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ABSTRACT: The emergence of multidrug-resistant (MDR)
bacteria has spurred the exploration of therapeutic nanomaterials
such as ZnO nanoparticles. However, the inherent nonspecific
toxicity of ZnO has posed a significant obstacle to their clinical
utilization. In this research, we propose a novel approach to
improve the selectivity of the toxicity of ZnO nanoparticles by
impregnating them onto a less toxic clay mineral, Bentonite,
resulting in ZB nanocomposites (ZB NCs). We hypothesize that
these ZB NCs not only reduce toxicity toward both normal and
carcinogenic cell lines but also retain the antibacterial properties of
pure ZnO nanoparticles. To test this hypothesis, we synthesized
ZB NCs by using a precipitation technique and confirmed their
structural characteristics through X-ray diffraction and Raman
spectroscopy. Electron microscopy revealed composite particles in the size range of 20−50 nm. The BET surface area of ZB NCs,
within a relative pressure (P/P0) range of 0.407−0.985, was estimated to be 31.182 m2/g. Notably, 50 mg/mL ZB NCs
demonstrated biocompatibility with HCT 116 and HEK 293 cell lines, supported by flow cytometry and fluorescence microscopy
analysis. In vitro experiments further confirmed a remarkable five-log reduction in the population of MDR Escherichia coli in the
presence of 50 mg/mL of ZB NCs. Antibacterial activity of the nanocomposites was also validated in the HEK293 and HCT 116 cell
lines. These findings substantiate our hypothesis and underscore the effectiveness of ZB NCs against MDR E. coli while minimizing
nonspecific toxicity toward healthy cells.

1. INTRODUCTION
The designing, processing, and application of materials in the
nanoscale regime has remarkably advanced our gambit against
scientific, technological, and social challenges and continues to
endure an ever increasing interest.1,2 Among various nanoma-
terials, zinc oxide nanoparticles (ZnO NPs), owing to their
unique surface chemistry, quantum size dependent properties,
and tailorable morphology, have been one of the most widely,
scientifically explored, and industrially exploited material.3,4

ZnO NPs are reported to have unique and remarkable
applications in and/or as photocatalysts, optoelectronics,
electrical devices, renewable energy devices, etc.5−7 Moreover,
a recent surge of reports and patents regarding the antibacterial
potential of the ZnO materials has received ambivalent
response from various stake holders.8−10 The increase in
bacterial infection and increasing resistance toward conven-
tional antibiotics can affect public health and cause serious
problem. So far, several mechanisms of antibiotic resistance
have been discovered which includes the acquisition of
transposons or plasmids coding for resistance genes, the

upregulation of multidrug efflux pumps that pump out
antibiotics, the inactivation of antibiotics by particular
enzymes, the sequestration of antibiotics, the thickening of
the cell wall preventing antibiotic entry, and the mutation of
genes coding for antibiotic target proteins.11,12 Finding
innovative treatments to combat multidrug-resistant (MDR)
microorganisms, particularly bacteria, is a crucial concern.13

Such concerns have further intensified investigation of
nanosized ZnO for real life applications.14 Among various
bacteria, Escherichia coli although a common flora of human
gut, is infamous for causing many common bacterial infections,
including cholecystitis, bacteremia, cholangitis, urinary tract
infection, traveler’s diarrhea, and other clinical complications
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such as neonatal meningitis and pneumonia.15 The develop-
ment of MDR variants of E. coli has received the attention of
scientists and clinicians due to their ability to resist many of the
clinically used antibiotics and hence pose a serious challenge to
global public health.15−17 Therefore, in the recent past
unconventional materials having antibiotic potential (e.g.,
ZnO nanostructures) have been particularly scrutinized as
alternative candidates to counter the threat of the newly
evolved MDR strains. Zhang et al. has reported the
antibacterial activity of ZnO NPs against E. coli.18 Kumar et
al. suggested that ZnO NPs induce oxidative stress and DNA
damage which leads to the reduced viability of E. coli.19 Jiang et
al. showed that both physical and chemical interactions
contributed to the antibacterial behavior of ZnO NPs against
E. coli.20 Baek et al. reported the reactive oxidative stress-
mediated antibacterial activity of engineered ZnO NPs against
E. coli.21 Antibacterial activity of pure and doped ZnO NPs
against extended-spectrum beta-lactamases producing anti-
biotic-resistant E. coli was investigated by Hameed et al.22

These inspiring research, however, could not propel the clinical
trial and therapeutic applications because of following
shortcomings: (1) indiscriminate toxicity of ZnO NPs toward
targeted bacteria and nonspecific cells and tissues and (2)
agglomeration of ZnO NPs with respect to time which may
seriously diminish its antibacterial potential.23,24 Recently,
efforts have been made to synthesize tailor-made ZnO-based
nanocomposites (NCs) to ameliorate the biocompatibility and
stability of the resultant system. Khan et al. reported the
enhanced biocompatibility of ZnO NPs by conjugation with
Au and Ag NPs.25,26 Rao et al. reported the synthesis of
biocompatible carboxymethyl chitosan-ZnO NCs.27 Similarly,
Zhu and co-workers studied the enhanced biocompatibility of
polyacrylate/ZnO NCs.28 Although these systems could
downregulate the toxicity of the ZnO NPs toward the studied
cells, requirement of sophisticated synthetic protocols,
arguable stability under harsh conditions, and inordinate
costing crippled their therapeutic applications. Lately, clay
matrixes have offered an inveigle opportunity considering their
large scale availability, stability under harsh conditions, well
studied biocompatibility as well as proven medicinal and
cosmetic significance.29 Additionally, clay minerals for a long
time are studied for their intrinsic antibacterial properties.30

Tokarsky ́ et al. reported the reduction of phytotoxicity of
ZnO/Kaolinite compared to that of ZnO NPs.31 Gupta et al.
has reported the reduction of toxicity of ZnO NPs after the
formation of heteroagglomeration with montmorillonite.32

However, to the best of our knowledge, there is a dearth of
contemporaneous and simultaneous investigations on anti-
bacterial potential and toxicity of ZnO/clay nanostructures.
Bentonite, a clay mineral mostly consisting of montmorillonite,
has been used for many dermatologic formulas and in granular
form is also studied for battlefield wound dressing.33

Therefore, it is hypothesized that the ZnO NPs impregnated
Bentonite: ZB nanocomposites (ZB NCs) may not only
sustain the antibacterial activity of ZnO NPs by reducing the
particle agglomeration but also downregulate the nonspecific
toxicity toward healthy cells.

The efficacy of this NCs should be more efficient than other
NCs as ZnO nanoparticles have significant antibacterial
efficacy. The suggested mode of action of zinc oxide (ZnO)
involves the generation of reactive oxygen species, which
increases membrane lipid peroxidation and results in
membrane leakage of reducing sugars, DNA, and proteins,

decreasing the cell viability. The use of bentonite clay in the
current work enriches the research in several ways. In contrast
to earlier research, the inclusion of clay aids in the diffusion of
NPs and significantly lowers the material’s toxicity, expanding
its utility as a therapeutic agent in the treatment of bacterial
infections.

To validate the hypothesis, we have reported the synthesis of
ZB NCs by impregnation of ZnO on a Bentonite surface by
precipitation technique followed by calcination at 400 °C.
Structural and morphological features of the NCs are studied
by various characterization techniques. The toxicity of the
resultant NC system was found to be less than ZnO NPs
toward HEK 293 and HCT 116 cells. Moreover, antibacterial
activity of ZB NCs was investigated against MDR E. coli
(ATCC 8739) and shown to be comparable to that of ZnO
NPs. In vitro antibacterial studies also supported the above
findings. Our investigation and corresponding results corrob-
orate the proposed hypothesis, where ZB NCs can be used as a
potential antibacterial agent against MDR E. coli.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. Sodium chloride (NaCl),

thiazolyl blue tetrazolium bromide (MTT) extrapure AR
(98%), and crystal violet were purchased from SRL, Mumbai.
Nutrient agar (NA), nutrient broth (NB), zinc nitrate
hexahydrate (ZNH) reagent grade 98%, and ferric chloride
hexahydrate (FCH) ACS reagent 97% were procured from Hi-
Media, Mumbai. Sodium hydroxide (NaOH) and trisodium
citrate dehydrate (TCD) were purchased from Sigma-Aldrich.
Fluorescein diacetate (FDA), propidium iodide (PI), and
agarose were obtained from Merck Millipore, Germany.
Antibodies used in this investigation were obtained from
Thermo Fisher Scientific, USA. Cell culture polystyrene plates
were bought from Nest Biotechnology, USA. All the cell lines
were obtained from American Type Culture Collection
(ATCC, USA) for a biocompatibility study. Cytotoxicity
study was investigated against human col on colorectal
carcinogen (HCT 116, ATCC, CCC-24) and human
embryonic kidney (HEK 293, ATCC, CRL 1573) cell lines.
Cell lines were kept in Dulbecco’s Modified Eagle Media
(DMEM) with 10% fetal bovine serum (FBS) in a humidified
incubator at 37 °C and 5% CO2 (New Brunswick, Eppendorf,
USA). DMEM, FBS, and Bentonite (Purity: 99.9%, APS: <80
nm) were purchased from HiMedia.
2.2. Materials Synthesis and Processing. ZB NCs was

synthesized via precipitation technique. 2 g of Bentonite clay
was added to 500 mL of deionized water (DI) in a conical flask
and stirred for 1 h followed by the addition of ZNH, TCD, and
FCH to the solution. Furthermore, 250 mM (250 mL) NaOH
was added dropwise to the above suspension using a buret.34

This process was done until formation of a white precipitate in
the flask. The solution was kept under stirring for 3 h and then
cooled to room temperature (RT) and left undisturbed for 12
h. DI water was used for washing the precipitate formed to
eliminate excess NaOH and dried at 60 °C for 12 h. To obtain
ZB NCs, the dried mass was calcined in a muffle furnace at 400
°C for 4 h.35

2.3. Material Characterization. The formation of ZB
NCs were confirmed by UV−visible spectroscopy. The crystal
structure and particle morphology of the ZB NCs were
analyzed by X-ray diffraction (XRD) (D/Max 2005, Rigaku)
and transmission electron microscopy (TEM) (JEOL-
JEM2010), respectively. Surface morphology and elemental
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analysis of the ZB NCs were carried out by scanning electron
microscopy (SEM) with energy-dispersive X-ray spectroscopy
(EDS) (ZEISS Supra-40). The average particle size of the
composite was also evaluated by a particle size histogram.
Surface functional groups of the NCs were observed using
Fourier transform infrared (FTIR) spectroscopy (Shimadzu
8201PC, Japan). The surface area and pore size distribution
were determined by a Quantachrome NOVA 2200 system
using Brunauer−Emmett−Teller (BET) and Barrett−Joyner−
Halenda (BJH) techniques, respectively. Raman spectroscopy
was used to study the chemical structure and crystallinity of the
synthesized material.
2.4. Cytotoxicity of Materials. Toxic impact of Bentonite,

ZnO NPs, and ZB NCs were checked against HCT 116
(malignant) and HEK 293 (nonmalignant) cell lines. To check
the viability, all the above cells (5 × 104) were plated in a 24-
well cell culture plate and incubated until it attained ∼80%
confluency. The old medium was discarded with the help of
aspirator. Subsequently, materials prepared in fresh DMEM
with 10% FBS in different concentrations (25, 50, 75, 100, and
150 mg/mL) were added into respective wells except control,
which was assigned as untreated sample. After incubation of 24
h, the MTT assay was performed.26

2.5. Fluorescence-Activated Cell Sorting. Fluorescence-
activated cell sorting (FACS) was performed to check the
occurrence of viable and nonviable cells after treatment with
Bentonite, ZnO NPs, and ZB NCs. Uptake of PI by cells was
assessed using FACS in accordance with the previously
reported protocol.36 HCT 116 and HEK 293 cell lines (5 ×
104 cells/well) were seeded in a 24-well cell culture plate and
placed in an incubator for 24 h at 37 °C with 5% CO2.
Following the incubation, the cells were supplemented with
100 mg/mL of materials (Bentonite, ZnO, and ZB NCs). The
cells were then resuspended in 1× PBS (pH 7.4) before being
incubated at 37 °C for 15 min with PI at a concentration of 50
mg/mL in each well. The samples were examined using a
FACS Calibur flow cytometer and CELL-Quest software
(Becton-Dickinson, BD Biosciences, Franklin Lakes, NJ). A
total of 10,000 cells were analyzed in each sample.
2.6. Assessment of Nuclear Morphology. Genotoxicity

of all the synthesized nanomaterials were checked against HCT
116 and HEK 293 cell lines using DAPI stain ≥98% (HPLC).
For this study, 80% of the confluent cells were incubated for 24
h at 37 °C with ZB NCs at a concentration of 100 mg/mL.
DAPI (10 μg/mL) in 1× PBS was added to each well, and the
wells were incubated for 15 min in the dark at RT. Images were
captured using a fluorescence microscope.25

2.7. DNA Degradation Assay. The cell lines used in the
study were grown to 80% confluency before being treated with
100 mg/mL materials (Bentonite, Zinc oxide NPs, and ZB
NCs) for 24 h. DNA was isolated from treated and control
cells as per protocol.37 Tris EDTA buffer (for molecular
biology, pH 7.4) was used to dissolve the extracted DNA
pellets. DNA samples (5 μL) were differentiated on a 0.8%
agarose gel followed by staining with ethidium bromide (1%
solution in water) for electrophoresis. A gel documentation
system was used to capture the image (Gel DocTM EZ
Imager, Bio-Rad).
2.8. Expressions of Cancer Markers. 100 mg/mL of

Bentonite, ZnO NPs, and ZB NCs each were added to HCT
116 and HEK 293 cell lines. These samples were considered
treated specimens. Control samples were not treated with the
synthesized nanomaterials. The protein was obtained using

radio immunoprecipitation assay buffer (Sigma-Aldrich) for
use with mammalian cell and tissue extracts and DMSO
solution, and the concentration was determined by Bradford
assay. Protein (2 μg) samples were separated using electro-
phoresis on a sodium dodecyl sulfate polyacrylamide gel (10%
SDSPAGE). The bands were transferred on a polyvinylidene
difluoride (PVDF) membrane and incubated with a primary
antibody (Cyt c, p16, p53, and GAPDH). PVDF membranes
with the appropriate primary antibody were treated with a
secondary antibody conjugated to horseradish peroxidase
(HRP) and complex immune compounds. Furthermore,
these were demonstrated using an enhanced chemiluminescent
substrate for HRP. The assay was carried out as per
manufacturer instruction (Thermo Fisher Scientific, USA).38

2.9. Antibacterial and Antibiofilm Activity.MDR E. coli
was used as a test pathogen to estimate the antibacterial
efficacy of ZB NCs. At first, the MDR E. coli culture was grown
overnight in NB. Furthermore, the grown bacterial cells (1 ×
106 CFU/mL) were treated with different concentrations of
the synthesized NCs (10, 30, and 50 mg/mL) for 24 h at 37
°C. Cells without any treatment with NCs was taken as
control. Following incubation, both the treated and control
samples were plated on NA. The colonies formed were
counted to estimate the CFU (colony forming unit) of
bacteria. Furthermore, to evaluate the antibiofilm efficacy, E.
coli cells were incubated with different concentration of ZB
NCs (10, 30, and 50 mg/mL) for 24 h. Control samples did
not contain any treatment with NCs. Following incubation, the
biomass of treated and control samples were stained with
Crystal Violet. Biomass survival in treated cells was calculated
using the below formula25

= ×% biomass
treatment abs blank abs

control abs blank abs
100

590nm 590nm

590nm 590nm

2.10. Live/Dead Assay. To determine the viability of the
bacterial cells, a live/dead assay was performed. MDR E. coli
cells (1 × 106 CFU/mL) were treated with 50 mg/mL ZB
NCs and incubated at 37 °C for 12 h along with control. The
staining was carried out in accordance with the manufacturer’s
instructions (Bacterial Viability Kit, InvitrogenTM). Images
were captured at a 100 μm scale using a fluorescence
microscope (Life Technologies, USA) with a green and red
filter (40× objective lens).
2.11. In Vitro Antibacterial Activity. To check the

antibacterial activity in vitro, HCT 116 and HEK 293 cells
were seeded in a 12 well cell culture plate and incubated with
5% CO2 for 24 h at 37 °C to attain proper confluency. MDR E.
coli was added to the cells by multiplicity of infection 10
(MOI-10) and the cells incubated for 1 h. ZB NCs, in different
concentrations (10 and 50 mg/mL), were added to the cells
after infection and rested overnight.25 The CFU/mL of each
bacterium in treated and untreated cells were calculated
accordingly.25

2.12. Statistical Assessment. One- and two-way analysis
of variance (ANOVA) was performed by PRISM (GraphPad,
San Diego, CA). All the tests were done three times and the
results were reported as ±standard error of the mean. The
variances were found to be statistically significant at p < 0.05.
The image captions specify a statistically significant point of
analysis.
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3. RESULTS AND DISCUSSION
3.1. Characterization of the Synthesized NCs.

Structural and morphological features of the NCs are known
to have a significant impact on their performance. Therefore,
XRD analysis was performed to determine the crystal structure
and phase of the ZnO NPs impregnated Bentonite: ZB NCs,
and the results are shown in Figure 1a. The peaks at 2θ =
34.89, 36.63, 66.93, and 62.72° correspond to (002), (101),
(103), and (110) planes of ZnO, respectively.39,40 These could
be assigned to the Wurtzite structure of ZnO. Furthermore,
notable peaks at 2θ = 21.23, 27.01, and 55.02° represent the
(110), (210), and (144) planes of Bentonite. These XRD
patterns correlate well with the typical JCPDS file no. 01-088-
0891.41 Usually, the increasing of the intensity of XRD is
accompanied by the decreasing of the full width half-
maximum. Our data suggest that the order of materials
through the preferred orientation of (002) is more than that of
other planes. This indicates the formation of more hexagonal
phase with preferred growth along the (002) plane than that of
uniform growth to produce a cubic structure.42 Interestingly,
the montmorillonite making up bentonite is an aluminum
phyllosilicate mineral whose crystal structure is described as
low-charge tetrahedra−octahedra−tetrahedra (TOT layer
unit). This means that a crystal of montmorillonite consists
of layers, each of which is made up of two T sheets bonded to
either side of an O sheet.43 This unique structure of the
bentonite may have provided the base for the growth of ZnO

along the (002) plane, leading to a hexagonal geometry. As the
reviewer has suggested, this unique feature could have reduced
the leaching of free zinc ions to the biological system and
hence could have shown less toxicity toward mammalian
cells.44

Other small minute peaks can be assigned to the impurities
present in the clay. However, a significant peak at 2θ = 36.9 is
observed, which is similar to the major peak of ZnO
equivalents to the (101) plane having a hexagonal close pack
structure. Through Scherrer’s equation, the mean crystallite
diameter of ZB NCs is calculated to be 24 nm.

FTIR analysis was used to identify the functional groups
present on the surfaces of the synthesized ZB NCs. FTIR
measurements in the 500−4000 cm−1 range were performed to
explore the surface properties of ZB NCs. Peaks at 1637 and
906 cm−1 in Figure 1b confirm the presence of bending
vibrations of Si−O and Al−O−Al−OH active functional
groups of Bentonite clay.45 Besides, a medium intensity peak at
1027 cm−1 is relatively attributed to the C�O group of the
carboxylic acid functional group. Furthermore, structural
stretching vibrational peaks emerging at 3700−3400 cm−1

confirm the presence of the O−H stretching bond in ZB
NCs.46−48 Particularly, the peak at 3620 cm−1 derives from
Al2OH stretching.49 A broad peak at 3496 cm−1 corresponds to
the −OH stretching of the hydroxyl group that got deposited
on the surface of ZB NCs.50

Figure 1. (a) XRD pattern of the BZ NCs. B and Z represent Bentonite and ZnO, respectively, (b) FTIR spectra of BZ NCs, (c) Raman spectra of
BZ NCs, and (d) UV−visible spectroscopy of BZ NCs.
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The Raman analysis of synthesized ZB NCs is shown in
Figure 1c. For synthesized ZB, Figure 1c shows six strong
peaks at 150, 402, 652, 902, 1061, and 1313 cm−1. The
prominent peaks at 150 cm1 and 402 cm1 are typical of ZnO in
the composite.51 They correspond to phonon frequencies
E2low and E2high, respectively.52 The process E2high E2low52

is linked to the peak at 330. The stretching and wagging
vibrations of the oxygen atom in the silica framework are seen
in the Raman spectra of Bentonite at 448 and 615 cm−1,
respectively. The silica framework (−Si−O−Si−) is respon-
sible for the peak at 899 cm−1.52 In conclusion, the ZB NCs
employed in this work efficiently correspond to ZnO NPs and
Bentonite clay according to the examination of this spectrum.
Using an Agilent Cary 100 UV−Vis spectrophotometer, the
absorbance spectra of ZB NCs powder in aqueous dispersion
were recorded. The ZB NCs results are shown in Figure 1d.
The zinc oxide may be responsible for the absorption peak at
380 nm.

The surface morphology of NCs may have a significant
impact on their biocompatibility. Surface morphology of ZB
NCs and its EDS spectra has been displayed in Figure 2a−c
and the average particle size was calculated 0.45 μm d. It is
observed that due to slight agglomeration, particles are found
to be in little elongated shape with a dimension of 1 μm.
Previous studies yielded similar results. Furthermore, the
resulting EDS spectra of ZB NCs is shown in Figure 2c in
order to survey different elemental compositions. Presence of
the elements of O (47.70%), Na (22.46%), Al (6.98%), Si

(15.77%), Ti (0.42%), Fe (2.89%), and Zn (3.77%) in ZB NCs
validate the successful incorporation of ZnO in Bentonite.

For understanding the morphological and structural proper-
ties of the synthesized ZB NCs, TEM was performed.52 From
Figure 3a, it is evident that a thin shell of ZnO is deposited on

Figure 2. (a,b) SEM images of ZB NCs and (c) SEM-EDS spectra of respective material. (d) Particle size histogram of the NCs.

Figure 3. (a−d) TEM images of ZB NCs.
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Figure 4. (a) N2 adsorption−desorption (BET) isotherm, and (b) BJH pore size distribution curve of ZB NCs.

Figure 5. Cytotoxicity of the ZB NCs was evaluated using HEK293 and HCT116 cell lines by the MTT assay (a) and FACS (b).
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the surface of the Bentonite NPs. The size of ZnO NPs is
reported to be in 5−10 nm range. TEM examination (Figure
3b−d) yielded more realistic evidence, such as multiple
exposed crystal faces from different angles, where ZB NCs
looked to be in 20−50 nm range. Selected area electron
diffraction pattern implies that a polycrystalline ZB NCs
system has formed. ZnO has a distinct contour that is followed
by a few brighter and more conspicuous spots arranged around
the ring framework, acknowledging the fact that massive
crystallites are present in the nm range but in an informal
manner. Furthermore, a modest increase in NC size might be
due to particle agglomeration during sample preparation for
TEM imaging.

Figure 4a depicts BET analyses, while b shows BJH analyses
for the surface area and pore size distribution of ZB NCs. The
nitrogen adsorption/desorption isotherm of ZB NCs can be
allocated to the Type-II isotherm hysteresis loop group
according to the IUPAC ranking. With a relative pressure
(P/P0) range of 0.407−0.985, the BET surface area of ZB NCs
was determined to be 31.182 m2/g, respectively. BJH plot
distribution of ZB NCs may have a main pore size distribution
peak concentrated at 5.65 nm, as inferred from Figure 4b.
3.2. Viability Assessment of Cells after Treatment

with Nanomaterials. Biocompatibility testing is essential for
proposing biomedical applications for any type of NCs.53

Hence, a comparative toxicity of Bentonite, ZnO, and ZB NCs
was investigated against malignant and nonmalignant cells by
the MTT assay. Results shown in Figure 5a for HCT 116 cells
advocate that Bentonite and ZB NCs have shown better
biocompatibility toward HCT 116 cells as compared to ZnO.
After the treatment with low concentrations (25, 50, and 75
mg/mL) of Bentonite, % viability of HCT 116 is detected
between 85 and 90%, whereas little decrease in the growth of
HCT 116 cells has been observed with 100 and 150 mg/mL
(78 and 75% respectively) of the material. Similarly, for the
HEK 293 cell line, from the data, it can be observed that for
25−100 mg/mL of Bentonite, viability is found to be above
85% but partial decrease in % viability (∼80%) is detected with
150 mg/mL of the clay material. The results suggest, high
biocompatibility of Bentonite toward the cells used in the
study. Previous studies have shown minimal toxicity of clay
particles toward biological cells.54 Contrary to the above data,
in the presence of ZnO NPs at concentrations of 25, 50, 75,
100, and 150 mg/mL, the toxicity is observed to be higher for
HCT 116 cell since growth has considerably reduced with the

% viability being 70, 60, 50, 20 and 10%, respectively. ZnO at
lower concentrations (25 and 50 mg/mL) have possessed
toxicity toward HEK 293 and % viability is around 65% as
compared to untreated cells. With 75, 100, and 150 mg/mL of
ZnO, % viability of HEK 293 cells is observed to be nearly 50,
20, and 10%, respectively, which suggests that higher
concentrations of ZnO reduced the growth of HEK 293
cells. Our results for the toxic behavior of ZnO is similar to
earlier reports.32,55 The toxicity of ZnO is mainly attributed to
the generation of reactive oxygen species leading to oxidative
stress and cellular membrane damage.56 In order to reduce the
toxic impact of the ZnO NPs, ZB NCs have been synthesized
as the clay material incorporated with the NCs are
biocompatible in nature, and their invitro toxicity has also
been investigated. The treatment of different concentrations of
ZB NCs (25, 50, 75, 100, and 150 mg/mL) on HCT 116 cells
has shown around 75% cell survivability. Growth of HEK 293
has been observed to be above 80% after the treatment with
25, 50, 75, and 100 mg/mL ZB NCs. Nearly 75% viability of
HEK 293 cells is found after treatment with 150 mg/mL ZB
NCs. In the case of ZB NCs, the average % viability of the cell
line is found to be ∼80%. Results obtained from above study
strongly suggest that the formation of ZB NCs has down-
regulated the toxicity of ZnO NPs toward mammalian cells.
3.3. Flow Cytometry Analysis of Cells. FACS is a

technique for observing a specific cell population in order to
gain a better knowledge of its morphological properties.57 The
uptake of PI by cells after treatment with 100 mg/mL
nanomaterials has been analyzed by FACS and obtained results
are shown in Figure 5b. A slight uptake of PI has been detected
in all the untreated cells, and is observed to be 7 and 10% in
HEK 293 and HCT 116 cells, respectively. As compared to
untreated cells, a very low increment of PI uptake in Bentonite-
treated HEK 293 and HCT 116 cells is detected, which is
found to be 15 and 16% correspondingly. However, after
treatment with ZnO, an excessive increase in the PI uptake (73
and 80%) has been observed in the HEK 293 and HCT 116
cell line, which confirms that ZnO has shown greater toxicity.
Conversely, ZB NCs have been found to be less toxic toward
both the cell lines and hence only 16 and 18% uptake of PI is
detected. Acquired results from the above study indicate that
ZB NCs and Bentonite are more biocompatible than ZnO,
which is also reinforced from the MTT data.58

3.4. Evaluation of Genotoxicity of Nanomaterials. For
confirming alteration in the nuclear morphology of the cell

Figure 6. DAPI of HEK293 and HCT116 cells after treatment with 100 mg/mL of nanomaterials.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07950
ACS Omega 2024, 9, 2783−2794

2789

https://pubs.acs.org/doi/10.1021/acsomega.3c07950?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07950?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07950?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07950?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


lines following treatment with the synthesized nanomaterials,
genotoxicity was investigated by means of DAPI.59 To
accomplish this study, HCT 116 and HEK 293 cells were
treated with 100 mg/mL of Bentonite, ZnO, and ZB NCs for
24 h. Obtained results from fluorescence microscopy are
illustrated in Figure 6. It can be seen from Figure 6a,e that both
HEK 293 and HCT 116 untreated (control) cells retained
their nuclear morphology. After treatment with Bentonite,
considerable changes in the nuclear morphology for both cells
have not been observed (Figure 6b,f). This could be due to the
biocompatible property of the material toward the cell lines
used in the present study. Conversely, reduction in the
populations of both cell lines along with alteration and slight
damage in the nuclear morphology have been found after
exposure to ZnO NPs (Figure 6c,g). The altered nuclear
morphology supports the cytotoxicity data, thereby indicating
the toxic impact of ZnO NPs against the cell lines. However,
HEK 293 and HCT 116 cells treated with ZB NCs did not
show any remarkable change in nuclear morphology, as seen in
Figure 6d,h. The resultant NCs system has retained the nuclear
structure of both cell line. Our data corroborate with earlier
findings, where toxic impact of ZnO NPs have been reduced
by coating ZnO with a more biocompatible material.25

3.5. DNA Degradation Assay. Sometimes, nanomaterials
are known to induce cell membrane damage due to the
degradation of the genetic material (DNA) of the cell.60 To
validate the above, the effect of as synthesized nanomaterials
on DNA of the cell has been analyzed, and obtained results are
shown in Figure 7a. A thick band for HEK 293 DNA is

observed for untreated (control) and Bentonite-treated
sample. However, the DNA band of the above cell line has
partially decreased after treatment with ZB NCs. HEK 293
when treated with ZnO NPs have shown degradation of DNA
since a very thin band is identified in the gel image as
compared to the ZB NC-treated sample. Similarly, DNA band
of HCT 116 is found to be thick and similar to control after
treatment with Bentonite. ZB NCs did not show too much
effect on HCT 116 DNA since the band appeared to be thick
and intense, indicating lesser cytotoxic effect of the material

against the cell line. A decrease in the thickness of DNA band
is spotted in ZnO-treated HCT 116 cells which appeared to be
faint compared to other treated samples. From the above
results, it can be concluded that changes in the DNA band is
not observed after the treatment with Bentonite and ZB NCs
but degradation of DNA can be seen in the ZnO-treated
sample for both the cell lines.55,61 This could be due to
membrane damage to cells by ZnO NPs.
3.6. Expression of Cancer Markers. A cancer marker is a

protein that cells produce in response to external stimuli. The
presence of these indicators reveal whether a particular
compound is carcinogenic or noncarcinogenic in nature.62

The expression of some important cancer genetic markers in
HEK 293 and HCT 116 cells was investigated through
Western blotting after treatment with 100 mg/mL of
Bentonite, ZnO, and ZB NCs. The expression of Cyt c, p16,
and p53 were compared with GAPDH, and the obtained result
is shown in Figure 7b. It can be noticed that the expression of
cytochrome c (Cyt c) was maintained in untreated (control),
Bentonite, and ZB NC treated cells, whereas partial down-
regulation of Cyt c was found in ZnO treated cells.
Interestingly, there was a slight downregulation in the
appearance of p16 and p53 bands after treatment with ZnO
NPs as compared to control. There was a slight down-
regulation of p16 and p53 bands following treatment with ZB
NCs. From the above data, it can be inferred that the
synthesized NCs has negligible carcinogenic effect on both the
cell lines. Our results align with earlier studies where coating of
oxide NPs with a lesser toxic material can reduce the
carcinogenic impact on cell lines.62

3.7. Evaluation of Antibacterial and Antibiofilm
Activity. ZnO-based NCs have been widely employed as
antibacterial agents due to their remarkable antibacterial
activity against a broad spectrum of microorganisms.63

However, their increased toxicity toward different cell lines
have prevented their use in clinical environments.64−67

Interestingly, NC systems with ZnO NPs have shown potential
antibacterial activity with reduced toxicity toward cell
lines.31,32,68,69 Hence, in the present study, the antibacterial
efficacy of the ZB NCs was evaluated against MDR E. coli.
Different concentrations of ZB NCs were found to be effective
in limiting the development of the test pathogen, as shown in
(Figure 8a). When treated with the 50 mg/mL ZB NCs, there
was a considerable reduction in bacterial growth (up to 5 logs)
as compared to the control after 24 h of incubation. For
persistent bacterial infections, biofilms play a very important
role. Biofilms can be a problematic situation since bacterial
biofilms are resistant to antibiotic treatments.70−73 In this
regard, in the present study, the antibiofilm activity of as
synthesized ZB NCs was also evaluated against the test
pathogen MDR E. coli. It has been observed that % biomass
present in the biofilm reduced remarkably with the increase in
the concentration of ZB NCs. The % biomass of MDR E. coli
got down to almost 50% (Figure 8b) when treated with 50
mg/mL of the composite material. From the result, it can be
suggested that ZB NCs have good biofilm destructive
efficiency. Hence the synthesized NCs system can be scaled
up and used as a potential antibacterial agent while being
biocompatible in nature.
3.8. Validation of Bacterial Cell Viability by Live/Dead

Staining. Fluorescence microscopy is used to observe the
cellular morphology of individual cells. In this context, the test
pathogen was stained with SYTO9 and PI to determine their

Figure 7. Effect of nanomaterials on the DNA of HEK 293 and
HCT116 cells (a) and further Western blotting has been done to
investigate the expression of some cancer genetic markers (b).
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viability with and without treatment with ZB NCs. In the
untreated sample, there were no dead cells, as shown in Figure
9a. In treated samples, however, more than 80% of the cells

were dead (Figure 9b). This set of results indicates that
bacterial cell growth is inhibited in the presence of 50 mg/mL
ZB NCs. The microscopy results further support the
antibacterial and antibiofilm data obtained for the synthesized
ZB NCs.
3.9. In Vitro Antibacterial Activity of ZB NCs. To test

the antibacterial effectiveness of ZB NCs in vitro, MDR E. coli
was inoculated into two cell lines (HEK293 and HCT 116)
and then treated with the aforesaid material. Both cell lines
showed a slight decrease in bacterial load after treatment with
10 mg/mL NCs, as shown in Figure 10a,b. Bacterial growth
was reduced by three logs when treated with 50 mg/mL of the
synthesized material. From the above findings, it may be
inferred that ZB NCs promote intracellular killing of the
bacteria significantly under in vitro condition.s

4. CONCLUSIONS
In summary, 50 mg/mL ZnO NPs impregnated Bentonite: ZB
NCs were synthesized by a precipitation technique. The
biocompatibility of the synthesized ZB NCs is found to be
higher for the HCT 116 (80%) and HEK 293 (85%) cell lines
as compared with ZnO NPs. The study of cells using flow
cytometry and fluorescence microscopy provided additional
evidence in favor of this. When treated with bentonite and ZB
NCs, the shape and thickness of the DNA band did not
significantly change, indicating minimal damage to the
genomic DNA. ZB NCs have successfully shown that it can
inhibit the growth of the MDR E. coli strain. A 5 log reduction
in the bacterial population was seen in the presence of 50 mg/
mL ZB NCs, indicating its antibacterial activity. Additionally,
HEK293 and HCT 116 cell lines were used to test the in vitro
antibacterial activity of ZB NCs. Our results endorse the
hypothesis that the formation of the ZnO NC system may not
only retain the antibacterial properties of the parent structure
(i.e., ZnO) but also downregulate the nonspecific toxicity
toward normal cells.
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(42) Özgür, D. C.; Alivov, Y. I.; Liu, C.; Teke, A.; Reshchikov, M. A.;
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