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ABSTRACT: In this work, mesoporous (pore size below 4 nm) composite nanoparticles of
ZnO−Ag2O/Ag, ZnO−CuO, and ZnO−SnO2 of size d ≤ 10 nm (dia.) have been synthesized
through the in situ solvochemical reduction method using NaBH4. These composite
nanoparticles exhibited excellent killing efficacy against Gram-positive/negative bacterial and
fungal strains even at a very low dose of 0.010 μg/mL. Additionally, by applying the in silico
docking approach, the nanoparticles and microorganism-specific targeted proteins and their
interactions have been identified to explain the best anti-bacterial/anti-fungal activities of these
composites. For this purpose, the virulence and resistance causing target proteins such as PqsR,
RstA, FosA, and Hsp90 of Pseudomonas aeruginosa, Acinetobacter baumannii, Klebsiella
pneumoniae, and Candida albicans have been identified to find out the best inhibitory action
mechanisms involved. From the in vitro study, it is revealed that all the composite nanoparticle
types used here can act as potent antimicrobial components. All the composite nanoparticles
have exhibited excellent inhibition against the microorganisms compared to their constituent
single metal or metal oxide nanoparticles. Among the nanoparticle types, the ZnO−Ag2O/Ag
composite nanoparticles exhibited the best inhibition activity compared to the other reported nanoparticles. The microorganisms
which are associated with severe infections lead to the multidrug resistance and have become a huge concern in the healthcare sector.
Conventional organic antibiotics are less stable at a higher temperature. Therefore, based on the current demands, this work has
been focused on designing inorganic antibiotics which possess stability even under harsh conditions. In this direction, our developed
composite nanoparticles were explored for potential uses in the healthcare technology, and they may solve many problems in global
emergency and epidemics caused by the microorganisms.

■ INTRODUCTION

Microbial contamination, adhesion, persistence colony for-
mation on surfaces, and associated infections have become
detrimental to public health and are causing massive alarm.1

The over usages of antibiotics lead to the development of
resistant microbial strains which are the main cause of the
antimicrobial resistance and persistent infection.2 Thus, there
is a high demand of efficient antimicrobial components that
can resist the infection level. There are many organic,
inorganic, and polymeric antibiotics, and each of them has
their own advantages and disadvantages. Organic and
polymeric antimicrobial agents are very much temperature
sensitive, possess shorter lifetime, can degrade easily, and
manifest various side effects in the long run.3 Therefore,
constant efforts are necessary toward the development of new
antimicrobial components to address these challenges with
minimum side effects.
In the recent trends, nanoparticles (NPs) have also been

explored as an efficient antimicrobial component mainly due to
their unique mechanism of action, contact killing effect, the
generation of reactive oxygen species (ROS), disruption of

DNA, disruption of cell membrane, and so forth.2,4−9

However, the field of material research is constantly
progressing to accomplish the best antibiotics with optimum
results. Materials such as metal and metal oxide NPs like ZnO
(zinc oxide),5 CuO (copper oxide),10 SnO2 (tin oxide),11 and
Ag2O (silver oxide)12,13 NPs and different polymeric NPs have
been reported and used for their antimicrobial properties.
However, metallic/metal oxide NPs have been experimented
and reported for the antimicrobial properties since time
immemorial due to their unique way of interactions with the
cellular components. By interacting with the thiol groups of
enzymes, metallic/metal oxide NPs inactivate the cellular
activities of proteins.14 Hence, further development of
inorganic antimicrobial agents such as metal and metal oxide
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NPs could become an alternative simple and cost-effective
strategy to address the problems related to the microbial
infections and associated issues.
Furthermore, many researchers have explored metallic

oxides for their wide applications, especially for antimicrobial
efficiency. For example, ZnO NPs were used for electronic
applications and to control the infection of both Gram-
positive15 and Gram-negative bacteria.15−17 SnO2 NPs due to
their wide band energy gap (Eg ∼ 3.6 eV) are used for
photocatalytic properties and have been explored in anti-
bacterial activities too. Similarly, antibacterial activities of Ag
and Ag2O NPs have been widely studied against different
bacterial strains, for example, Listeria monocytogenes (L.
monocytogenes), Escherichia coli (E. coli), Salmonella typhimu-
rium, and Vibrio Parahaemolyticus (V. parahaemolyticus).
However, the effective rate of antibacterial properties depends
on the size, shape, and morphology of the Ag NPs.18,19

Similarly, antibacterial activity of CuO NPs has been studied
against Pseudomonas aeruginosa (P. aeruginosa), Klebsiella
pneumonia (K. pneumonia), Salmonella paratyphi (S. paratyphi),
and Shigella flexneri (Staphylococcus flexneri) strains, and so
forth.20,21 It has been noted that the particle size-dependent
antimicrobial activities22 against Staphylococcus aureus (S.
aureus), Bacillus subtilis (B. subtilis), Pseudomonas aeruginosa
(P. aeruginosa), and E. coli are also reported and found that this
anti-bactericidal efficiency follows the order: ZnO > CuO >
Fe2O3. The zone of inhibition (ZOI) for ZnO NPs obtained is
highest, ca. 25 mm against B. subtilis and ca. 19 mm against E.
coli. Thus, many antimicrobial single oxide NPs are

demonstrated; however, current situation demands newer
materials for better efficacy than the reported results.3

Presently, researchers have also focused toward the combina-
tion of two or more metals/metal oxide NPs for many
purposes such as photocatalytic activity,23 antibacterial
purposes,24−27 making optical devices,28 and energy harvest-
ing,29 to solve the environment issues27 and so forth. These
NPs can be synthesized through various methods, for example,
solvothermal, sol−gel, microwave assisted, and so forth. It has
also been noticed that antimicrobial properties of NPs depend
on the size, shape, morphology, and the synthetic methods.
Basically during the development of metal oxide, metal alloy
and metal/metal oxide, cooperative exchange of charges
among the mixed oxide or metals/alloys30 and difference in
the electronic potential/energy band gap have been observed.
Hence, it is considered that combination of two or more
metals/metal oxide could provide significant results in the
treatment of microbial strains efficiently. Furthermore,
researchers have explored the mixed metal oxide composites,
for example, CaCO3/MgO against S. aureus and E. coli,31

mixed ZnO−MgO component against B. subtilis and E. coli,32

and bimetallic Ag−Cu NPs33 against the C. albicans, E. coli, and
S. aureus, which showed both bacteriostatic and bactericidal
activities and exhibited lower anti-fungicidal activities.
Thus, the challenges of present situation are to find out

newer broad spectrum antimicrobial agents, which will be
having efficient microbial killing efficacy within minimum dose,
without exhibiting side effects and having longer stability. In
the present context of the healthcare demands, the objective of

Figure 1. HRTEM micrographs for (a) ZnO, (b) ZnO−CuO, (c) ZnO−Ag2O/Ag, and (d) ZnO−SnO2; SAED pattern for (e) ZnO, (f) ZnO−
CuO, (g) ZnO−Ag2O/Ag, and (h) ZnO−SnO2; and d-spacing for (i) ZnO, (j) ZnO−CuO, (k) ZnO−Ag2O/Ag, and (l) ZnO−SnO2.
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this work is to synthesize mixed oxide/composites such as
ZnO−CuO, ZnO−Ag2O/Ag, and ZnO−SnO2NPs with small-
er size and with porous structure by the in situ chemical
reduction method to achieve very high surface area-to-volume
ratio and effective antimicrobial activities. Furthermore,
docking prediction has been performed to evaluate and predict
the interactions of the composite NPs for their enhanced
activity compared to the single metal/metal oxide NPs. It has
also been observed that NPs could act as a potential
antimicrobial agent against the drug-resistant microorganisms.
Furthermore, it has also been observed that in microorganism
resistance development, enhanced virulence capacity, biofilm
formation, and quorum-sensing mechanisms are regulated by
the various proteins. Such as, (i) PqsR is involved in the
quorum-sensing pathway of P. aeruginosa, and it controls
virulence,34 and (ii) FosA gene and RstA (BfmR) are involved
in controlling the stress response and multidrug resistance
issues.35 It has been observed that FosA gene was found in
seven types of E. coli pathogenic strains,36 which controls the
metabolization of fosfomycine via regulating expression of
metal-dependent glutathione transferase.37 It is known that the
Klebsiella pneumoniae and P. aeruginosa are inherently resistant
to fosfomycine, while in Acinetobacter baumannii stain, BfmR is
a conserved gene. Interestingly, targeting to BfmR, it can
decrease the survival of A. baumannii, and it can increase the
sensitivity of organism toward the antimicrobial and anti-
biofilm formation.38 In candida, conserved molecular chaper-
one Hsp90 governs the key functions like thermal stability, cell
cycle regulation, morphogenesis, expression of virulence trait,
and drug resistance.39 Therefore, for the conformation of
enhanced antibacterial and antifungal activities of metallic
nanocomposite, we have carried out interaction studies using
the quorum-sensing proteins PqsR,34 RstA response regu-
lator,38 and resistance causing FosA proteins.37 Then, in vitro

differential antibacterial and antifungal activities have been
studied in this work by the KB test. The efficacies of inhibiting
the microorganism of our materials have been evaluated by
calculating the minimum inhibitory concentration (MIC) and
the ZOI in different strains. Additionally, we have tested the
antimicrobial properties of individual metal oxide such as ZnO,
Ag2O/Ag, CuO, and SnO2 NPs separately, which were
synthesized using the same approach. Finally, the antimicrobial
properties of Ag2O, CuO, SnO2, and ZnO NPs and ZnO−
CuO, ZnO−AgO2/Ag, and ZnO−SnO2 NPs have been
compared using the in silico and in vitro studies. Thus, in the
present study, we have focused mainly on the composite NPs
doped with metal/metal oxide NPs, and their antimicrobial
results were compared with the ZnO NPs which could
challenge differently the microorganism-based infections and
diseases.

■ RESULTS AND DISCUSSION

The ZnO−CuO, ZnO−Ag2O/Ag, and ZnO−SnO2 NPs were
synthesized by the in situ solvochemical reduction method
using NaBH4 as mentioned in the Experimental Section.
Detailed synthesis methods for different samples have been
filed for patents.40,41 The HRTEM micrographs of ZnO,
ZnO−CuO, ZnO−Ag2O/Ag, and ZnO−SnO2 NPs are shown
in Figure 1a−d, respectively, where all the NPs are observed in
well dispersed form. Size and morphology of the NPs are
observed form HRTEM (Figure 1) which shows ZnO NPs are
quasi-spherical in shape with average size of ca. 2.25 ± 0.3 nm
in diameter. The ZnO−CuO NPs (Figure 1b) shows an
average size of 2.1 ± 0.2 nm in diameter. The mono dispersed
ZnO−Ag2O/Ag NPs (Figure 1c) are of the size 3.2 ± 0.2 nm
in diameter and ZnO−SnO2 NPs (Figure 1d) are of the size 5
± 0.2 nm in diameter. The selected area electron diffraction
(SAED) pattern for ZnO, ZnO−CuO, ZnO−Ag/Ag2O and

Figure 2. UV−vis spectra of composite NPs: (a) ZnO NPs, (b) ZnO−CuO NPs, (c) ZnO−SnO2 NPs, and (d) ZnO−Ag2O/Ag NPs.
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ZnO−SnO2 are shown in Figure 1e−h, respectively. The d-
spacing values were calculated from HRTEM image and it is
found to be 0.27 nm corresponds to the ZnO(100) (as shown
in Figure 1i) and this value is matching well with the pure ZnO
NPs. For ZnO−CuO, the d-spacing is calculated to be 0.23 nm
for CuO(111) and 0.26 nm for ZnO(002), as shown in Figure
1j. For ZnO−Ag2O/Ag, the d-spacing ∼0.25 nm corresponds
to ZnO(101), 0.23 nm for Ag(111) and 0.26 nm for
Ag2O(111), as shown in Figure 1k. For ZnO−SnO2, d-spacing
is calculated to be 0.24 nm for ZnO(102) and 0.32 nm
corresponding to the SnO2(110), as shown in Figure 1l. Thus,
the samples are mixed oxide components. These results are in
well agreement with the X-ray diffraction (XRD) results which
are represented in the subsequent section.
The UV−visible spectra were acquired in the range of 190−

800 nm for all the NPs to find out the surface plasmon
behavior (Figure 2). All the samples exhibited a single distinct
absorption band at 382 nm (Figure 2a), 262 nm (Figure 2b),
224 nm (Figure 2c), and 358 nm (Figure 2d) for ZnO, ZnO−
CuO, ZnO−SnO2, and for ZnO−Ag2O/Ag, respectively. The
appearance of a single absorption band instead of double peaks
denotes that the bimetallic-oxide composites have been formed
in the presence of NaBH4, which are further converted into
oxides since the synthesis process was conducted in the
oxidizing environment, and the overall composition of the
various samples is in agreement with the uniformly mixed
phase.42 Another important fact can be pointed out from the
UV−vis spectra that for ZnO−SnO2 (SZ) (Figure 2c) and for
ZnO−CuO (CZ) (Figure 2b), there is a significant decrease in

intensity of the absorption band. This could occur due to the
fact that SnO2 and CuO are the dominant phases over the
ZnO in SZ and CZ, respectively. This also can be verified from
the energy-dispersive system (EDS) results (Figure S1). The
energy band gap values (Eg) were calculated for all the samples
and found to be around 3.25, 2.15,, 1.98, and 3.12 eV for Z,
CZ, AZ, and SZ, respectively (Figure S2). This variation in Eg
could be responsible for the electronic transition that occurs
during the interaction between NPs with microorganisms and
differentiated their killing efficiency, which has been discussed
in details in the subsequent section (see Figure 10).
Furthermore, to check the chemical functionality, the

Fourier transform infrared (FTIR) experiments were per-
formed for all the samples. The FTIR of the materials is shown
in Figure S5. The stretching bands observed at around 3500
cm−1 and at around 1300 cm−1 are due to the presence of the
O−H bonds. The stretching bands appeared at around 457,
452, 500, and 719 cm−1 are due to the Zn−O bond, Cu−O
bond, Ag−O, and O−Sn−O bond, respectively.
The solid-state crystal structures and phases of the

synthesized materials have been examined through the powder
XRD patterns (Figure 3). XRD results of ZnO NPs (Figure
3a) are matching well with the previous report corresponding
to the hexagonal Wurtzite phase of the ZnO NPs (JCPDS data
card 89-0510). The peaks at 2θ = 32.1, 33.1, 36.3, 45.1, 57.9,
68.8, 70.6, and 77.1° correspond to the (100), (002), (101),
(102), (110), (201), (004), and (202) diffraction planes,
respectively. The XRD pattern of ZnO−CuO NPs has been
shown in Figure 3b, and the diffraction peaks appeared at 2θ ∼

Figure 3. XRD patterns of (a) ZnO, (b) ZnO−CuO, (c) ZnO−SnO2, and (d) ZnO−Ag2O/Ag NPs.
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34.4 and 34.9° correspond to the (100) and (002) planes of
the ZnO Wurtzite hexagonal phase, respectively. Furthermore,
the peaks appeared at 2θ ∼ 36.7, 53.2, and 74.3° correspond to
the (111), (020), and (004) planes, respectively, for the
monoclinic crystalline phase of CuO (JCPDS file number 48-
1548).43 A trace amount of cubic Cu2O is also present in the
composite system (Figure 3b). Figure 3c shows the XRD
pattern for ZnO−SnO2, which is matching well with the
previous report.44 The peaks appeared at 2θ ∼ 30.8 and 34.5°
correspond to the hexagonal phase of ZnO with (100) and
(101) diffraction planes, respectively. However, the peaks
appeared at 2θ ∼ 32.1, 42.7, and 62.7° correspond to the
tetragonal crystalline phase of SnO2 with (101), (120), and
(310) planes, respectively. Furthermore, it can be seen from
Figure 3c that the peaks appeared at 2θ ∼ 80.17° correspond
to the (400) planes of SnO2 and (014) of ZnO which co-
existed. Furthermore, a trace amount of SnO2 (200) is also
found. Additionally, Figure 3d depicts the XRD peaks for
ZnO−Ag2O/Ag which consists of the cubic phase of ZnO and
the cubic phase of Ag2O, as found out from the Match software
pdf no. 16-153-7876 and 96-101-0605, respectively. The
diffraction peaks appeared at 2θ ∼ 32.5, 38.2, 54.8, and
74.5° resemble the (111), (020), (202), and (231) diffraction
planes, respectively, that correspond to the cubic phase of
Ag2O. The peaks appeared at 2θ ∼ 33.5, 56.3, and 67.4° are
typically for the cubic ZnO phase belonging to the (111),
(202), and (311) planes, respectively. Furthermore, from XRD,
it is confirmed that the composite (i.e., ZnO−Ag2O/Ag)
consists of metallic Ag, and the corresponding diffraction peaks

appeared at 2θ ∼ 28, 38.2, 42.5, and 77° for (220), (111),
(200), and (311) diffraction planes, respectively. Therefore,
the obtained results prove that there are significant diffraction
peaks present as the evidence for the presence of AgO2/Ag

0,
SnO2, and CuO in the final composition. Notably, there is no
significant diffraction peaks observed that could be due to the
lattice site substitution of ZnO or for the other elements.45 In
conclusion, the XRD results showed that the NP combination
system comprises elemental Ag2O/Ag

0, CuO, and SnO2 in
different combinations with ZnO, and the NP systems are
crystalline in nature. These results are further matching well
with the transmission electron microscopy (TEM) results
(fringes are visible in Figure 1). Elemental analysis results are
also matching well with the results obtained from the EDS
(Figure S1) and X-ray photoelectron spectroscopy (XPS)
experiments (Figure S6). The EDS results, as shown in Figure
S1, are also the evidence for the presence of elemental Zn and
O in ZnO; Cu, Zn, and O in ZnO−CuO; Ag, Zn, and O in
ZnO−Ag2O/Ag, and Sn, Zn, and O in ZnO−SnO2.
To find out the physical properties such as surface area and

porosity, Brunauer−Emmett−Teller (BET) surface area
analysis has been conducted for all the samples, and surface
areas were calculated to be 61.0, 40.1, 23.4, and 10.3 m2/g for
the samples ZnO, ZnO−CuO, ZnO−Ag2O/Ag, and ZnO−
SnO2, respectively. Furthermore, all the samples prepared for
this work are found to be porous in nature. The Barrett−
Joyner−Halenda (BJH) average pore size is found to be 3−4
nm for all the samples (see inset of Figure 4). The porous
nature of the samples is further confirmed through the BJH

Figure 4. BET surface area analysis results: N2-adsorption−desorption isotherm plots of (a) ZnO (Z); (b) ZnO−SnO2 (SZ); (c) ZnO−CuO
(CZ); and (d) ZnO−Ag2O/Ag (AZ). Inset represents the pore size distribution results calculated from the BJH desorption pore volume data for
the respective sample.
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isotherm (adsorption−desorption), which is of the type IV
category (Figure 4), and the average pore size range shows that
the materials are mesoporous in nature which is matching well
with the porosity results obtained from the HRTEM images. It
is noticed that the specific surface area has decreased in mixed
oxide NPs compared to the ZnO NPs which might be due to
the blocking of many micropores due to the presence of the
tiny metal oxide NPs.46 Furthermore, the surface area of the
ZnO−CuO decreases with increase in the average pore size.
The reason behind this phenomenon is that the crystallinity/
particle size is inversely proportional to the surface area, and
XRD shows that the ZnO−CuO (Figure 3b) is quite
amorphous in nature due to the smaller particle size. It can
be further noted that the porous structure and the particle size
strongly influence the antimicrobial properties due to the
change in the surface area and the availability of active sites of
interactions with them.
The thermal stability of the samples was investigated

through thermogravimetric analysis (TGA) analysis (Figure
S3). Results showed that the weight loss for all the samples
occurred in the temperature range of 40 °C ≤ T ≤ 200 °C due
to the evaporation of unbound moisture present in the
samples. The weight loss continues up to 619 °C for ZnO, 848
°C for ZnO−CuO, 745 °C for ZnO−SnO2, and 459 °C for
ZnO−Ag2O/Ag until they become stable. The weight loss at
the higher temperature occurred due to the creation of oxygen
vacancy in ZnO. From the above results, we also noticed that
for ZnO−Ag2O/Ag, a sharp decline or intense exothermic
peak was observed at ∼800 °C [in differential scanning
calorimetry (DSC) results, Figure S4] which attributed to the
recrystallization of the NPs47 and found stable between 459 °C
≥ T ≤ 800 °C. However, the obtained results describe that the
mixed oxides are more stable than the single oxide (ZnO).
From Figure S4d, we observed that there is a slight dip in the
endothermic peak at ∼438 °C, and this occurred due to the
release (evaporation) of Zn metal (the melting point of pure
Zn is around 420 °C). From Figure S4, it is also clearly noticed
that there is no substantial change in the thermo gram.
However, one endothermic peak at 190 °C for Z (ZnO) and
AZ (ZnO−Ag2O/Ag) is observed, which may be due to the
loss of moisture (from Zn−OH) (see the FTIR spectra also,
Figure S5).
To check the colloidal stability of the NPs, the surface

charge potential was measured through the surface charge zeta
potential (ς) measurement of the samples without any surface
modification or adding surfactant, and the ς values varied in
the order of ZnO−SnO2 < ZnO−Ag2O/Ag < ZnO−CuO <
ZnO. Result shows that the ς values are in a broad range, and
colloidal stability varied on the types of particles,48 and the
NPs are suitable for the biological applications.49 Furthermore,
the stability of the composite NPs was investigated in
phosphate buffer (PB), phosphate-buffered saline (PBS)
(pH, 5, 6.9, 7.4, and 8), and saline solutions over a period of
7 days with keeping the fixed concentration of the samples.
The obtained results have been tabulated in Tables S1−S4.
From Table S1, it is clearly observed that zeta potential values
for ZnO (Z) in PBS of (1) pH 5 varied in between −12.0 and
−10.9 mV over a time period of 7 days; (2) for pH 6.9,
potential values varied in between −15.3 and −20 mV; for pH
7.4, potential values varied in between −15.5 and −16.1 mV,
and for (4) pH 8, the potential values varied from −23.4 to
−30 mV. However, for longer period of time, the potential
values decreased within the time period of 2−7 days. Zeta

potential values for the ZnO−Ag2O/Ag (AZ) sample were
measured in PBS, and the values are tabulated in Table S3 over
a time period of 7 days, and the values obtained to be (i)
−10.9 to −12.3 mV (for pH 5), (ii) −14.2 to −20.8 mV (for
pH 6.9); (iii) −16.2 to −10.1 mV (for pH 7.4); and (iv) −1.9
to −4.1 mV (for pH 8), respectively. Till the time period of 7th
day and at higher pH (pH 8), the sample becomes unstable in
PBS. In Table S2, the zeta potential values for all the samples
in saline solution have been shown, and it was found that all
the samples are stable at least up to 2 days. However, over the
time period of 7 days, their zeta potential values were
decreased. Zeta potential for all the samples in PB Solution
have been investigated (see Table S4) and found that ZnO−
Ag2O/Ag (AZ) are quite stable in the physiological pH 6.9 and
pH 7.4. All the other samples are found to be stable in PB at
different pH values. In conclusion, all samplers are stable in
saline solution up to 48 h, and ZnO−Ag2O/Ag (AZ) is very
stable among all the samples. Details of zeta potential values
are tabulated in Tables S1−S4.
Time-scale dissolution studies for all the samples were

conducted through DLS for 7 days, using saline, PBS, and PB
solutions of different pH 5, 6.9, 7.4, and 8, and the results are
represented in Tables S5−S11. It is clearly evident that the
hydrodynamic diameters of the particles varied in saline, PBS,
and PB. The hydrodynamic diameters have been calculated for
all the samples dispersed in PBS, and it shows that particle size
of ZnO−Ag2O/Ag (Table S6) is found to be quite stable,
whereas for ZnO, it was fluctuating (Table S5) at different pH
values, 5, 6.9, 7.4, and 8. In saline solution, all the types of NPs
are quite stable at least for 7 days, and the stability is found
more for ZnO−Ag2O/Ag with respect to the other samples,
such as ZnO, ZnO−CuO, and ZnO−SnO2 (Table S7). For
ZnO, ZnO−CuO, and ZnO−SnO2, the increase in hydro-
dynamic diameters is observed, which may be due to the
settlement of the particles or due to their coagulation.
Furthermore, hydrodynamic diameters of all the types of

particle in PB solution of different pH values (5, 6.9, 7.4, and
8) have been evaluated. The more fluctuation of the size has
been observed for ZnO for different pH values in the entire
time period (Table S8), while for ZnO−Ag2O/Ag, the
variation of the particle size is found to be in the considerable
range (see Table S9). A similar phenomenon was observed for
ZnO−CuO (Table S10) and ZnO−SnO2 (Table S11) at
different pH values and time periods. As per our analysis, this
variation of size observed may be due to the change in the pH
which has further affected the dissolution of particles as we
observed the change in color of the solution. Under acidic
conditions, the NPs may be agglomerated in the faster rate,
and it is also observed that the rate of agglomeration varied for
the different samples. However, we should not compare the
particle size results obtained from TEM and DLS since DLS
samples were dispersed in different solutions (saline, PB, and
PBS) for up to 7 days at different pH values, whereas the
TEM/HRTEM experiments were performed by dispersing the
samples in dry propanol followed by drying on TEM grids
(Formvar/C coated Cu grid, mesh size 200). Therefore, from
the time-scale zeta potential and dissolution studies, it can be
concluded that the mixed oxide NPs prepared for this work are
more stable compared to the ZnO alone, and good
bioavailability can be achieved during any biological and
antimicrobial applications.48

XPS analysis was performed for the determination of the
elemental composition of the samples, and Figure S6 shows the
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Table 1. Binding Energy (kcal mol−1) and Interaction Parameters of NPs with Interacting Proteins Calculated from an In Silico
Studya

Sr.
no

organism name
protein/pubmed

ID ligand NPs

binding
energy

(kcal/mol)
inhibition
constant hydrogen bond/amino acid residue amino acid interaction

Ag −1.64 63.28 mM SER205, GLN203, HIS204, LEU208, ASP150,
ASP131, SER199, SER201

SnO2 −3.92 1.33 mM ILE155 (1.766 Å) LYS154, ILE155, GLN160,TYR270,
ZnO −5.61 77.18 μM GLN194 (2.085 Å) VAL211, PRO210, GLN194, ARG209,

LEU208, LEU197, ILE236,LEU197
LEU197 (1.922 Å)

1 P. aeruginosa PqsR
(MvfR) PDB ID-
4JVI

CUO −7.50 3.17 μM ILE236 (2.173 Å)

LEU197 (1.931 Å) GLN195, LEU208,LEU197, SER196,
PHE221, MET224, ILE236

ZnO−CuO −9.03 241.04 nM ILE236 (1.875 Å)
LEU197 (2.248 Å) GLN194, LEU208, SER196, LEU197 ILE236,

ILE149, ALA168, ALA237, PHE221
ZnO−SnO2 −9.07 224.6 nM ILE186, LEU189, VAL211, TRP234, TYR258,

ILE236
ZnO−Ag2O/Ag −9.79 66.48 nM SER106 (2.099 Å) TYR240, SER106, GLY296, HIS239, LYS167,

THR166, PRO104
TYR240 (2.096 Å)

2 A. baumannii RstA
PDB ID-5E3J

Ag −1.73 53.94 mM THR23, ALA20, ILE12, VAL56,VAL13,
GLU14, ASP58, LEU84

SnO2 −3.90 1.39 mM ILE12, VAL56
ZnO −4.83 289.86 μM ALA106 (1.905 Å) ARG117, VAL105, ALA106,GLN93, TYR104

ARG117 (2.162 Å)
GLN93 (2.106 Å)
ALA106 (2.143 Å)

CuO −5.33 123.94 μM ARG124 (2.207 Å) HIS78, ARG123, ARG124, GLY100, ARG74
HIS78 (2.151 Å)

ZnO−CuO −7.50 3.18 μM ARG117 (2.096 Å) VAL104, ALA106, VAL109, GLN93,
ARG117, VAL113, GLN110

GLN93 (1.873 Å)
ZnO−SnO2 −10.72 13.94 nM GLN93 (1.754 Å) VAL113, GLN93, TYR104, ARG117,

VAL105, ALA106 TYR104
ALA106 (2.022 Å)

ZnO−Ag2O/Ag −12.0 1.61 nM ALA106 (2.034 Å) VAL105, VAL109, VAL113, ALA106,
LYS107, GLN93, ARG117, TYR104,
GLN110, ALA106

GLN110 (2.207 Å)
ALA106 (1.893 Å)

3 K. pneumoniae/
FosA PDB ID-
5WEW

Ag −1.48 82.78 mM LEU114, ILE72, PHE70, SER71, MET28,
CYS42

SnO2 −3.60 2.31 mM LYS111 (1.914 Å) LYS111, THR66, HIS110
ZnO −5.17 163.38 μM ARG55 (1.830 Å) ARG55, GLY109, THR58, LYS111, THR66,

ASP64, SER63
THR58 (2.232 Å)
SER63 (1.626 Å)
LYS111 (1.761 Å)

CUO −3.21 4.43 mM TYR131 (2.209 Å) ARG96, GLN129, TYR131, GLN129
ZnO−CuO −7.44 3.54 μM SER63 (1.661 Å) SER63, LYS111, ARG55, GLY109, HIS110,

THR66, TYR68
LYS111 (1.839 Å)

ZnO−SnO2 −8.04 1.28 μM ASP64 (1.948 Å) SER63, THR58, ARG55, TYR68, HIS110,
THR58, ASP64

HIS110 (2.238 Å)
ZnO−Ag2O/Ag −11.57 3.33 nM LEU119 (1.852 Å) LEU119, SER118, HIS115, GLY117,VAL116,

ILE72, SER71, GLU74, GLN121
GLN121 (2.119 Å)

4 C. albicans Hsp90
PDB ID-6CJP

Ag −1.63 63.89 mM LEU176, ASN40, THR174, ILE80, ASP82,
ALA41, ARG81, ILE67

SnO2 −4.14 926.71 μM ILE99 (2.024 Å) ILE99
ZnO −4.97 227.87 μM GLN5 (2.049 Å) THR98, ILE99, ILE15, THR12, GLN5, PHE4

ILE99 (2.046 Å)
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XPS spectra of the mixed oxide composites, in which Figure
S6a−c represents the spectra of ZnO−CuO; Figure S6d−f of
ZnO−SnO2; and Figure S6g−i of ZnO−Ag2O/Ag. The
appeared band at ∼530 eV signifies the presence of oxygen
(O 1s) in each nanocomposite. As shown in Figure S6a, the
bands appeared at the energy level 933.4, 77, 1020.3, and

1043.3 eV correspond to the binding energies for Cu 2p3/2, Cu
3p3/2, Zn 2p3/2, and Zn 2p1/2, respectively.

50 Furthermore, a
minor shift in the binding energy band of Zn and splitting
energy bands (∼23 eV) between Zn 2p1/2 and Zn 3p3/2
indicate the strong interactions that occurred between the
CuO and ZnO due to the local difference in the atomic

Table 1. continued

Sr.
no

organism name
protein/pubmed

ID ligand NPs

binding
energy

(kcal/mol)
inhibition
constant hydrogen bond/amino acid residue amino acid interaction

CuO −5.72 64.22 μM LYS47 (2.174 Å) MET87, ASN40, GLY86, LYS47, ILE85,
ALA44

GLY86 (1.920 Å)
ZnO−CuO −8.61 486.66 nM GLN5 (2.194 Å) ALA13, GLY157, PHE159, HIS9, THR12,

SER16, GLN5, ILE15, PHE4, GLY97, ILE99
ILE99 (1.825 Å)

ZnO−SnO2 −9.31 149.24 nM ASN95 (2.220 Å) PHE127, THR98, GLY126, GLY124, ASN40,
ASN95

GLY126 (2.148 Å)
ZnO−Ag2O/Ag −11.32 5.06 nM THR12 (2.018 Å) LYS158, THR160, PHE159, VAL161, ALA13,

HIS9, THR12, GLU10, VAL93, LYS89,
GLU7, THR8

LYS89 (2.055 Å)
aIt can be noted that the bold residues represent active binding sites interacted with inhibitors reported on PDB and earlier publications.

Figure 5. Molecular interactions of bacterial/fungal proteins with NPs. (A,B) Crystal structure of PqsR and RstA (BmfR) (ribbon structure),
respectively. (A.1−A.5) (Upward) Showed PqsR interactions and hydrogen bonding (green thin line with distance) with ligands ZnO (Zn-blue),
CuO (Cu-peach), ZnO−CuO, ZnO−SnO2 (Sn-lime green), and ZnO−Ag2O (Ag-coral), respectively. (B.1−B.5) Crystal structure BmfR
interacted with ligands such as ZnO (Zn-blue), CuO (Cu-peach), ZnO−CuO, ZnO−SnO2 (Sn-lime green), and ZnO−Ag2O (Ag-coral),
respectively. Downward figures represent the interacting residues of amino acids of active pocket and oxygen molecules (red).
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environment.51 Figure S6c represents the bands for Cu 2p3/2 of
ZnO−CuO, which can be deconvoluted into three energy
bands, and it confirms for the presence of three oxidation states
of the elemental copper, that is, Cu+2, Cu+1, and Cu0 in the
composite system. The formation of Cu0 (copper zero)
subsequently translated into Cu2O (Cu+1) and CuO (Cu+2)
due to the use of the strong reducing agent NaBH4 and as the
entire reaction has been performed in the oxygen environment.
Figure S6b shows the XPS spectra for Zn 2p3/2 and the binding
energy bands observed at ∼1021.70 and ∼1020 eV, which are
the characteristics bands for the ZnO. From the full range of
the XPS spectrum of ZnO−Ag2O/Ag (as shown in Figure
S6g), it is identified that the energy bands appeared at 87, 576,
1020.2, and 1043.2 eV correspond to the presence of Zn 3p3/2,
Ag 3p3/2, Zn 2p3/2, and Zn 2p1/2 states, respectively. Figure S6g
has been expanded into the region between 520 and 600 eV
(represented in the inset), which supports for the presence of
O 1s and Ag 3p3/2. Figure S6i shows the XPS energy band for
Ag 3d, and Figure S6h shows for Zn 2p3/2 present in ZnO−
Ag2O/Ag, which further shows that the presence of Ag2O
corresponds to the band appeared at ∼367.6 eV. Interestingly,
Figure S6h also shows the presence of Ag (∼371.9 eV) and
AgO (367.4 eV) in ZnO−Ag2O/Ag.52,53 This means that

Ag2O was formed during the reduction reaction, and the same
was transformed into the Ag0. Figure S6h shows the Zn 2p3/2
peak at 1020.2 eV, which is matching well with the previously
reported results. For XPS spectra of ZnO−SnO2, bands for Zn
2p and Sn 3d are depicted in Figure S6d−f, respectively. The
bands appeared at 88, 139.9, 485, 494, 715, 757, 884.8, 1020,
and 1043 eV correspond to the presence of Zn 3p3/2, Sn 4s, Sn
3d5/2, Sn 3d3/2, Sn 3p3/2, Sn 3p5/2, Sn 3s, Zn 2p3/2, and Zn
2p1/2, respectively. The band observed at 25.1 eV is a
characteristic peak for the Sn 4d (Sn+2) state, which suggests
that it indeed formed SnO2 NPs.54 It is also evident for the
presence of Sn and SnO which has been confirmed from XRD
results (Figure 3c). The binding energy of elemental oxygen at
530 eV also suggests that it appeared due to the presence of
metal oxide.54,55 The minor peak shifting for Sn 3d is observed,
which might be due to the chemical modification and lattice
interactions between the elemental Zn and Sn, which further
has been supported by the TEM results (Figure 1c). All these
results are interesting for its use as an antimicrobial
component, which has been explained in the subsequent
section.
Then, the in silico computational approach was taken into

consideration to determine the bactericidal/fungicidal activities

Figure 6. Molecular interactions of bacterial/fungal proteins with NPs. (C,D) Crystal structures of FosA and Hsp90 (ribbon structure),
respectively. (C.1−C.5) (Upward) Shows FosA interactions and hydrogen bonding (green thin line with distance) with ligands ZnO (Zn-blue),
CuO (Cu-peach), ZnO−CuO, ZnO−SnO2 (Sn-lime green), and ZnO−Ag2O (Ag-Coral), respectively. (D.1−D.5) Crystal structure Hsp90
interacted with ligands ZnO (Zn-blue), CuO (Cu-peach), ZnO−CuO, ZnO−SnO2 (Sn-lime green), ZnO−Ag2O (Ag-Coral), and oxygen (red),
respectively. Downward figures represent the interacting residues of amino acids of active pocket with NPs.
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of bimetallic composite NPs compared to the single metal
oxide NPs. Molecular interaction between NP with quorum-
sensing regulator PqsR (PDB ID: 4JVI), response regulator
RstA(PDB ID: 5E3J), fosfomycin resistance protein (PDB ID:
5WEW), and heat shock protein 90 (PDB ID: 6CJP) has been
analyzed. The binding energy and affinity, inhibitory constant,
interacting polar bonds, and interacted amino acids for the
single metallic/oxide and bimetallic/oxide NPs have been
represented in Table 1 and Figures 5 and 6. For single
metallic/oxide NPs, a highest binding energy affinity was
observed when CuO NPs interacted with the PqsRA, RstA,
and Hsp90, and the values are −7.50, −5.33, and −5.72 (kcal/
mol), respectively, while ZnO NPs interacted with the FosA
with a required binding energy affinity of −5.17 kcal/mol (see
Table 1). It is further observed that a very low binding energy
for Ag and SnO2 NPs was required, while ZnO NPs were
required almost in an equivalent amount of binding energy for
PqsR, RstA, FosA, and Hsp90, such as −5.61, −4.83, −5.17,
and −4.97 kcal/mol, respectively. It is also found out that the
higher polar interactions played with ZnO NP along with all
the listed proteins. Therefore, combination of ZnO−CuO,
ZnO−SnO2, and ZnO−Ag2O/Ag has been chosen for further
protein−ligand interactions analysis (ribbon structure, as
shown in Figures 5 and 6), and hydrogen bond (with thin
green line) polar and nonpolar interactive amino acids
(spherical) have been represented in Figures 5 and 6.
Inhibition constants are calculated for the interactions between
ZnO with PqsR, RstA, FosA, and Hsp90, which are as follows:
77.18, 289.86, 163.38, and 227.87 μM, respectively. CuO NPs
also interacted with the PqsR, RstA, FosA, and Hsp90, and the
interaction constants obtained to be 3.17, 123.94, 4.43, and
64.22 μM, respectively. While for all the bimetallic/oxide NPs,
during the interaction with PqsR, RstA, FosA, and Hsp90, the
inhibition constants decreased to nanomole with increase in
the binding energy affinity. Among these three NP systems,
such as ZnO−CuO, ZnO−SnO2, and ZnO−Ag2O/Ag, the
highest binding energy affinity was observed for ZnO−Ag2O/
Ag, while it was interacting with the PqsR, RstA, FosA, and
Hsp90, and the values calculated to be −9.79, −12.0, −11.57,
and −11.32 (kcal/mol), with minimum inhibition constants of
66.48, 1.61, 3.33, and 5.06 nM, respectively. It is also noticed
that ZnO−CuO, ZnO−SnO2, and ZnO−Ag2O/Ag NPs
possessed excellent antimicrobial and antifungal activities
with higher efficiencies compared to the single metal or
metal oxide NPs. However, among these NPs, the ZnO−
Ag2O/Ag NPs exhibited highest antimicrobial efficacy
compared to the other samples used. It can also be noticed
that the presence of octahedral and cubic phase of Cu2O can
affect the antibacterial activity;56 however, the extent of Cu2O
present in our composite system is very less/negligible.
Furthermore, the intermolecular interacting amino acids and

the hydrogen bonding resulted with ZnO, CuO, ZnO−CuO,
ZnO−SnO2, and ZnO−Ag2O/Ag are shown in Figures 5 and 6
and for P. aeruginosa (Figure 5A), A. baumannii (Figure 5B), K.
pneumoniae (Figure 5C), and C. albicans (Figure 5D),
respectively. P. aeruginosa (Gram-negative) bacterium is a
causative agent of the nosocomial infection. A virulence factor
PqsR involved in the pathogenicity belongs to the family of the
LysR-type transcriptional regulator. The active motif of PqsR
can be interacted with the various inhibitors such as (i)
quinolone derivative interacting amino acids including Asn206-
(H), Arg209(H), Leu197(H), Glu259(H), Phe221, Leu207-
(H), and Ser196,57 (ii) stigmatellin Y interacting amino acids

including Pro129, Ala187, Ala190, and Val211,58 and (iii)
zingerone interacting amino acids including Leu208(H),
Gln194(H), Met 224, Ile236, Leu207, Val211, Pro210,
Arg209, and Ser196.59 From our study, it is observed that
except ZnO−Ag2O/Ag, other NPs (Figure 5A.1−A.4)
interacted with the active motif of PqsR (represented in bold
in Table 1), and it showed the anti-biofilm activity. ZnO forms
the hydrogen bonding with the Gln194, Leu19, and Ile236 and
with other intermolecular interactions with Val211, Pro210,
Arg209, and Leu208 (Figure 5A.1). It shows that the ZnO−
Ag2O/Ag NPs interact at different motifs with higher affinity
forming the hydrogen bonds with Tyr240, Ser106, and other
interacting nonpolar interaction proteins including Gly296,
His239, Lys167, Thr166, and Pro104 (Figure 5A.5).
RstA(BfmR) is a master regulator of biofilm initiation in A.

baumannii which is regulated by the csu operon and increased
the resistance toward the erythromycin, colistin, imipenem,
and rifampin. The csu operon was involved in the attachment
of biofilms to abiotic surfaces both in nature and in the clinic.
Molecular dynamic stimulation showed that the α4-β5-α5
segment of BfmR is an active motif.60 The crystal structure of
BfmR is an active homodimer conformation consisting of two
active residues such as Thr85 and Tyr104. Previous studies
showed strong binding hot spot residues including Arg124 and
His78, while Glu98, Arg112, and Arg119; Asp102 and Arg124;
and Asp103 and Arg117 residues were involved in the salt
bridge formation.60,61 As represented in Figure 5B.1−B.5 and
Table 1, our in silico studies showed that the ZnO, CuO,
ZnO−CuO, ZnO−SnO2, and ZnO− Ag2O/Ag NPs interacted
at an active site of BfmR, and it is represented in bold. The
highest binding interaction of 5E3J with ZnO−Ag2O and
ZnO−SnO2 is observed with energy −12.0 (kcal/mol) by
forming hydrogen bonds with the residues Ala106 and Gln110
with an energy value −10.72 (kcal/mol). The hydrogen bonds
formed with the residues Ala106 and Gln93, as shown in
Figure 5B.3,B.5. Active binding of ZnO with Arg117, Gln93
and TYR 104 of 5E3J, CuO with His78 and Arg124, ZnO−
CuO with Gln 93 and Val113, ZnO−SnO2 with Val113,
Gln93, Tyr104, and Arg117, and ZnO−Ag2O/Ag with Val113,
Gln93, Arg117, and Tyr104 has shown inhibition of Bmfr.
Arg111 and Arg118 of Phop of E. coli are analogous to
bfmRArg117 and BfmR Arg124 which possessed strong hot
spots for binding.61

Expanded clinical usages of fosfomycine result in the
development of fosfomycine-resistant K. pneumoniae strain.
Fosfomycine shows a bactericidal effect only when the fosA
gene is deleted. Investigation of the FosA inhibitor will help
overcoming from multidrug resistance.37 An important
interacting residue of FosA includes β2-β3 from residues 31
to 46 and β6-α3 helix residue from 115 to 135. The
interactions with 5WEW between NPs such as ZnO, CuO,
ZnO−CuO, ZnO−SnO2, and ZnO−Ag2O/Ag have been
shown in Figure 6C.1−C.5. Polar interactions formed between
(i) CuO with Tyr131; (ii) ZnO with Arg55, Thr58, Ser63, and
Lys111; (iii) ZnO−CuO with Ser63 and Lys111, (iv) ZnO−
SnO2 with Asp64 and His110, and (v) ZnO−Ag2O with
leu119 and Gln121 with highest binding affinity −11.57 (kcal/
mol). Other interacting amino acids are represented in Table
1, and Figures 5 and 6 can also interact.
Furthermore, molecular chaperone Hsp90 governs the key

function of morphogenesis, and inhibition of Hsp90 alters the
capsule assembly and virulence property of pathogen. Co-
crystal structure of Hsp90 nuclear-binding domain of C.
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albicans with CMLD013075 showed the unique target-specific
structural rearrangement.62 Hsp90 inhibitor showed antifungal
activity when it bound to the ATPase domain forming residues
29−184.62,63 Single or bimetallic oxide NPs interacted with
ATPase domain residues, as shown in Figure 6D.1−D.5. Polar
interactions occurred for (i) CuO with Lys47 and Gly86; (ii)
ZnO with Gln5 and Ile99, (iii) ZnO−CuO with Gln5 and
Ile99, (iv) ZnO−SnO2 with Asn95 and Gly126, and (v) ZnO−
Ag2O/Ag with Thr12 and Lys89. Many interactions observed
with other residues are represented in Table 1 and Figure 6. In
comparison to ZnO, when ZnO doped with CuO, SnO2, and
Ag2O, the antibacterial and antifungal properties are found
enhanced significantly in many folds. Among these three doped
compositions, in silico studies conclude that ZnO−Ag2O/Ag is
an effective component having highest antimicrobial proper-
ties. Furthermore, we have performed in vitro studies for all the
components since all are indicating good targeted results.
Finally, the in vitro antimicrobial study was conducted

against E. coli, according to the method as mentioned in the
experimental section. The OD600 values were calculated with a
regular interval of 3 h for up to 12 h for each set of sample and
at various concentrations, that is, 0, 50, 250, 500, 750, and
1000 μg/mL.
The antibacterial activity results of different NPs in different

concentrations with different time intervals have been shown
in Figure 7. All the NPs exhibited regular trends that increase
in the concentration from 50 to 1000 μg/mL. The antibacterial
activity or rate of inhibition increases after 3 h, and the highly
effective results have been obtained at 12 h of incubation.
Similar trends were observed for all the NPs such as for ZnO,
ZnO−SnO2, ZnO−AgO2/Ag, and ZnO−CuO, out of which
the ZnO−AgO2/Ag composite NP system exhibited best
antibacterial efficacy. Interestingly, ZnO−AgO2/Ag NPs
exhibited very high antibacterial activities at very low

concentration of NPs (50 μg/mL) even at 3 h. For more
clarity, bar graph plots are presented in Figure S7, which
clearly show that with change in the minimum concentration, a
huge change in the antibacterial activity has been obtained.
However, with comparison of all NPs, it can be concluded

that the bimetallic mixed oxide composite NPs have exhibited
better efficacies than the single one. The ZnO acts as an
antibacterial agent by two ways: (i) by ROS generation and
(ii) by zinc ions release/diffusion,5 Similarly, many antimicro-
bial mechanisms have been proposed using silver nanomateri-
als.7 Ag NPs have the ability to penetrate bacterial cell wall
through pits formation and release silver ions that inhibit the
growth of microorganism. For CuO and SnO2 NPs, the
antibacterial mechanisms have also been discussed, and it has
also been narrowed down to ions release and ROS formation,
which attack the important cellular components and kill the
microorganisms.6,8 Metallic NPs can also inhibit the growth of
the microorganism.9 Similarly, we can conclude that the
present antibacterial materials also follow the ROS mechanism
which subsequently has been discussed (Figure 10). However,
mixed bimetallic oxides combination with tiny metallic NPs (of
size 2−3 nm) accelerated the antimicrobial activities much
more through a cooperative electrochemical mechanism, and
the band energy gap (Eg) altered and subsequently promoted
the ROS formation.
Furthermore, in vitro studies were conducted for screening

antimicrobial and antifungal activities of synthesized NPs
through ZOI studies (Figures 8 and 9), and their efficacy was
evaluated through the calculation of MIC. Some nosocomial
bacterial strains were selected for this study because these
bacteria and fungus can form biofilms on the biomedical
implants in hospital quickly and increase the infection levels.
Herein, we have calculated the MIC values for all the
synthesized mixed metal oxide/metal NPs, and their results

Figure 7. Antibacterial activity results of (Z) ZnO, SZ (ZnO−SnO2), CZ (ZnO−CuO), and AZ (ZnO−AgO2/Ag) at different time intervals with
E. coli.
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were calculated with their single metal oxide NPs keeping the
molar equivalent metallic components. Few mixed oxide NPs
exhibited excellent MIC results, as shown in Table 2. From
Figures 8 and 9, it is clearly evident that the mixed metal oxide
composite NPs (ZnO−Ag2O/Ag) exhibited excitingly a
maximum of 17 mm ZOI in P. aeruginosa, 11.2 mm in K.
pneumoniae, 14 mm in A. baumannii, and with 10.5 mm
inhibition in C. albicans. Consequently, ZnO−CuO NPs
exhibited ZOI of 9.25 mm in A. baumannii, 8.1 mm in P.
aeruginosa, 8.2 mm in K. pneumoniae, and 8 mm inhibition
against the C. albicans. For ZnO−SnO2, the ZOI calculated to

be 8.5, 6.25, 9, and 7 mm for C. albicans, K. pneumoniae, A.
baumannii, and P. aeruginosa, respectively. These results were
compared with the results obtained for ZnO NPs alone with
equivalent molar concentration of metallic Zinc and found the
ZOI results obtained to be 8 mm in P. aeruginosa, 6.5 mm in K.
pneumoniae, 8 mm in A. baumannii, and 9.5 mm in C. albicans.
Thus, mixed metal oxide NP system with ZnO exhibited
noticeably very high antimicrobial activities compared to the
ZnO NPs alone. Thus, it can be concluded that the mixed
oxide composite NPs are excellent in preventing bacterial and
fungal growth and act as exhibiting better fungicidal and
bactericidal activities compared to a single oxide system such
as ZnO, CuO, Ag2O, AgO, or SnO2. It can only be possible
when mixed oxide NPs have the ability to rupture or distort the
phospholipid bilayer membrane of bacteria cells with higher
penetration rates and with higher electronic interaction in
cooperative manner and consequently give excellent results as
a whole. Furthermore, mixed oxide NPs can alter or block the
ion channels present on the membrane better than a single
type of oxide. Additionally, it can be assumed that the tiny
mixed oxide NPs (size below 5 nm, about 2−5 nm size) can
easily penetrate through the cellular membrane directly with a
cooperative understanding which further creates more
oxidative stress through participation in physiochemical
reactions and disturbs the overall balance of the inter cellular
environment and subsequently damages the genetic materials
of microorganism and promotes the leakage of internal
components of microorganism.64 Raghunath and Perumal2

reported that antibacterial properties increased with the
decrease in the particle size for single metal oxide NPs. In
this line, we can propose that not only the particle size but the
electrochemical environment of mixed oxide also has a great
role in the killing of microorganisms with better efficacy with
creating a unique electrochemical reaction. Furthermore,
smaller sized mixed oxide NPs may have more permeability
and penetration efficiency compared to the bigger sized
particles, which further excel the antibacterial activity or ZOI.65

Figure 9 graphically represents the ZOI obtained by plotting
an average value of multiple experiments through the disc
diffusion method. Herein, the results obtained using the
different metal oxide combinations against the fungi and
various bacterial strains are quite interesting. AZ which is the
combination of elemental Ag2O/Ag and ZnO had a good
antifungal and antibacterial efficiency. Both the metal oxide
had the capability to reduce the growth of fungi and bacteria
together compared to the ZnO alone.
Further to qualify the materials synthesized in this work for

biomedical applications, the MIC values have been evaluated.
MIC is the minimum concentration of compound or drug
which inhibits the growth of bacteria.66 A. baumannii was
chosen to study the MIC as it exhibited higher ZOI value
compared to the other bacterial and fungal strains. From the
above results, it can be seen that the MIC values obtained for
the mixed oxide are very low compared to the results obtained
for single oxide (Table 2). Furthermore, it can be noted that
AZ (ZnO−Ag2O/Ag) and SZ (ZnO−SnO2) show excellent

Figure 8. ZOI results obtained for (a) A. baumannii, (b) P. aeruginosa,
(c) C. albicans, and (d) K. pneumoniae. “1,” “2,” “3,” and “5” labels
used for the (Z) ZnO, CZ (ZnO−CuO), SZ (ZnO−SnO2), and AZ
(ZnO−AgO2/Ag), respectively.

Figure 9. Bar plot representation of ZOI in different strains obtained
using different metal oxide composite NPs (*P < 0.05, **P < 0.01,
and ***P < 0.001).

Table 2. MIC Values Obtained for Different Samples

materials Z (ZnO) CZ (ZnO−CuO) AZ (ZnO−Ag/Ag2O) SZ (ZnO−SnO2) A (Ag/Ag2O) C (CuO/Cu2O) S (SnO2)

Eg (band energy), eV 3.25 2.15 1.98 3.12 2−2.4 (1.2 CuO) 3.6
MIC values (μg/mL) 0.312 0.312 0.010 0.019 0.039 1.25 1.25
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MIC values of 0.010 and 0.019 μg/mL, respectively. Thus, it
can be concluded that the AZ and SZ have maximum killing
efficiency compared to the CZ (CuO−ZnO), A (Ag2O/Ag), C
(CuO), S (Sn/SnO2), and Z (ZnO), as shown in Table 2.
Thus, we can conclude that the present antibacterial materials
also follow the ROS mechanism which subsequently has been
shown in Figure 10. If we compared the band energy gap (Eg),
then it is observed that ZnO−AgO2/Ag had the lowest value of
1.98 eV and exhibited maximum antimicrobial activities
compared to the ZnO−CuO (Eg: 2.15 eV) and ZnO−SnO2
(Eg: 3.12 eV). Therefore, Eg may have a good relation for
antimicrobial activities.

■ CONCLUSIONS

Bimetallic oxide composites NPs have been synthesized in the
absence of any surfactant for broad spectrum applications. The
“in silico” investigation for targeted proteins with these NPs
and their nature of interactions have been studied for the
determination of NP-mediated antibacterial and antifungal
activities. Molecular docking studies predicted the binding
affinity of composite NPs to their molecular target proteins of
microbes, and the study revealed that the composite NPs
enhanced the antimicrobial activities compared to the single
metal/metal oxide NPs. For the conformation of enhanced
antibacterial and antifungal activities of the synthesized
composite NPs against the drug resistance, we have found
out interaction using quorum-sensing PqsR,34 RstA response
regulator,38 and FosA gene involved in multidrug resistance
development.37 An in vitro study revealed that the antimicro-
bial activity significantly improved with the use of composite
NPs instead of single oxide NPs alone even in very low
concentration of the sample used. Significantly, combination of
the metallic Ag/Ag2O and ZnO system gives the best results as
antifungal and antibacterial materials. The combination of two
metals/metal oxide composite NP systems undoubtedly
enhanced the antimicrobial efficacy due to the cooperative
electronic interactions between the NPs and targeted
virulence/quorum-sensing proteins. Based on these results, it
can be concluded that these materials can be used in broad
prospective development of the healthcare technology, for

preventing the biofilm formation and to prevent the growth of
infections caused by the microorganisms. Furthermore, these
NPs could act as potential antimicrobial agents against the
resistance of drugs and could be effective in fabricating the
personal protective kits for the healthcare management.
However, authors are committed for the detailed studies on
the action mechanism and in vivo studies which will be
communicated later.

■ EXPERIMENTAL SECTION

Materials. Zinc chloride anhydrous (ZnCl2) (Mw: 136.3 g
mol−1), stannous chloride (SnCl2·2H2O) (Mw: 225.64 g
mol−1), cupric chloride A.R (CuCl2·2H2O) (Mw: 170.48 g
mol−1), silver chloride extra pure AR (AgCl) (Mw: 143.32 g
mol−1), sodium borohydrate extrapure (NaBH4) (Mw: 37.83 g
mol−1), and methanol (CH3OH) were purchased from NICE
Chemicals Ltd. and used without further purification. Sodium
phosphate monobasic (119.98 gm/mol), sodium phosphate
dibasic (141.96 g/mol), NaCl (58.44 g/mol), potassium
chloride (74.55 g/mol), and 1 M sodium hydroxide solution
(40 g/mol) purchased from Himedia Ltd. have been used for
phosphate buffer and solution preparation. The mixed oxide
NPs prepared for this work have been filed for the application
of Indian Patents.40,41 However, the brief of the synthesis
methods has been provided as below.

Synthesis of Zinc Oxide (ZnO) NPs. In brief, 10 mmol of
ZnCl2 was added in 50 mL of alcohol under continuous
stirring. Simultaneously, 20 mmol of NaBH4 was added in 10
mL of alcohol under ice bath. Furthermore, NaBH4 solution
was added dropwise at the rate of 1 drop/2 s in the solution of
zinc chloride under continuous stirring (300 rpm). The color
change from transparent to milky white was observed. The
solution was centrifuged (8000 rpm) and washed with
deionized (DI) water three times and dried overnight at 80
°C. This sample is designated as Z (ZnO).

Synthesis of Zinc Copper Bimetallic Oxide NPs (ZnO−
CuO). In brief, 10 mmol each of ZnCl2 and CuCl2·2H2O was
added in 50 mL of alcohol under continuous stirring (300
rpm) at room temperature (RT). 50 mmol of NaBH4 was
added in 20 mL of alcohol, and the exothermic reaction was

Figure 10. Schematic representation shows the change in the band energy gap for different composite NP systems and mechanisms involved in the
bacterial cell wall damage through the ROS generation responsible for the MIC (Table 2).
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taken place at RT under ice bath. The solution was added
dropwise at the rate of one drop per 2 s to the first solution.
The color changed from greenish to dark green more like
shade of black. The solution was centrifuged and washed with
DI water thrice and dried overnight at 80 °C. Details of the
synthesis method can be referred to the applications of Indian
Patents.40,41 This sample is designated as CZ (ZnO−CuO).
Synthesis of Zinc Silver Bimetallic Oxide NPs (ZnO−

Ag2O/Ag). In brief, chloride salts of silver and zinc were taken
with same quantities as mentioned above, and the same
procedure was adopted. After the dropwise addition of NaBH4
solution, change in color from dark green to greenish black has
been observed. The solution was centrifuged and washed with
DI water three times and dried overnight at 80 °C.40,41 This
sample is designated as AZ (ZnO−Ag2O/Ag).
Synthesis of Zinc Tin Bimetallic Oxide NPs (ZnO−

SnO2). In brief, 10 mmol of zinc and stannous chloride salts
were taken, and the same procedure was followed as
mentioned above. On addition of NaBH4 solution, the color
changed from milky transparent to brownish and then grayish.
The solution was washed with DI water three times and dried
overnight at 80 °C.40,41 This sample is designated as SZ
(ZnO−SnO2).
Antibacterial Evaluation Study. In Silico Molecular

Interactions of Metallic Oxide NPs and the Target Protein of
Microorganism. Investigation of the molecular interaction of
ZnO−Ag2O/Ag, ZnO−CuO, and ZnO−SnO2 and single oxide
Ag, SnO2, and Zn was carried out by applying Lamarckian
genetic algorithms (GA) using AutoDock4.2 tool. Structures of
the NPs were modeled and optimized using VESTA version 3,
freely available software.67 The crystal structure of quorum-
sensing regulator PqsR (PDB ID: 4JVI), P. aeruginosa,
response regulator RstA (PDB ID: 5E3J) A. baumannii,
fosfomycin resistance protein (PDB ID: 5WEW) of K.
pneumoniae, and heat shock protein 90 (HSP90) (PDB ID:
6CJP) of C. albicans were retrieved from protein data bank.
Macromolecule preparation was carried by adding the polar
hydrogen atoms, Kollman charges, and solvation parameter,
and the defaulted grid box was generated. Computational
flexible docking was performed using the optimized geometry
of NPs and protein molecules. The docking parameter sets
defaulted number of GA run set 30, and the maximum amount
of generation was set at 27,000 for each study. Further analysis
was conducted using AutoDock and Chimera software.
Disk Diffusion Method. For the disk diffusion method, we

have selected one fungal strain, namely, C. albicans ATTC
90028 and some nosocomial bacterial strains [K. pneumoniae
AT CC 700603, P. aeruginosa ATCC 27853, and A. baumannii
(clinical strain)]. The modified procedure has been chosen for
antibacterial activity. First, fresh microbial culture was made in
normal saline (0.9%) to achieve two different concentrations of
106 and 108 cfu/mL. Sterile cotton swab was used to spread
this prepared suspension, and it was left for drying for 5 min.
Then, the sterile discs (Whatman filter paper no. 1) of size 4
mm diameter were placed on the medium surface. After that, 3
mg/mL of each of the nanomaterials was dispensed and then
allowed to diffuse for 5 min. Then, the plates were incubated
for 24 h at 37 °C. After the incubation, ZOI were measured
around the discs. All the assays were conducted in triplicate,
and statistically significant results were obtained.66 Herein, 1,
2, 3, and 5 labels were used for the samples Z, CZ, SZ, and AZ,
respectively, as shown in Figure 8.

Calculation of Minimum Inhibitory Concentration.
The broth dilution method has been used to determine the
MIC for A. baumannii as it showed better results among all the
bacterial and fungal strain in our study.68 Equal amounts of
NPs were placed with different dilutions of cultured micro-
organism. The nutrient broth was mixed in 96-well plates and
incubated at 37 °C for 24 h. The preparation was carried out in
a round-bottom microtiter plate containing 100 μL of diluted
antibacterial nanomaterials. 10 different concentrations such as
10, 5, 2.5, 1.25, 0.625, 0.312, 0.156, 0.07, 0.03, and 0.019 μg/
mL for each material were used for the experimentation. The
MIC values were calculated based on the lowest concentration
of the sample that prevent any noticeable growth of A.
baumannii.

Luria Broth Dilution Method. The antibacterial activity
of the samples Z, CZ, AZ, and SZ was investigated against E.
coli strain DH5α by the Luria broth (LB) method. The stock
solution was prepared by dispersing the NPs in DI water. In 10
mL of LB medium, bacterial culture was inoculated along with
different concentrations with NPs and without NPs as control.
Furthermore, the culture tubes were incubated at 37 °C in a
shaker incubator at 3500 rpm for 12 h. OD values were
measured at 600 nm at different time intervals and finally at 12
h.

Preparation of PB and PBS. In brief, a stock solution “A”
was prepared by adding 13.8 g of sodium phosphate
monobasic in 500 mL of dd-H2O. Then, stock solution “B”
was prepared by adding 26.81 g of sodium phosphate dibasic in
500 mL of dd-H2O. Then, “A” and “B” were mixed well.
1× PB was prepared by adding 100 mL of stock solution of

“A” with 400 mL of stock solution of “B,” and 500 mL of dd-
H2O was added to make total 1 L.
1× PBS:10× PBS was prepared by adding 100 mL of stock

solution of “A” with 400 mL of stock solution of “B,” and then,
100 mL of 9% NaCl solution was added into another 400 mL
of dd-H2O. Furthermore, 1× PBS was prepared by mixing and
adding 1 M potassium chloride and 1 M sodium hydroxide
solution.

Characterization. UV−vis spectra were acquired between
190 and 800 nm using a UV−vis−NIR spectrometer
(PerkinElmer: LAMBDA 750 instrument). The absorption of
the prepared material was measured in a quartz cuvette of 1 cm
optical path length. TEM images and SAED patterns were
obtained using HRTEM (FEI Tecnai G2). Preparation of the
HRTEM sample: a pinch of the samples was taken and
dispersed in isopropanol and sonicated for 15 min. It was then
drop cast on carbon-coated Cu grids (200 mesh). The
elemental compositions were confirmed using the energy-
dispersive X-ray spectrometer attached with the instrument. All
the samples for FTIR (PerkinElmer) spectroscopy analysis
were prepared by pelletizing with KBr (ratio 1:5) and with a
scan range of 4000−400 cm−1. The crystallinity of the
nanomaterials was investigated using an X-ray diffractometer
(Bruker AXS model D8) with a Cu Kα source (λ = 1.54 Å)
with a step size of 0.02° and 2θ between 10 and 90°. Zeta
potential was performed using a MS3000 model (Malvern
Instruments Ltd, UK) to determine the distribution of the
particle sizes. Zeta potential values were calculated using a
Malvern Zetasizer (model: Zetasizer Nano ZSP) at RT.
Furthermore, the BET method was used to calculate the
surface area of the nanosized material. The N2-adsorption−
desorption experiments were performed at 76.5 K with an
ASAP 2020 physisorption analyzer (Micromeritics Instrument
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Corporation). The thermal stability, amount of heat flow, and
phase transition were studied by TGA/DSC (Thermo ONIX
Gaslab 300). The TG/DSC study was performed in an inert
N2 atmosphere from 30 to 1000 °C at a heating rate of 10 °C/
min. To identify the elements present in the material, the XPS
study was performed from 0 to 1200 eV using the Kratos
Analytical AXIS Supra model.
Time-Scale Surface Zeta Potential and Stability Studies.

The time-scale stabilities of the composite NPs were
investigated for 7 days through zeta potential measurement
considering defined time interval. Three sets of experiments
were performed: (1) 5 μg/mL of each sample was prepared in
1× PBS for different pH values of 5, 6.9, 7.4, and 8 of ZnO and
Ag/ZnO NPs. Similarly, (2) 5 μg/mL of each sample was
prepared in PB solution for ZnO−Ag2O/Ag−, ZnO−SnO2,
ZnO−CuO, and ZnO in pH 6.9 and 7.4, and (3) 5 μg/mL of
each sample was dispersed in 0.9% w/v Saline solution. Finally,
both DLS and zeta potential readings were taken for all of the
above samples at different time intervals. The final results are
tabulated in Tables S1−S4.
Time-Scale Dissolution Study through DLS. The time-scale

dissolution and stabilities of the composite NPs were
investigated for 7 days through DLS. The sample preparation
has been conducted similar to the abovementioned zeta
potential and stability study for ZnO−Ag2O/Ag−, ZnO−
SnO2, ZnO−CuO, and ZnO in pH 5, 6.9, 7.4, and 8.
Furthermore, DLS readings were taken for all the samples at
different time intervals for up to 7 days. Before starting the
measurement, all the samples were sonicated for 10 min to
disperse. The final results are tabulated in Tables S5−S11.
Statistical Analysis. Data are expressed as mean values

(±SD). Analysis of variance followed by Bonferroni post-test
comparisons at different time intervals for multiple comparison
tests in two-way ANOVA was carried out. In all cases, the p
value was obtained from the ANOVA table, and the
conventional 0.0001 level was considered to express the
statistical significance.
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