metabolism by human intestinal Caco-2
Cells—A review. Int. J. Mol. Sci. 16, 21555-21574 (2015).

65. Moltedo, O. et al. Zinc transport and Metallothionein secretion in the intestinal human cell line Caco-2. J. Biol. Chem. 275, 31819-
31825 (2000).

66. Chen, S. et al. Characterization of cytochrome P450s (CYP)-overexpressing HepG2 cells for assessing drug and chemical-induced
liver toxicity. J. Environ. Sci. Heal Part. C. 39, 68-86 (2021).

67. Xuan, J., Chen, S., Ning, B., Tolleson, W. H. & Guo, L. Development of HepG2-derived cells expressing cytochrome P450s for
assessing metabolism-associated drug-induced liver toxicity. Chem. Biol. Interact. 255, 63-73 (2016).

68. Zhang, X., Li, L., Li, C., Zheng, H. & Song, H. Cisplatin-crosslinked glutathione-sensitive micelles loaded with doxorubicin for
combination and targeted therapy of tumors. Carbohydr. Polym. 155, 407-415 (2017).

Author contributions

Nouran Al-shehaby: Methodology, data acquisition, validation, formal analysis, editing, and revising the orig-
inal draft. Hisham A. Elshoky: Conceptualization, Methodology, Data acquisition, Validation, Formal analysis,
Supervision, Resources & Funding, and review & editing. Mona Zidan: Methodology, data acquisition, valida-
tion, formal analysis, and revising the original draft. Taher A. Salaheldin, Mohamed H. Gaber, and Maha A.
Ali: conceptualization, validation, review & editing, and supervision. Nayera M. El-Sayed: Methodology, data
acquisition, validation, formal analysis, editing, and revising the original draft.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in cooper-
ation with The Egyptian Knowledge Bank (EKB).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.A.E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:16811 | https://doi.org/10.1038/s41598-025-00434-3 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿In vitro localization of modified zinc oxide nanoparticles showing selective anticancer effects against colorectal carcinoma using biophysical techniques
	﻿Experimental details
	﻿Materials
	﻿Synthesis of the ZnO nanoparticles
	﻿Preparation of TEOS and BSA capped ZnO NPs
	﻿Fluorescein isothiocyanate (FITC) labeling of ZnO, ZnOB and ZnOT
	﻿Structural characterization of the zinc oxide nanoparticles
	﻿Biological characterization of the zinc oxide nanoparticles
	﻿Cell culture
	﻿Cytotoxicity evaluation of the zinc oxide nanoparticles
	﻿Live/dead cell assay by CLSM
	﻿Apoptosis by CLSM and flow cytometry
	﻿Cell cycle analysis
	﻿Cellular uptake and internalization of the ZnO NPs by CLSM and flow cytometry
	﻿Mitochondrial function assay by flow cytometry


	﻿Statistical analysis
	﻿Results and discussion
	﻿Characterization of the ZnO, ZnOB, and ZnOT nanoparticles
	﻿Cytotoxicity evaluation of the ZnO, ZnOB, and ZnOT nanoparticles
	﻿Live/dead cell assay of ZnO, ZnOB, and ZnOT nanoparticles
	﻿Apoptosis and necrosis assay by CLSM
	﻿Apoptosis necrosis assay by flow cytometry



