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ABSTRACT: Zinc oxide nanoparticles (ZnONPs) have been
widely studied as the bacteriostatic reagents. However,
synthesis of small ZnO nanoparticles with good monodis-
persion and stability in aqueous solution is still a challenge.
Anti-infection research of ZnONPs used as antibacterial agent
in vivo is rare. In this paper, a novel, sustainable, and simple
method to synthesize ZnO nanoparticles with good mono-
dispersion in aqueous low-temperature conditions and with a
small molecule agent is reported. Inhibition zone test and the
minimum inhibitory concentration test were performed to
examine the antibacterial activity of ZnONPs against bacteria Staphylococcus aureus and Escherichia coli in vitro. For further
application in vivo, low cytotoxicity and low acute toxicity in mice of ZnO were demonstrated. Finally, 4 nm ZnONPs combined
with poly(vinyl alcohol) gel was used as antibacterial agent in rodent elytritis model, and significant anti-infection effect was
proven. In one word, the present research would shed new light on the designing of antibacterial materials like ZnO with
promising application in disinfection.
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■ INTRODUCTION

The grand challenges of present antimicrobials involve the high
incidence of bacterial infection in clinics and the growing of
drug-resistant bacteria to conventional antibiotics all over the
world.1 Consequently, new agents and methods for bactericidal
treatment of infections caused by bacteria are urgently needed.
Nanomaterials have become increasingly used for biomedical
applications and have shown great potential as a new drug to
kill or inhibit numerous microorganisms.2−6 Benefitting from
the excellent antibacterial properties and low cytotoxicity, a few
nanomaterials have been successfully applied in many fields
including nanomedicines, antibacterial surfaces, wound dress-
ing, protective clothing, food preservation, water treatment, and
disinfecting agents.7,8 However, the clinical application of NPs
in disinfection is still rare. Most research has been focused on
reducing the activity of microorganisms in vitro; nevertheless,
animal models of infection are necessary to better understand
the ability of nanomaterials to prevent or treat infection.
Furthermore, the potential toxicity of nanomaterials aroused
attention in recent years.9−12 This means that more long-term,
detailed toxicological studies of NPs are needed before clinical
application.
Zinc oxide nanoparticles (ZnONPs) will act as a promising

multifunctional material in the future. ZnONPs have a wide
band gap with a large excitation binding energy (60 EV) and
have an emission spectrum in the region of near-UV, which
make it useful in solar cell applications, photocatalysis, and
electronic sensor.13−19 Furthermore, ZnONPs have shown

antibacterial activity at very low concentration. And as
antibacterial agent it has been successfully applied in some
fields such as painting and cosmetics.20−22 In the past decade, a
variety of synthesis methods of ZnONPs with different
morphologies have been reported, creating such moities as
nanoparticles, nanorods,23 nanotubes,24 nanobelts,25 nano-
plates,26 nanorings, and even nanoflowers.27,28 The usual
methods to synthesize ZnONPs include sol−gel,29 hydro-
thermal,30 mechanochemical,31vapor-phase method (VPM),
coprecipitation,32 and via solution.33 These methods all have
a common limitation that the product could not disperse well
or rapid subsidence in water, and this prevents ZnONPs from
being useful in biological fields.34,35 Although surface
modification can improve the dispersibility of ZnONPs in
aqua, high-expensive surfactants increase the manufacture cost,
including polyvinylpyrrolidone (PVP),36 oleic acid (OA),
together with diethanolamine (DEA),37 polyethylene glycol
methyl ether (PGME),38 poly(methyl methacrylate)
(PMMA),39 and polystyrene (PS).40 Synthesis of ZnONPs
with good dispersibility in aqua by simple, green, and low-cost
methods is still a challenge.
In recent decades, much research has reported on the

antibacterial activity of ZnONPs. Some researchers have proved
zinc oxide has antimicrobial activity in both microscale and
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nanoscale formulations, and nanoscale particles are preferred in
killing microorganisms.41 Some researches investigate the
minimum inhibitory concentration (MIC) of different sizes of
ZnONPs against both Gram-negative and Gram-positive
bacteria, and unique bactericidal mechanisms were dis-
cussed.42,43 However, similar to other nanomaterials, most of
them study the antibacterial activity of ZnONPs in vitro. For
clinical biomedical applications, detailed information on anti-
infection activity of ZnONPs in vivo is necessary. Furthermore,
the systemic toxicity of ZnONPs in vitro and in vivo is not fully
understood. The lack of research focused on antibacterial
activity and toxicity of ZnONPs in vivo is the problem, which
halts progression of nanomedicine based on ZnO nanoparticles.
In this manuscript, a simple method of synthesis ZnONPs

with good dispersibility and different sizes in aqua is
introduced. The optimized ZnONPs with powerful antibacterial
activity were selected by inhibition zone test and the MIC test
against bacteria Staphylococcus aureus and Escherichia coli. For
the potential risk evaluation, cytotoxicity and acute toxicity of
ZnONPs in vivo were examined when they exposed to mice
after a single-dose intravenous injection and vaginal mucous
membrane exposure for seven consecutive days, respectively.
More importantly, to assess the antibacterial efficacy of
ZnONPs in actual clinical disinfection, ZnONPs with poly-
(vinyl alcohol) (PVA) gel were prepared and showed excellent
antibacterial property in mice elytritis (vaginitis) model caused
by E. coli strains.

■ EXPERIMENTAL SECTION
Materials and Method. Zinc salt (0.015 M, Aldrich) and 0.1 g of

dimethyl sulfone (Aldrich) were first dissolved in 80 mL of methanol
reagent (Beijing Chemical Works) with continuous stirring at 60 °C.
Subsequently, 40 mL of 0.001 M KOH (Aldrich) was added at the rate
of 1 mL per minute, and the reaction was kept at 60 °C for 3 and 12 h
to obtain the ZnO nanoparticles of 4 and 10 nm, respectively. The
precipitate was washed three times with ethanol to remove soluble
impurities, dried at 65 °C for 12 h, and stored at room temperature
before use. Commercial ZnONP powder with size of 30 nm was
purchased (Beijing Dk Nano technology Co., LTD) and used as
control in this study.
Characterization of ZnO Nanoparticles. The crystal structure,

size, morphology, and composition of the synthesized ZnO nano-
particles were investigated with powder X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), field emission
scanning electron microscopy (FESEM), transmission electron
microscope (TEM), high-resolution transmission electron microscopy
(HRTEM), and energy-dispersive spectrometry (EDS). Powder XRD
was measured on Rigaku Ulima IV diffractometer operated at 40 kV
and 44 mA using a Ni-filtered Cu Kα radiation with wavelength of
1.5408 Å in wide-angle region from 20° to 70° on 2θ scale. The data
were analyzed with MDI Jade6 software. Infrared spectroscopy was
performed on Excalibur 3100. The size, morphology, and composition
were also performed by TEM (JEOL2100F) and EDS (Gatandatector)
connecting to scanning electron microscope (S-4300).
Bacteria Growth. The Gram-negative bacteria E. coli (ATCC

25922) and Gram-positive bacteria S. aureus (ATCC 6538) were used
to study the activities of ZnO nanoparticles antibacterial. β-Lactamase
producing E. coli (CA-31) used in the experiment as drug resistant
strain was isolated from the swine and gifted from College of
Veterinary, China Agricultural University. All apparatus and materials
were autoclaved and handled under sterile conditions during the
experiments. E. coli and S. aureus were revived with Luria−Bertani
(LB) broth and nutrient agar at 37 °C for 24 h. The density of
bacterial cells in the liquid cultures was estimated by optical density
(OD) measurements at 600 nm wavelength. The cell suspensions used

for antibacterial activity contained 1 × 105 colony-forming units
(CFU) mL−1.

Agarose Diffusion Assay. The antimicrobial activity of ZnONPs
was analyzed by agarose diffusion assay, and E. coli, E. coli (CA-31),
and S. aureus were used as test organisms. The detailed information on
the method can be found in ref 44. Briefly, the cell suspensions
containing 1 × 105 colony-forming units (CFU) mL−1 were prepared.
Then, 3 mL of cell suspensions were added into 100 mL of warmed
(50 °C) agarose, poured into 15 mm square Petri dishes, and cooled to
harden. Sample wells were made by punching holes with a 4 mm agar
punch. A ZnONPs solution sample (20 μL) with different
concentrations (labeled as 1−8 to indicate 1000, 500, 250, 200, 100,
50, 25, 12.5, and 0 μg/mL) was added to each well. Antimicrobial
activity was quantitated by measuring the diameter of the circular clear
zones on the opaque background of bacterial growth after incubation
at 37 °C for 24 h.

Minimum Inhibitory Concentration Test. A sterile 96-well plate
was used in MIC test. The modified resazurin method was used.45

Briefly, a volume of 100 μL of test material in sterile water was
pipetted into the 1−9 columns of the plate. Tips were discarded after
use such that each well had 50 μL of the test material in serially
descending concentrations. To the wells in columns 10−12 of the
plate, 100 μL of nutrient broth or sterile saline was added. Serial
dilutions were performed using a multichannel pipet. Finally, 10 μL of
bacterial suspension (5 × 106 CFU/mL) was added to each well to
achieve a concentration of 5 × 105 CFU/mL. Each plate had a set of
controls: the 10 column with streptomycin as positive control, the 11
column with all solutions with the exception of the test compound as
negative control, and the 12 column with all solutions with the
exception of the bacterial solution adding 10 μL of nutrient broth
instead as blank control. The plates were incubated at 37 °C for 18 h.
Then 0.0675% resazurin solution was prepared, and a 10 μL aliquot
was added to each well and incubated at 37 °C for 4 h. The color
change was then assessed visually. Any color changes from purple to
pink or colorless were recorded as positive. The lowest concentration
at which color change occurred was taken as the MIC value. The
average of three values was calculated, and that was the MIC for the
test material and bacterial strain. The density of well was estimated by
OD measurements at 570 nm wavelength, and the relative death rate
of ZnONPs were calculated.

Cell Culture and Treatment. HepG-2 cells (human liver
hepatocellular carcinoma cell line) and A-431 cells were maintained
in high-glucose Dulbecco’s modified Eagle’s medium (DMEM), which
was supplemented with 10% fetal bovine serum, 100 units/mL
penicillin, and 100 μg/mL streptomycin at 37 °C in a humidified
atmosphere of 5% CO2. The cytotoxicity of ZnONPs was evaluated by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
viability assay. After coincubating the cells with ZnONPs for 24 h at a
series dosage, MTT solution was added to each well. After 4 h of
incubation at 37 °C, colorimetric measurements were performed at
495 nm on a scanning multiwell spectrometer. Data were expressed as
mean ± standard error of mean of at least five independent
experiments.

Hemolysis Test. Hemolysis test was carried out using rabbit’s
heart blood to evaluate the cytotoxicity of the ZnONPs in vitro. Red
blood cell solution (2%) was obtained after anticoagulation and
washed with physiological saline solution three times. Then 1.2 mL
cells were mixed with the 300 μL of ZnONPs diluted in physiological
saline solution to obtain a series of final ZnONPs concentrations (25,
50, 100, 200, 500 μg/mL). The positive control group was the mixture
of cells and the same volume of deionized water, and physiological
saline solution was used as the negative control. Three parallel
experiments were performed in duplicate for each group. The mixtures
were centrifuged after placed at 37 °C for a 3 h incubation period. The
absorbance of the supernatant was measured at 570 nm via UV−vis.
The hemolysis ratio was calculated according to ratio of absorbance of
ZnONPs groups divided by positive control subtracted from
absorbance of negative control.

Animal and Treatments. Female ICR mice (provided by Vital
River Laboratory Animal Technology Co. Ltd., Beijing), aged 6−8
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weeks, were used in the experiments. All animal experiments were
conducted under protocols approved by the Laboratory Animal Centre
of Peiking University, China. For acute toxicity, ICR mice received
ZnONPs in 5% glucose by intravenous injection at different levels.
Mice that received sterile 5% glucose by intravenous injections were
used as controls. Five mice were used in each group. On day 14 after
the injection, all the mice were sacrificed, and the serum and organs
were recovered. The major organs were excised and performed for
histological examination according to standard techniques. All the
identity and analysis of the pathology slides were blind to the
pathologist. For toxicity evaluation of ZnONPs when mice received
them after vaginal mucous membrane exposure, mice received
nanoparticles by vaginal douching with 50 μL of solution everyday
for 7 d. On day 3 after the last douching, the mice were sacrificed, and
the same treatments described above were repeated.
Serum Biochemical Analysis. Serum biochemical test was carried

out using a standard protocol. After standing at room temperature for
4 h, the whole blood was centrifuged at 3000 rpm for 20 min. Then,
serum was collected from the supernatant and examined by a
biochemical autoanalyzer (Type 7170, Hitachi, Japan). Liver function
was evaluated with serum levels of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST). Kidney function was evaluated
with blood urea nitrogen (BUN) and creatinine (CREA).
Animal Anti-Infection Model Assay. Female ICR mice were

anesthetized with isofluorane and inoculated vaginally with 5 × 106

CFU/mL E. coli in 50 μL of sterile phosphate-buffered saline for
continuous 5 d. Clinical examination, vaginal washes, bacterial culture,
and biochemical identification were performed to verify mice vaginitis
model. Infected animals were divided into four groups including three
treated groups and a control group (n = 6). ZnONPs solutions in
water with different levels were mixed with PVA hydrogel and were
inoculated vaginally to the animals. The final levels of ZnONPs in PVA
hydrogel were 0.5, 1, and 2 mg/mL. All animals were treated
continuously for 5 d and followed 3 d of recovery. On the last day,
clinical examination, score of vaginosis, bacterial culture, and
biochemical identification were performed. Colonies were evaluated
and enumerated as recovered colony forming units (CFU) per
milliliter of vaginal fluid. The vaginal tissue was collected for

histological examination using standard techniques to assess the
degree of inflammation. Epithelial thickness was measured with
averages calculated from five measurements per vaginal section.
Vaginal sections were collected and underwent Nugent scoring using
published methods as previously described.46

Statistical Analysis. Results were expressed as mean ± standard
deviation. Multigroup comparisons of the means were carried out by
one-way analysis of variance test using SPSS 16.0 (SPSS Inc., Chicago,
IL). The statistical significance for all tests was set at p < 0.05.

■ RESULT AND DISCUSSION

ZnONPs were formed through a solvothermal synthesis based
on schematic diagram in Figure 1A. Briefly, zinc precursors
were formed by the interaction of zinc acetate and dimethyl
sulfone. Then, reacting with KOH, zinc precursors resulted in
the formation of zinc oxide crystal nucleus. At last, ZnONPs
were formed by the growth of zinc crystal nucleus. Because of
the hydrophilic property of dimethyl sulfone, ZnONPs had a
good dispersion in aqueous solution.
Figure 1B demonstrated typical XRD patterns of the as-

prepared ZnO nanoparticles with different sizes (4 and 10 nm).
The XRD patterns showed three strong peaks with d = 2.8143,
2.603, and 2.4759 Å. Three diffraction peaks could be indexed
as the (100), (200), and (101) reflections with lattice constants
of 3.346, 1.4072, and 5.205 Å, respectively. The synthesized
ZnONPs had wurtzite structure. The other diffraction peaks in
Figure 1 were consistent with JCPDS reference (PDF#36−
1415). According to Scherrer formula, which was used in the
determination of size of particles of crystals in the form of
powder, the sizes of 4 and 10 nm ZnONPs were calculated by
full width at half-maximum of (100) plane. At the same time,
we found 10 nm ZnONPs had more acute peaks than the one
with the size of 4 nm in Figure 1B. This suggested that 10 nm
ZnONPs had better crystallinity and order of atomic
arrangement in the crystal structure and that the lattice

Figure 1. (A) Schematic diagram of ZnONPs preparation. (B) The XRD patterns of as-prepared ZnO nanoparticles with different sizes. (C) FTIR
spectrum of ZnO nanoparticles with sample milled in KBr. D, E) TEM images of ZnO nanoparticles with different sizes 4 nm (D) and 10 nm (E).
(F) Images of different sizes ZnONPs in water standing for 5 min after mixing. Four (a) and 10 nm (b) ZnONPs have good monodispersion in
water. White arrow shows that commercial 30 nm ZnO (c) precipitate at the bottom of the bottle.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am507532p
ACS Appl. Mater. Interfaces 2015, 7, 1308−1317

1310

http://dx.doi.org/10.1021/am507532p


matching degrees were more prefect than 4 nm ZnONPs. It
maybe indirectly affects the antibacterial activity by tuning the
gap of ZnO nanoparticles with various sizes.
Fourier transform infrared spectroscopy (FTIR) was applied

to analysis of the surface structure of ZnO nanoparticles in
Figure 1C recording in the 4000−400 cm−1 region. The band
located at 457.9 cm−1 was assigned to the Zn−O stretching
mode in the ZnO nanocrystals. The bands at 2926.9 and 3011.2
cm−1 were attributed to the absorbance band of methyl. The
band at 3401.8 cm−1 was consistent with the absorbance band
of −OH. The vibration band of SO of dimethyl sulfone
molecule was shifted from 1047 to 1023.1 cm−1. It could be the
result of a combination of zinc ion in the ZnO lattice with
oxygen in the band of SO in dimethyl sulfone. The ZnONPs
observed by TEM are shown in Figure 1D,E. ZnONPs were
almost spherical, and the nanoparticles were uniformly
dispersed. TEM image revealed the average size of the as-
prepared ZnONPs was ∼4 and 10 nm after 3 and 12 h of
reaction, respectively. These values were in accordance with the
results of XRD patterns. EDS connecting to FESEM was used
to study the composition of ZnO nanoparticles. FESEM, EDS,
and HRTEM results of 4 nm ZnONPs and 10 nm ZnONPs
were shown in Supporting Information, Figure S1. The atomic
ratio of zinc and oxygen was 1:1 from Figure S1, which proved
the prepared particles were ZnO. Commercial ZnONPs of 30
nm were used in this study for comparing their antibacterial
activates. TEM image of 30 nm ZnONPs was shown in
Supporting Information, Figure S2. Compared with 4 and 10
nm ZnONPs, 30 nm ZnONPs have poor stability and
dispersibility in water, and precipitation of 30 nm particles
was quickly observed in water (Figure 1F).
Compared to the previous synthesis method, the preparation

method has the following advantages. First, the presence of
dimethyl sulfone benefits the good dispersion of ZnONPs in
water. The unique sulfur−oxygen double bond structure of

dimethyl sulfone may provide structural support as follows:
First, one sulfur−oxygen bond could combine with ZnONPs by
electrostatic force, and the other bond could improve the
dispersity of ZnONPs in water. Second, the dimethyl sulfone is
cheaper than long-chain ligands such as PVP, PMMA, PMMA,
and PS reported in the literature. At the same time, dimethyl
sulfone (named as methyl sulphonyl methane) is one necessary
material of human collagen synthesis, which showed good
biocompatibility.47 The method was low-energy consumption,
simple, and easy to scale-up for application in biological field in
the future.
The Gram-negative bacteria E. coli (ATCC 25922), drug-

resistant strain E. coli (CA-31), and Gram-positive bacteria S.
aureus (ATCC 6538) were used as models for the investigation
of the antibacterial activities of ZnONPs. Inhibition zones tests
of ZnONPs with different sizes and different concentrations are
shown in Figure 2. The results of the antibacterial properties of
the prepared ZnO samples were compared with the commercial
30 nm ZnO powder. Inhibition zones tests could obtain visual
observations results of reducing bacterial activity by measuring
the area of the circular clear zones on the opaque background
of bacterial growth. As shown in Figure 2A, number 1 to 6 wells
of 4 and 10 nm size ZnONPs inhibition zone against E. coli
were all clear. However, only 1 to 4 wells with 30 nm
commercial ZnONPs had inhibition zones. The diameters of
inhibition zone were measured with vernier caliper and
exhibited in Figure 2B. The results of diameter of inhibition
zone of ZnO against S. aureus were shown in Supporting
Information, Figure S3. Compared to 30 nm ZnONPs, there
was significant increase of antibacterial activity of 4 and 10 nm
ZnO with concentration over 25 μg mL−1. No difference was
observed when ZnO concentration was 12.5 μg/mL. These
results showed that ZnONPs prepared by the new methods
have more enhanced antibacterial activity than that of
commercial ZnO. According to different size particles, diameter

Figure 2. Results of inhibition zones tests and MIC tests of ZnONPs with different sizes and different concentrations. Four and 10 nm ZnONPs
were prepared with the present method, 30 nm nanoparticles was commercial powder. (A) Images of inhibition zone of E. coli with different size
ZnONPs incubation in 37 °C for 24 h. (B) Diameters of inhibition zone of ZnONPs against E. coli after incubation in 37 °C for 24 h. (C) Images of
color variation of resazurin test of 4 nm ZnONPs against E. coli (a) and S. aureus (b) after incubation in 37 °C for 24 h. (D) Relative death rate of E.
coli and S. aureus after incubation with 4 nm ZnONPs in 37 °C for 24 h.
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of inhibition zone of 4 nm ZnONPs was larger than that of 10
nm ZnONPs at level of 50 and 25 μg/mL (Figure 2B). For
drug-resistant strain E. coli (CA-31), inhibition zones tests of
ZnONPs with different sizes and concentrations were
performed. As shown in Supporting Information, Figure S4,
the 4 and 10 nm ZnONPs show greater inhibition than
commercial 30 nm ZnO and control drug benzylpenicillin (a
drug control). For β-lactamase producing E. coli (CA-31),
benzylpenicillin can not inhibit the growth of the bacteria
(Figure S4A−D). Compared with 30 nm ZnONPs, there was
significant increase of antibacterial activity of 4 and 10 nm ZnO
with concentration over 12.5 μg mL−1. However, there was no
significant difference between 4 and 10 nm ZnONPs against
the drug-resistant strain.
For detailed quantitative evaluation of ZnO antibacterial

effect, the MIC test was employed using 4 and 10 nm ZnO
against bacteria S. aureus and E. coli. Figure 2C,D showed the
MIC results of 4 nm ZnO against two experimental bacteria. In
Figure 2C,a, the blue wells showing E. coli bacteria were
inhibited by ZnO, and red wells meant the inhibition failed.
The color change in Figure 2C,b showed the inhibition of S.
aureus by 4 nm ZnONPs. The last blue wells not turned into
red color indicated the MIC of ZnONPs. These results showed
that MIC of 4 nm ZnO against both bacteria is 6.25 μg/mL.

Relative inhibition rate of 4 nm ZnO upon bacteria is shown in
Figure 2D. Inhibition rates of ZnO were over 60% in the
presence of 6.25 μg/mL of 4 nm ZnO against two experimental
bacteria. There was no significant difference between these two
bacteria. The MIC results of 10 nm ZnO against E. coli and S.
aureus were both 25 μg/mL (Supporting Information, Figure
S5). These results indicated that 4 nm size particles had more
powerful killing bacteria activity than 10 nm sized ZnONPs.
The results also suggested concentration-dependent effect of
ZnO against bacteria in vitro.
Antibacterial activities of ZnONPs have been extensively

studied.48 Some researches focus on distinction in the
antibacterial activity depending on the shape, size, and the
specific surface area of ZnO nanoparticles. Jiang et al. found
nanoparticles had a more powerful antibacterial effect than
microscale particles.49 In recent years, antibacterial activity of
ZnONPs with different sizes including 12, 13, 18, 40, 60 nm
and lager scales were investigated against Gram-positive
bacteria and Gram-negative bacteria. Padmavathy et al. reached
the same conclusion that the bactericidal efficacy of ZnO
nanoparticles increased with decreasing particle size.50 Jones et
al. showed 95% and 40%−50% inhibition of S. aureus growth in
the presence of 1 mM 8 nm ZnO nanoparticles and 5 mM 50−
70 nm ZnO after 10 h.51 In the present study, the inhibition

Figure 3. (A) Viability of cells exposed to 4 and 10 nm ZnONPs for 24 h. (B) Percentage of survival of mice that received ZnONPs suspension in
5% glucose solutions by intravenous injection (n = 5 per group). (C) Serum biochemical results of ICR mice following injection of ZnONPs. Mean
and standard deviation of aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN), and creatinine (CREA)
of ICR mice (n = 5 per group).
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zone of commercial 30 nm ZnO disappeared when the
concentration was less than 50 μg/mL; nevertheless, the dishes
treated with prepared ZnONPs (4 and 10 nm) have a clear
inhibition zone and diameters all greater than 10 mm even
when the concentration was as low as 25 μg/mL. These results
showed that ZnONPs prepared by the new present method was
superior to commercial ZnO in antibacterial activity. Four nm
and 10 nm size ZnONPs were used to kill Gram-positive and
Gram-negative bacteria, and the MICs were 6.25 and 25 μg/
mL, respectively. The activities of E. coli and S. aureus were
reduced by 50% with 4 nm ZnO at 6.25 μg/mL and 10 nm
ZnO at 25 μg/mL. These results agreed with previous
researches conclusion that the antibacterial efficacy of ZnONPs
increased with decreasing particle size. The detailed mechanism
for the antibacterial activity of ZnO nanoparticles is still under
debate. A main possible mechanism can be explained on the
basis of the oxygen species released on the surface of ZnO,
which causes fatal damage to microorganisms. When ZnO with
defects is activated by UV or visible light, electron−hole pairs
(e−h+) can be created. The holes split H2O molecules into
OH− and H+. Then dissolved oxygen molecules are trans-
formed to superoxide radical anions and react with H+ to
generate (HO2

•) radicals, which upon subsequent collision with
electrons produce hydrogen peroxide anions (HO2

−). Hydro-
gen peroxide anions then react with hydrogen ions to produce
molecules of H2O2. The production of H2O2 can penetrate the
cell membrane and achieve bactericidal action. There are other
theories including zinc ion release, mechanical damage of the
cell membrane or cell wall, and the changes of the pH value
caused by ZnO in the reaction system.41 In a word, the
bactericidal properties of ZnONPs are complicated and involve
multifactorial antibacterial mechanisms.

The increased application of nanoparticles in many fields
suggests that a full and fundamental understanding of their
potential toxicity is needed. As with other NPs, the concerns for
the risk caused by ZnONPs are being increased. Most studies
reporting on ZnONPs toxicity have focused on mammalian
cells, primarily on transformed cancer cell lines.52 Diamond et
al. reviewed the ecotoxicity of ZnONPs on bacteria and other
microbes, algae and plants, invertebrates and vertebrate
animals.53 However, useful information about the toxicology
of ZnONPs used in biomedical applications is missing, such as
drug delivery or imaging, in which the NPs are deliberately
placed in the body. Most of the toxicology studies of NPs in
vivo so far were mainly concerned with the effects of NPs when
they enter the body accidentally. Thorne et al. reported
ZnONPs have low subchronic toxicity by the inhalation
route.54 Gao et al. researched the toxicity of 30 nm ZnONPs
to the olfactory system when rat received NPs by intranasal
instillation.55 To the best of our knowledge, few in vivo studies
exist on the toxicity of ZnONPs when they are deliberately
placed in the body.56

The low cytotoxicity of NPs to human cells is the
fundamental requirement for the use of ZnO nanopowders as
antibacterial agents. For cytotoxicity study, HepG2 and A431
cell lines were used in the experiment. Viability of HepG2 cells
exposed to ZnO for 24 h was all above 80% when
concentrations are lower than 12.5 μg/mL. The IC50 of 4
and 10 nm ZnONPs was determinated as 28.16 and 36.25 μg/
mL, respectively. According to A431 cells, the similar results
were repeated. The IC50 of 4 and 10 nm ZnONPs to A431 cells
were determinated as 25.45 and 38.34 μg/mL (Supporting
Information, Figure S6B). Lower cytotoxicity of 10 nm ZnO
than 4 nm ZnO was drawn from MTT results. The hemolysis

Figure 4. Histological analysis of tissues in control and ZnONPs-treated mice. ZnONPs were intravenously administered to mice at 0, 50, 100, and
150 mg/kg, respectively. Histological section of liver, spleen, lung, and kidney stained with H&E. Data are representative of at least five mice.
ZnONPs induced damages in liver, lung, and kidney (arrowhead) at 150 mg/kg. The scale bar is 100 μm.
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ratio caused by 4 nm ZnONPs was evaluated as shown in
Supporting Information, Figure S6A. None of the hemolysis
ratio of all experimental groups exceeds 5%, and the maximum
value was only 1.6%, indicating that ZnONPs showed good
biocompatibility. Referring to the antibacterial and cytotoxicity
results, 4 nm ZnONPs were chosen for further acute toxicity
and disinfection in vivo.
The animal death caused by 4 nm ZnONPs is shown in

Figure 3B when they entered blood circulation by intravenous
injection. The mortality and clinical manifestation in each dose
group was observed after exposure through the entire
experiment. No death and unusual behaviors were observed
in the low-dose groups (15, 30, 50, and 100 mg/kg), including
vocalizations, labored breathing, difficulties in moving, hunch-
ing, or any unusual interactions with cage mates. But two mice,
treated with ZnO at 200 mg/kg, died 30 min after injection,
and one mouse died at 150 mg/kg dose (Figure 3B). No
unusual weight changes of experiment groups were observed
(Supporting Information, Figure S7). The lethal toxicity of 4
nm ZnO was lower than that of previous reports.57

For blood biochemical assay, AST, ALT, BUN, and CREA
were examined. There was no significant change of serum levels
of AST, BUN, and CREA of ZnO-treated groups compared
with control animals (Figure 3C). A slight expansion with ALT
at 100 mg/kg ZnO-treated animals was observed, but there was
no significant difference compared with the control group.
However, histopathological examinations revealed different
results of ZnONPs toxicity with different concentrations.
There were no unusual histological and morphological changes
of main organs including liver, spleen, lung, and kidney of
lower-dose (50 and 100 mg/kg) ZnO-treated groups. But mild
inflammations were found in liver when mice received ZnONPs
at 150 mg/kg dose. And thickened alveolar walls and
inflammations happened in lung. Furthermore, renal tubular
showed vacuolation degeneration gradually (Figure 4).
Because vaginitis models were used for examining the

antibacterial activities, toxicity caused by ZnONPs was
examined when mice received them after mucous membrane
exposure. Six mice received 4 nm ZnONPs by vaginal mucous
membrane exposure every day at 25 mg/kg for 7 d. No clinical
manifestations were observed, including redness, swelling,
itching of vagina, vocalizations, difficulties moving, hunching,
or unusual interactions with cage mates. Figure 5 showed
histopathological examinations results of major organs and
vagina of experimental animals. No significant pathological
changes were observed in liver, spleen, lung, kidney, and vagina
when mice received ZnO by the exposure way as described
above. All together, the lethality, serum biochemical index, and
histopathological results indicated low acute toxicity of 4 nm
ZnO when they entered the body by intravenous injection and
mucous membrane exposure. These results provided a solid
foundation for developing the novel ZnO-based biomaterials
for disinfection in vivo.
The vaginitis models and therapeutic schedule was described

in Figure 6A. Bacterial vaginitis (BV) mice models caused by E.
coli were used in the experiment, and 4 nm ZnONPs dissolved
in PVA polymer gel were prepared as disinfection agents for
therapy. PVA polymer gel has many advantages including
lubricity, biocompatibility, and flexibility. PVA polymer gel and
relevant products have much promising application in
biomedical areas such as bone repair, drug delivery, wound
dressing, and ophthalmic products. In the present study, PVA
polymer gel was used as effective carrier of ZnONPs. Vaginitis

mice received 50 μL of ZnONPs-PVA at three concentrations
as 0.5, 1, and 2 mg/mL by vagina lavage every day for 5 d. The
score of vaginitis was listed in Supporting Information, Table
S1. At the last day, vaginal fluid was collected for bacterial
counting. The animals were sacrificed, and samples of vagina
were collected for histopathological examinations. As shown in
Figure 6, compared with the healthy control animals (Figure
6B), the morphological changes of infection animals (Figure
6C) included desquamation and vanish of stratified squamous
epithelium, inflammatory cell infiltration, and submucosa
edema. Although these lesions existed in the low-dose ZnO
group (0.5 mg/mL) (Figure 6D), edema and inflammatory cell
infiltration did not happen in the high level (1 and 2 mg/mL)
treated groups (Figure 6E). The results of bacterial counting
(Supporting Information, Figure S8) and histological epithelial
exfoliation score were consistent with the histopathological
examinations. The mean CFU levels and exfoliation score in
vaginal washes of both 1 and 2 mg/mL ZnO groups decreased
significantly at the last day, suggesting clearance of the bacteria
was occurring with ZnONPs. All these results indicated that
ZnONPs could reduce the vagina inflammation caused by E.
coli. BV was a common problem throughout the world as a kind
of gynecological diseases. In the United States, one in three
women has BV.58 Women involved in BV disease were at high
risk of pelvic inflammatory disease, infections, such as
intrauterine infection and sexually transmitted infections, and
preterm birth.59 In the present study, mice vaginitis caused by
E. coli was used as a model to verify the effectiveness of
ZnONPs formulations in the treatment of vaginitis. This
provides a feasible way to put ZnONPs into practical clinical
application.

Figure 5. Histological analysis of tissues in ZnONPs-treated mice.
Mice received ZnONPs by vaginal mucous membrane exposure at 25
mg/kg for 7 d. Histological section of liver, spleen, lung, kidney, and
vagina stained with H&E. Data are representative of at least five mice.
No significant changes were observed in liver, spleen, lung, kidney, and
vagina when mice received ZnO. The scale bar is 50 μm.
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■ CONCLUSION
In summary, hydrophilic ZnO nanoparticles with small sizes
and good monodispersity were prepared by a simple, green,
sustainable, and low-temperature solvothermal method, and the
production showed excellent antibacterial properties at a low
concentration. The cytotoxicity experiment and the acute
toxicity in mice showed that the prepared ZnO had lower
toxicity in vitro and in vivo. Pronounced therapeutic effect of
vaginitis suggested a promising application of ZnONPs in
biomedical fields. These results declared a promising
biomedical application of ZnONPs in living animals. More
detailed research and long-term toxicity studies are needed to
confirm the injury caused by ZnONPs at high dosages. Further
research of the antibacterial mechanism and the potential anti-
infection effect of ZnONPs on the digestive tract and
respiratory tract inflammation are needed, and these future

studies will provide very useful information for future
development of ZnO nanoparticles in biomedicine.
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Figure 6. (A) Vaginitis models and therapeutic experimental design of ZnONPs in mice. (B) The morphological structure of the control animals’
vagina. (C) The morphological changes of infection animals. Arrows indicate desquamation and vanish of stratified squamous epithelium. (D)
Desquamation of epithelium cells in treated animals with low-level ZnONPs (0.5 mg/mL). Arrow indicates desquamation epithelium cells and
inflammatory cells. (E) Desquamation of epithelium, edema, and inflammatory cell infiltration did not happen in the high-level groups (1 and 2 mg/
mL). The scale bar is 50 μm.
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