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THE EFFECT OF Ag-DOPING 
ON THE CYTOTOXICITY OF ZnO NANOSTRUCTURES 
GROWN ON Ag/Si SUBSTRATES BY APMOCVD
Th e search and development of new nanostructures and nanomaterials are very important for the progress of nano-
technology and modern microbiology. Due to the unique properties of silver and zinc oxide, these nanoparticles are 
the optimal basis for  creating nanostructures with potential antiviral activity. An important issue in these studies is 
the establishment of cytotoxicity of these nanoparticles and their composites. Aim. To defi ne the infl uence of substrate 
temperature and Ag concentration in ZnO lattice on the microstructure and cytotoxicity of zinc oxide nanostructures. 
Methods. Pure and Ag-doped ZnO nanostructures were grown on Ag/Si substrates by atmospheric pressure metalor-
ganic chemical vapor deposition method using a mixture of zinc acetylacetonate and silver acetylacetonate powders 
as a precursor. Argentum thin fi lms were deposited on Si substrates by a thermal evaporation method. MTT-assay 
was used for the analysis of MDBK and MDCK cell viability in the defi nition of zinc oxide nanostructure cytotoxicity. 
Results. Ag-doped zinc oxide nanostructures were grown and characterized by X-ray diff raction, scanning electron 
microscopy, and energy dispersive X-ray spectroscopy. It was found that Si substrate and pure zinc oxide do not inhibit 
the cell viability of both epithelial cultures whereas Ag-doped ZnO nanostructures inhibit the cell viability because of 
all-time exposure in a sample without dilution. Th e cytotoxic eff ect was not observed at higher dilutions for Ag-doped 
zinc oxide nanostructures. Conclusions. Th e investigation of the eff ect of Ag-doping on the morphology and cytotoxic-
ity of zinc oxide nanostructures is very important for implementing zinc oxide nanostructures into the current opto-
electronics and photocatalysis. 
Keywords: ZnO nanostructures, Ag doping, APMOCVD, scanning electron microscopy, cytotoxicity.
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According to the International Committee on 
Taxonomy of Viruses, viruses are one of the most 
diverse groups of microorganisms [1]. A lot of 
them can lead to the signifi cant cause of mor-
bidity, mortality worldwide, and socio-economic 
consequences. Th is is once again confi rmed by 
the COVID-19 pandemic, which spread to the 
whole world [2].

In recent years, much attention has been paid 
to the study of nanostructures with antimicrobial 
and antiviral activity [3]. Surface contamination 
has been recognized as an essential contributor 
to the spread of diseases. Infected individuals 
promote constant recontamination of surfaces, 
which then are touched by non-infected people 
leading to the rapid dissemination of the disease. 
Th is eff ect has a signifi cant contribution to viral 
spread [4]. Given this, it is important to create 
a nanostructure and surfaces with antiviral and 
viricidal activity.

With the rapidly growing interest in this area, 
the toxicity of nanoparticles (NP) and nano-
structures (NS) is becoming a more and more 
important issue in nanotechnology. A lot of new 
types of nanoparticles and nanostructures are 
synthesized and studyed every year. Also, the ap-
plication of nanoparticles in biomedicine, e.g. in 
drug and gene delivery, biosensors, cancer treat-
ment, and diagnostic tools, has been extensively 
studied over the past decade [5]. For those pur-
poses, the defi nition of toxicity of nanoparticles 
and nanostructures is a critical factor to be taken 
into account when evaluating their application 
potential [6]. 

According to the literature, zinc oxide (ZnO) 
nanoparticles have been shown to exert antimi-
crobial and antiviral activities against various hu-
man pathogens [7]. ZnO is a well-known wide-
gap semiconductor material intensively studied 
over last decades due to its unique multifunc-
tional properties which are perspective for de-
vice designing in such scientifi c fi elds as material 
science, physics, chemistry, biochemistry, etc. [8, 
9]. Th e studies of ZnO in the form of nanostruc-

tures are a promising and interesting trend in 
view of potential applications for the develop-
ment of nano-scale optoelectronic devices and 
eff ective photocatalyst materials. Recently, pure 
and doped ZnO NS have been studied as a fast 
cost-eff ective eco-friendly photocatalytic mate-
rial for the clean-up of the environment from 
persistent organic pollutants as well for air disin-
fection from bacteria and viruses [10,11,12].

In order to increase the performance of ZnO 
NS and to shift  photocatalytic activity to visible 
light, many researchers apply doping with vari-
ous metal and non-metal elements including 
rare earth elements. Th e basics of photocatalyt-
ic mechanism and an overview of other major 
research results and application of ZnO nano-
structures can be found in Ref. [13]. Cytotox-
icity of ZnO nanoparticles was investigated in 
[14] over MCF-7 cells. It was demonstrated that 
the cytotoxicity and oxidative stress response 
of ZnO nanoparticles were enhanced by Ag-
doping. among various elements used for ZnO 
doping (ZnO:Ag) and creating ZnO NS com-
posites (ZnO-Ag), silver is considered the most 
promising metal due to the possibility to absorb 
and scatter more light thanks to the surface plas-
mon resonance appeared in metal nanoparticles 
surrounded by a dielectric matrix [15, 16, 17]. 
Th us, determining the cytotoxicity of ZnO and 
its combination with Ag is the fi rst step in work-
ing with the cell culture system. 

We used the commercially attractive atmo-
spheric pressure metal-organic chemical vapor 
deposition (APMOCVD) method for the growth 
of pure and Ag-doped ZnO NS on Ag-coated Si 
(Ag/Si) substrates. Th is work presents the inves-
tigation of the eff ect of the level of Ag-doping on 
the structure and the cytotoxicity of ZnO nano-
structures, which is very important for imple-
menting ZnO NS into realistic optoelectronic 
and photocatalytic applications.

Material and methods. Cell cultures. Th e 
culture of MDCK (Madin-Darby canine kidney 
cell line) cells obtained from L.V. Hromashevs-
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koho Institute of Epidemiology and Infection 
Diseases of NAS of Ukraine and MDBK (Ma-
din-Darby canine bovine cell line) cells obtained 
from the collection of the museum of tissue cul-
tures of the Institute of Virology of the Bulgarian 
Academy of Sciences (Sofi a, Bulgaria) were used 
in this study. Cells were grown in plastic vials in 
a medium consisting of 46% DMEM (Biowest, 
France), 46% RPMI 1640 (Biowest, France), 8% 
fetal bovine serum inactivated by heating (Bio-
west, France), and antibiotic penicilin (100 μg/
mL, Biowest, France) in an atmosphere of 5% 
CO2 at 37 ºC. 

Sample growth. Pure and Ag-doped ZnO 
NSs were deposited on Ag/Si substrates by the 
APMOCVD technique [18, 19]. We grew a thin 
120 nm layer of Ag as a nucleation layer for 
growing ZnO NS with developed geometry on Si 
substrates by thermal evaporation method [19]. 
Before deposition of pure and Ag-doped ZnO 
NS, Ag/Si substrates were cleaned in acetone, 
ethanol, and deionized water for 10 min at each 
stage. Aft er that, the Ag/Si substrates were dried 
in a nitrogen fl ow. To grow ZnO, zinc acetylace-
tonate hydrate (Zn(AcAc)) from Sigma Aldrich 
was used as a precursor. Th e mixture of zinc and 
silver acetylacetonates with 1 and 10 wt.% of 
silver acetylacetonate (Ag(AcAc)) was used for 
growth of Ag-doped ZnO samples, resulting in 
the proportional incorporation of the Ag dopant 
into the ZnO lattice. Four sample sets (pure ZnO, 
ZnO:0.5at.%Ag nanorods (NR), ZnO:7.0at.%Ag 
NR, and ZnO:7.0at.%Ag nanowires (NW) were 
grown at diff erent substrate temperatures rang-

ing from 250 °C to 500 °C for 30 min. Informa-
tion about the growth conditions and the cor-
responding material properties of the samples is 
collected in Table. 

Characterization. Th e crystal structure was 
investigated by X-ray diff raction (XRD) us-
ing a DRON-3 diff ractometer with Cu-Kα ra-
diation (λ = 0.1542 nm). Th e microstructure of 
pure and Ag-doped ZnO samples were studied 
by scanning electron microscopy (SEM) (Leo 
1550 Gemini SEM) at the standard aperture 30 
μm and operating voltage 5 kV. An elemental 
analysis of pure and Ag-doped ZnO samples 
was performed by ZEISS EVO 50 XVP SEM us-
ing energy dispersive X-ray spectroscopy (EDX) 
furnished with INCA 450 (OXFORD Instru-
ments). Th e operating voltage for EDX analysis 
was to 20 kV. Th us, the atomic content of Ag was 
determined for three ZnO samples grown with 
diff erent contents of Ag precursor in the precur-
sor mixture. 

Determination of the cytotoxic eff ect of ZnO 
NS doped with Ag of diff erent concentrations 
and pure ZnO fi lm for comparison was per-
formed by using the MTT test, which is based on 
determining the functioning of the dehydroge-
nase activity of mitochondria. Cell viability was 
assessed by the ability of living cells to reduce 
the yellow MTT dye to a blue formazan crystal. 
Th e procedure included 24 hr of exposure of 
the plates in a growth medium for cell cultures 
at 37  ºC. Th e growth medium was then added 
to the monolayer of cell cultures without dilu-
tion and with dilutions of 1:10 and 1:100. Th e 

Th e growth conditions and properties of pure and Ag-doped ZnO samples deposited on Ag/Si substrates

Samples
Precursors Substrate 

temperature, °C
Ag content in ZnO, 

at.%
NS diameter, 

nmZn(AcAc)2, wt.% Ag(AcAc), t.%

Pure ZnO fi lms 100 0 250 0 —
ZnO:0.5 at.%Ag nanorods (NR) 99 1 400 0.5 100
ZnO:7.0 at.%Ag nanorods (NR) 90 10 400 7.0 250
ZnO:7.0 at.%Ag nanowires (NW) 90 10 500 7.0 60
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dilutions were prepared on the growth medium. 
Each dilution was analyzed in 3 replicates. Th e 
cells were analyzed at 24, 48, and 72 hr by add-
ing 20 μL of MTT solution (5 mg/mL). Aft er a 
four-hour incubation in the dark at 37 0C (5% 
CO2), the formazan crystal formed by MTT re-
duction was dissolved in DMSO, and absorbance 
was measured at 538 nm using a Multiskan FC 
microtiter plate ELISA reader (Th ermo Scien-
tifi c, USA). Th e obtained optical density of the 
test sample was compared with that of the cell 
control sample without addition of NS and the 
formula for calculation of the percentage of cell 
viability diff erent dilutions: 

% of cell viability = (A x 100 / B),

where A is the average optical density of test 
samples and B is the average optical density of 
cell control samples.

Results. We investigated the elemental com-
position of the grown ZnO samples by the en-
ergy dispersive X-ray spectroscopy (EDX). It was 
shown that all deposited samples contained zinc, 
oxygen, and carbon. Th e NS deposited from the 
mixtures (Zn(AcAc)2) and (Ag(AcAc)) addi-
tionally contained silver with amount presented 
in Table 1. For all pure and Ag-doped ZnO sam-

ples, oxygen defi ciency was found. Obviously, 
the presence of a low amount of carbon is the 
result of the decomposition of acetylacetonate 
precursors or surface organic contaminations. 

XRD measurements were used to determine 
the crystal structures of the deposited samples. 
Fig. 1 presentsXRD patterns of pure (1) and Ag-
doped (2—4) ZnO samples. Accordingly, JCPDS 
card number 36–1451 all grown ZnO samples 
have the hexagonal wurtzite structure of ZnO 
with the crystallographic planes (100), (002), 
(101), (102), (110), and additionally ZnO (004) 
XRD planes for Ag-doped samples testifying their 
good crystalline quality. Th e observed XRD peaks 
of Ag (111) and Ag (200) (JCPDS card number 
04–0783) and Si belong to the Ag/Si substrate. No 
other diff raction peaks are shown in Fig. 1.

SEM measurements were carried out to study 
the change in the surface morphology for pure 
and Ag-doped ZnO NS depending on the sub-
strate temperatures and Ag concentration in the 
mixture of precursors. Fig. 2 demonstrates the 
top SEM view and 30o tilted view for pure and 
Ag-doped ZnO samples. At a substrate tempera-
ture of 250 °C and by using only (Zn(AcAc)2) pre-
cursor, the formation of ZnO fi lms is observed 
(Fig. 2, 1). Th e cross-sectional view of these NS 
fi lms demonstrates that the fi lm thickness is 
about 200 nm. In conclusion, the decomposition 
of pure ZnO precursor leads to the formation of 
ZnO NS with a fi lm-like surface morphology. A 
more signifi cant change in the surface morphol-
ogy of Ag-doped ZnO samples was found. When 
we added 1 wt.% of the Zn(AcAc)2 precursor to 
the mixture of precursors and  increased the sub-
strate temperature to 400 °C, the growth of well-
defi ned ZnO NR with characteristic hexagonal 
facets having a diameter of about 100 nm (Table) 
and a height of about 1 μm takes place (Fig. 2, 2). 
When we added 10 wt.% of the Zn(AcAc)2 pre-
cursor and used the substrate temperature of 
400 °C, the formation of well-defi ned ZnO NR 
with characteristic hexagonal facets having a 
diameter of about 250 nm and height of about 
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Fig. 1. Color online. XRD patterns of ZnO samples: 
pure ZnO (1), ZnO:0.5 at.%Ag NR (2), ZnO:7.0 at.%Ag 
NR (3), and ZnO:7.0at.%Ag NW (4)
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Fig. 2. SEM surface images of ZnO samples: pure ZnO (1), ZnO:0.5 at.%Ag NR (2), ZnO:7.0 at.%Ag NR (3), and 
ZnO:7.0at.%Ag NW (4). Th e left  side is a top SEM view, while a 30o tilted view is shown on the right
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1.5 μm took place (Fig. 2, 3). Th ese nanocrystals 
are also well aligned with the c-axis perpendic-
ular to the substrate. With increasing substrate 
temperature to 500 °C, the growth of disordered 
ZnO NW with a diameter of about 60 nm is 
observed (Fig. 2, 4). Th e NWs uniformly cover 
the Ag/Si substrate and have a height of about 
2.5 μm (Fig. 2, 4, right column). Consequently, 
adding 10 wt.% of Ag precursor to the pure ZnO 
precursor leads to the formation of well-defi ned 
ZnO NR and NW at  diff erent substrate temper-
atures. Hence, Ag doping aff ects the ZnO micro-
structure via changing the nucleation mode into 
heterogeneous and thus transforming the poly-
crystalline fi lms into a matrix of highly c-axis-
textured hexagonally-faceted NR.

At fi rst, the cytotoxicity of Si substrate and 
pure ZnO was studied. We used pure ZnO fi lms 
to compare with Ag-doped ZnO NS and de-
fi ned their toxic eff ects. As shown in Fig. 3, the 
substrate does not lead to inhibition of the cell 
viability in both cultures. Even with prolonged 
exposure (72 h), cell viability ranged from 80 to 
100% for MDCK cells and 93–104% for MDBK 
cells. Aft er exposure of pure ZnO fi lms, the cell 
viability was from 77 to 100% for the MDCK cell 
line (Fig. 3, a—b). However, the level of MDBK 
cell viability was lower and exceeded 60% for 
prolonged exposure (72 h). At the same time, 24 
h and 48 h exposures do not inhibit the cell vi-
ability (80–100%).

As shown in Fig. 4, the infl uence of Ag-doped 
ZnO NS on the living of MDBK and MDСK 
cells was more toxic than on the substrate. A 
pronounced cytotoxic eff ect was determined 
for the Ag-doped ZnO NS samples deposited 
with a high silver content (ZnO:0.7at.%Ag NW) 
in MDCK cells (Fig. 4, a); cell viability was in 
the range of 61‒64% in samples without dilu-
tion. No cytotoxic eff ect of Ag-containing ZnO 
nanostructure with less silver (0.5 and 0.7at%Ag 
NR) on the living of MDCK cells was observed 
(Fig. 4, a). On the other hand, it was established 
that the height cytotoxic eff ect occurs in MDBK 
cells (Fig. 4, b). All samples studied for MDBK 
cells without dilution inhibit cell viability (11–
31%) at all exposure times. It should be noted 
that an increase in Ag content in the ZnO NS 
samples leads to the enhancement of their toxic 
eff ect. In addition, the cytotoxic studies of dilut-
ed Ag-doped ZnO NS samples as 1:10 and 1:100 
showed a non-toxic eff ect of Ag-doped ZnO 
samples on epithelial cell lines. 

Discussion. Due to their unique properties, 
nanoparticles are on the top of interest for sci-
entists. ZnO is a perfect candidate for creating 
new nanostructures and materials as an eff ective 
photocatalyst and an antimicrobial and antiviral 
agent [20]. Th us, the studies of the cytotoxicity 
of pure and Ag-doped ZnO nanostructures are 
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an essential step in developing new composites 
as promising materials for practical applications. 

Our study showed the diff erence in the tox-
icity of ZnO nanostructure with diff erent con-
centrations of Ag at epithelial cell cultures. Th us, 
ZnO:7.0at.%Ag NW and ZnO:7.0at.%Ag NR are 
more toxic than ZnO:0.5at.%Ag NR in both cell 
cultures. Th is can be explained by the contrast of 
the shape and size of nanostructures to the spe-
cifi c surface areas shown by SEM (Fig. 2) as well 
as of diff erent Ag concentrations in ZnO samples. 
Generally, smaller nanostructures, i.e. having a 
larger surface-to-volume ratio, are chemically 
more active (e.g., in catalysis, photo corrosion, 
etc.). Also, according to the literature, smaller Ag 
nanoparticles show a higher cytotoxic eff ect on 
cell lines and change biological activity [21, 22]. 
Besides, ZnO nanoparticles have a size-depend-

ed biological eff ect, especially cytotoxic [23]. It 
should be noted that the grown by us Ag-doped 
ZnO samples condensed on Ag/Si substrates in 
diff erent shapes of NR and NW with diff erent di-
ameters (Table 1). Th us, the size and shape of NS 
also might infl uence their toxicity and, in gen-
eral, the biological activity. E.g., , Kononenko et 
al. have described that when ZnO NPs dissolve, 
Zn ions are released, which can disrupt cellular 
homeostasis, resulting in lysosomal and mito-
chondria damage and ultimately cell death [24]. 
Moreover, zinc oxide did not inhibit cell viability 
in both cultures. According to the literature, the 
most clearly studied aspect of NPs is inhibitory 
activity against bacteria. [25]. Since we studied 
Ag-ZnO composites, let us consider possible ef-
fects associated with silver. Silver's mode of ac-
tion is presumed to depend on Ag+ ions, which 
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strongly inhibit bacterial growth by suppress-
ing respiratory enzymes and electron transport 
components along with interfering with DNA 
functions [26]. It can be assumed that silver ions 
have a similar eff ect on mammalian cell cultures. 
Zhang et al. have shown that the penetration 
of Ag NPs induces a series of eff ects including 
oxidative stress, cell cycle rest, infl ammatory re-
sponses, DNA damage, apoptosis, etc. [27].

With increasing dilution, , the toxic eff ect dis-
appeared. Th is indicates the eff ect of ion concen-
tration on the cytotoxicity of nanostructures. Ob-
tained results have shown that studied ZnO:Ag 
samples aff ect the cell viability only in the case of 
non-diluted samples. Th us, Ag-doped ZnO nano-
structures should be studied as an antiviral agent.

Conclusions. To summarize, pure and Ag-
doped ZnO samples were successfully grown on 
Ag/Si substrates using the APMOCVD method. 

It is shown that the changing of substrate tem-
perature and in situ Ag doping infl uence the 
ZnO microstructure and level of the ZnO lattice 
doping with Ag. Investigation of the cytotoxic-
ity of the nanostructures showed a diff erent ef-
fect on mammalian cell lines. According to the 
results obtained, Ag-doped ZnO samples' toxic 
impact depends on the Ag concentration and ex-
posure time. Obtained results have shown that 
Ag-doped ZnO nanostructures do not demon-
strate a highly toxic eff ect.
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ВПЛИВ Ag-ЛЕГУВАННЯ НА ЦИТОТОКСИЧНІСТЬ НАНОСТРУКТУР ZnO, 
ВИРОЩЕНИХ НА СУБСТРАТАХ Ag/Sі МЕТОДОМ APMOCVD

Пошук і розробка нових наноструктур та наноматеріалів дуже важливі для прогресу нанотехнологій та су-
часної вірусології, мікробіології та медицини. Завдяки унікальним властивостям срібла та оксиду цинку, 
ці наночастинки є оптимальною основою для створення наноструктур з потенційною противірусною ак-
тивністю. Важливим питанням у цих дослідженнях є встановлення цитотоксичності наночастинок та їх 
композитів. Метою дослідження було визначити вплив температури підкладки та концентрації срібла у 
гратці оксиду цинку на мікроструктуру та цитотоксичність наноструктур оксиду цинку. Методи. Чисті та 
леговані сріблом наноструктури ZnO вирощували на кремнієвих підкладках, вкритих плівкою срібла, мето-
дом осадження з хімічних парів металоорганічних сполук при атмосферному тиску з використанням суміші 
порошків ацетилацетонату цинку та порошку ацетилацетонату срібла як прекурсора. Тонкі плівки срібла 
наносилися на кремнієві підкладки методом термічного випаровування. Визначення цитотоксичності про-
водили стандартним колориметричним методом з використанням МТТ (за порівнянням метаболічної ак-
тивності в присутності дослідного зразку та контролю клітин). Вивчали цитотоксичний вплив чистих та 
легованих наноструктур ZnO з різною концентрацією срібла на клітини MDBK та MDCK. Результати. У 
цій роботі вирощено наноструктури оксиду цинку, леговані сріблом та охарактеризовано їх рентгенівською 
дифракцією, скануючою електронною мікроскопією та енергодисперсійною рентгенівською спектроскопі-
єю. Встановлено, що кремнієва підкладка та чистий оксид цинку не є токсичними в культурах MDBK та 
MDCK, оскільки за час експерименту (24, 48 та 72 год) не виявлено пригнічення життєздатності клітин обох 
епітеліальних культур. Наноструктури оксиду цинку, леговані сріблом, пригнічують життєздатність клітин 
у зразку без розведення на 24, 48 та 72 годину досліджень в культурі MDBK. Зменшення життєздатності 
клітин MDCK відмічали у зразку з найбільшим вмістом срібла та поверхнею у вигляді нанопроводів. Цито-
токсичний ефект не спостерігається при більш високих розведеннях для всіх наноструктур оксиду цинку, 
легованих сріблом, в обох культурах клітин. Висновки. Вміст срібла та морфологія наноструктур ZnO впли-
ває на їхній рівень цитотоксичності. Дослідження цього впливу є дуже важливим для впровадження ZnO 
наноструктур в сучасні оптоелектронні та фотокаталітичні застосування.
Ключові слова: наноструктури оксиду цинку, легування сріблом, APMOCVD, скануюча електронна 
мікроскопія, цитотоксичність, культура клітин.
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