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ABSTRACT: We report a simple method to prepare colloidal trimetallic (Ni-Cu)@Ag core@shell nanoparticles (NPs) without
stabilizing materials. Experimental evidence was found for the successful synthesis of these NPs using X-ray diffraction (XRD),
optical spectroscopy, and high-resolution transmission electron microscopy (HRTEM). The presence of core metals (Ni and Cu)
was confirmed by elemental analysis using a total reflection X-ray fluorescence (TXRF) analysis. In addition, the absorption spectra
of the prepared samples exhibited broad bands compared to the bands of the monometallic NPs, indicating the formation of a core−
shell nanostructure. The antibacterial activity of the trimetallic NPs was evaluated against three Gram-negative (Pseudomonas
aeruginosa, Escherichia coli, and Salmonella) and two Gram-positive (Streptococcus and Staphylococcus aureus) bacteria on Mueller−
Hinton agar. These NPs showed high inhibition of bacterial growth at the low sample concentrations used in this study compared to
other nanomaterials. One of the interesting results of the current study is that the inhibition zone of Pseudomonas aeruginosa as a
resistant bacterium was high for most NPs. These results make the prepared samples promising candidates for antibiotic material
applications.

1. INTRODUCTION
With the beginning of the 21st century, medical challenges
began to increase. Among these challenges is the antibiotic
resistance of many bacteria.1 This is a very worrying trend that
has contributed to the re-emergence and development of
dangerous infections, especially in nosocomial settings, and thus
represents one of the greatest threats to human health.2 Finding
efficient alternatives to these antibiotics has become urgently
necessary as a result. Metallic nanomaterials have attracted the
interest of scientists and could be one of the alternatives, as their
toxicity mechanism is oxidative stress,3,4 which could be caused
by the generation of reactive oxygen species (ROS) on the
designed nanomaterials.4

Some of the most promising nanoparticles are the silver
nanoparticles (Ag NPs) due to the many applications of Ag NPs
such as electronics, chemical catalysis, biosensing, and surface-
enhanced Raman spectroscopy; AgNPs are also used as effective
antimicrobial agents.5−7 For medical equipment and various
consumer products such as plastics, textiles, cosmetics, food
containers, and personal care products, Ag NPs have been

incorporated as antibacterial agents.8,9 Nickel (Ni NPs) have
also been used as antibacterial agents due to their ability to
generate singlet oxygen, which enhances the antibacterial
activity.10 Copper (Cu NPs) exhibit significant inhibitory
activity against Gram-positive and -negative bacteria.11 The
combination of two or more metals enhances the antibacterial
activity against different types of bacteria.12

Although metal NPs, including silver NPs, have many
biological applications, Ag NPs can easily penetrate the skin
when the functional barrier is disrupted and cause cellular
damage and cytotoxicity. The toxicity of Ag NPs seems to be
closely related to their concentration but may vary in different
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species.13,14 Ag NPs have two properties (aggregation and
ionization) once they come into contact with biomolecules in
solution. While increased ionization leads to increased potential
toxicity, increased aggregation has the effect of decreasing
toxicity. This could be due to the fact that aggregation reduces
the dissolution surface area, resulting in fewer Ag ions on the
surface of the nanoparticles.15,16 Therefore, we can assume that
there is an additional significant effect related to the ionization
and aggregation phenomena of Ag NPs in bimetallic and
trimetallic forms.

Core@shell NPs have attracted the interest of many
researchers because they are versatile and can be modified for
different applications by changing the nature or composition of
the core and shell material. Furthermore, core@shell NPs have
additional advantages in comparison to the simple NPs such as
biocompatibility, lower cytotoxicity, and easy of discarding.17

The combination of Ni and AgNPs showed higher inhibition for
the growth of K. pneumoniae strains than thae mixture of other
NPs.12 The antibacterial rate against E. coli was improved by
Ni@Ag NPs to 88% compared to a commercial agent because
the Ag shell with the presence of Ni in the core allows easy
magnetic separation of the core−shell from the reaction
mixture.18 Yang and co-workers showed that Au@Ag NPs
enhanced antibacterial activity against S. aureus compared with
Au NPs due to the release of Ag+ ions from the shell, which
increased the generation of ROS. Moreover, Au@Ag NPs
showed negligible toxicity to human dermal fibroblasts with
concomitant enhancement of antibacterial activity against S.
aureus.19 The Ag/Cu molar ratio of Cu@Ag NPs showed better
antibacterial activity on S. aureus than on E. coli, as the Gram-
negative bacterium is more susceptible due to its thin
membrane.20 Recently, Sarkar and co-workers presented how
Cu@Ag NPs on aluminosilicate geomaterials enhance anti-
bacterial activity.21

The conventional method to synthesize metallic core@shell
NPs is a two-step/multistep route: namely, a reduction of the
core precursors and a subsequent formation of the shell
layer.22,23 Another common approach for a significant portion
of core−shell particles is polymerization of shells on preformed
cores.24,25 In addition, a one-step method for fabricating core@
shell NPs has been developed. The core and shell precursors are
capable of forming the core@shell NP under the same reaction
conditions.26,27 There have also been various other approaches
such as self-assembly, electrojetting, one-step Stöber, direct
deposition, and ultrasonic spray pyrolysis methods.28

In the current study, we fabricated colloidal trimetallic (Ni-
Cu)@Ag core@shell NPs without capping agents. These NPs
were designed such that the core was composed of a mixture of
Ni and Cu metals with different contents, while the shell was
composed of Ag in all samples. The antibacterial activity against
different bacterial species was investigated.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Silver nitrate (Sigma-Aldrich, 99.5%),

copper nitrate trihydrate (BDH Chemicals, Extra purification),
nickel nitrate hexahydrate (Fluka, 98%), cadmium nitrate
tetrahydrate (Hayashi Pure Chemical, 97%), and sodium
borohydride (Fluka, 97%) were used without additional
purification. Deionized water was used as the solvent for all of
the prepared solutions.
2.2. Synthesis of (Ni-Cu)@Ag Core@Shell Colloidal

NPs. A sodium borohydride, NaBH4 (2 mM, 272.4 mg in 3600
mL of deionized water), solution was prepared, and then it was
poured into an Erlenmeyer flask which was placed in an ice bath
and stirred constantly for about 30 min. Separately, 1 mM
solutions for each of the three metallic precursors were prepared
(204 mg for Ag nitrate, 348.9 mg for Ni nitrate, and 289.2 mg for
Cu nitrate) into 1200 mL of deionized water. The volume of the
added metallic precursors was varied between the core metals
(Ni and Cu), while the metal shell (Ag) was fixed at 50% of the
total volume (1200 mL) for all samples. For the (Ni-Cu)1@Ag
sample, 15% (180 mL) of Ni nitrate solution and 35% (420 mL)
of Cu nitrate solution were mixed and added dropwise into a
stirred NaBH4 aqueous solution at rate of about 1 drop/s. After
that, 50% (600 mL) Ag nitrate was added drop by drop into the
previous mixed solutions, as shown in Figure 1. For the (Ni-
Cu)2@Ag NPs, the volume of Ni and Cu nitrate solutions was
25%. For the (Ni-Cu)3@Ag NPs, the volumes of Ni and Cu
nitrate solutions were 35% and 15%, respectively. The Ag nitrate
solution was 50% for all samples. During the addition of the Ag
nitrate solution, the mixed solution turned dark brown, dark
yellow, and yellow, respectively. When the addition of Ag nitrate
solution was finished, the stirring was stopped and the magnetic
bar was removed. In this step, the final colloidal NP solution was
obtained, which was confirmed by UV−visible spectra of the
prepared colloidal NPs. It was then stored for further use in a
dark place to avoid exposure to light.

We now present a simple method for synthesizing amixture of
two metals (Ni and Cu) in the core and a silver shell without
using a polymer, capping agent, or other organic chemicals. By
stepwise addition ofNi andCu salts in the presence of a reducing

Figure 1. Experimental procedures to synthesize (Ni-Cu)@Ag core@shell colloidal NPs.
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agent (NaBH4) and an ice bath, the Ni2+ and Cu2+ ions were
reduced to form the core of the NPs (steps 1 and 2 in Figure 1).
By slowly adding a silver nitrate solution to themixture (step 3 in
Figure 1), the Ag+ ions were reduced to Ag and adsorbed on the
outer surface of the core metals, forming a thick shell. This
mechanism is shown schematically in Figures 1 and 2.
2.3. Characterizations. The structural properties of

prepared core@shell NPs were examined using X-ray diffraction
(XRD) techniques (XD-2 X-ray diffractometer using Cu Kα
radiation (λ = 1.54) at 36 kV and 20 mA, China). For XRD
measurements, the prepared colloidal NPs were dried to get
samples in a powder form and then XRD was carried out. The
concentrations of each element in the samples were measured
using a total reflection X-ray fluorescence (TXRF) spectrometer
(Bruker S2 PICOFOX) at room temperature. Field emission
transmission electron microscopy (FETEM) (JEOL JEM-
2100F) with an operating voltage of 200 kV was used to
measure the particular size of the prepared NPs. Normal- and
high-resolution (HR) TEM images were also acquired to
observe the crystallinity of the NPs as found in the HR-TEM
texture of typical crystals. The suspension of ultrasonically
treated trimetallic NPs was placed on a carbon-coated copper
grid, air-dried, and observed by FETEM. The elemental
composition of the NPs was determined by energy dispersive
X-ray spectrometry (EDS). The size distribution of NPs was
calculated from HRTEM images using ImageJ software.
Absorbance spectra of samples were obtained using a UV−vis

spectrophotometer (SPECORD 200) at room temperature in
the wavelength range of 190−1100 nm.
2.4. Antibacterial Activity. The antibacterial activity of

trimetallic (Ni-Cu)@Ag core@shell NPs was investigated
against three Gram-negative (Pseudomonas aeruginosa, Escher-
ichia coli, and Salmonella) and two Gram-positive (Streptococcus
and Staphylococcus aureus) bacteria on Mueller−Hinton agar.
The zone of inhibition (ZOI) was evaluated using a Vernier
caliper. Details of the preparation of the Muller−Hinton agar
plates, the test sample, and the mechanism of antibacterial
activity are explained in the Supporting Information.

The required amount (38 g) of Muller−Hinton agar
(Himedia) was accurately weighed and dissolved in 1000 mL
of distilled water in a 2000 mL Erlenmeyer flask. It was stirred
gently with a glass rod to dissolve the contents uniformly. The
Erlenmeyer flask was then sealed with a tight cotton stopper
after ensuring that the pH of the medium was adjusted to the pH
required for effective bacterial growth (7.3 ± 1). The Muller−
Hinton agar thus dissolved was sterilized in an autoclave at 121
°C and 15 lbs of pressure for 15 min. The sterilized medium was
cooled to 45 °C. Then, about 15 mL of the medium was poured
into sterile Petri dishes under aseptic conditions (under laminar
air flow) until the depth of the medium was approximately 4
mm. Then the poured Mueller−Hinton agar plates were left to
solidify. The solidified plates were further used for antibacterial
testing after quality control for contamination. Wells with a
diameter of 4 mm and a depth of 4 mm were made in the
Muller−Hinton agar plates, into which the bacterial inoculums

Figure 2. Schematic representation of the mechanism of formation of colloidal (Ni-Cu)@Ag NPs with a TEM image of a sample (bottom). The
numbers 2 and 3 with the reaction steps refer to the numbers in Figure 1.
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were spotted and to which the sample was then added at
different concentrations in the respective wells. The antibacterial
sensitive inhibition zones were measured.

3. RESULTS AND DISCUSSION
3.1. XRD Analysis. Figure 3 shows the XRD patterns of the

trimetallic (Ni-Cu)@Ag core@shell NPs. Four strong diffrac-
tion peaks were distinguished by the lattice reflections of (111),
(200), (220), and (311) of the face-centered-cubic (fcc) Ag-3C,
space group Fm3̅m. These patterns matched those of JCPDS
Card No. 04-0783.29 The broad pattern centered at around 2θ =
44.498° for all NPs was due to the presence of lattice reflections
at (111) and corresponded to Ni and Cu. These patterns were in
agreement with JCPDS Card Nos. 04-0850 (Ni),30 and 85-1326
(Cu).31 On the other hand, the weakness of the peaks of the core
metals (Ni or Cu) was attributed to the formation of a thick
metal shell (silver). These results confirmed that trimetallic
core@shell NPs were successfully formed. These results agree
with those in the literature.32−34 Also, Figure 3 shows XRD
patterns with low intensity and broad diffraction peaks due to
the nanonature of the prepared samples. In comparison with the
core metal phases (Ni and Cu), it is clear that the Ag phase is a
dominant phase due to the thick shell of NPs that formed.
Moreover, the diffractions (111) of Cu and Ni are located close
to (200) of Ag, which resulted in a broad peak for the three
samples, as shown in Figure S1. These results confirmed that the
trimetallic core@shell NPs were successfully formed.

The average crystallite sizes of the prepared (Ni-Cu)1@Ag,
(Ni-Cu)2@Ag, and (Ni-Cu)3@Ag NPs, calculated using the
Scherrer equation, were found (9, 8.4, and 6.9 nm, respectively).
The variation in crystallite size could be explained in terms of the
ionic radii of metals, which were 83 pm for Ni2+ and 87 pm for
Cu2+ (or 91 pm for Cu+).35 As the Cu content in (Ni-Cu)1@Ag,
(Ni-Cu)2@Ag, and (Ni-Cu)3@Ag decreased from 35% to 15%,
respectively, the crystallite size decreased from around 9 to 6.9
nm. This indicated that an decrease in the ionic radius of the
core metal resulted in a decrease of the crystallite size. This
variation was ascribed to the change in metal content within the
entire NPs. This result could be confirmed by a comparison with
the average crystallite sizes of bimetallic core@shell NPs, which
were 7 nm forNi@AgNPs and ∼21 nm for Cu@AgNPs (Figure
S1, inset). The close values of the ionic radii of core metals (Ni
and Cu) resulted in close values for the crystallite sizes of three
samples. Also, the calculated crystallite sizes of the NPs prepared
by the Williamson−Hall (W−H) method was 7.5, 6.1, and 3.4
nm for (Ni-Cu)1@Ag, (Ni-Cu)2@Ag, and (Ni-Cu)3@Ag,
respectively (Figure S2), confirming the variation in crystallite
size as a function of the ionic radii of the metals noted above.
Specific surface areas (SSAs) were calculated for the prepared
samples using XRD analysis. They were found to be 32.9, 35.4,
and 43.1 m2/g for (Ni-Cu)1@Ag, (Ni-Cu)2@Ag and (Ni-
Cu)3@Ag, respectively, as given in Table S1. Compared with
the bimetallic NPs, the SSA values of the trimetallic NPs were
between the SSA values of Cu@Ag and Ni@Ag, which was

Figure 3. XRD patterns of (Ni-Cu)@Ag core@shell NPs.

Figure 4. TXRF results of (Ni-Cu)@Ag core@shell NPs: (a) concentration of metals in mg/L; (b) percentage of each metal per sample.
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related to the crystallite size of the NPs (Figure S3). The
calculated SSA using this method is in good agreement with
values of Ag NPs obtained by BET techniques.36

3.2. Elemental Analysis. The results of the elemental
chemical analysis of prepared samples performed by TXRF for
Ni, Cu, and Ag are presented in TXRF spectra (Figure S4) and
histograms (Figure 4). There is a significant estimation of Ni and
Cu by TXRF for all the samples. TXRF spectra exhibited Ni and
Cu elements at 7.48 and 8.05 keV, respectively, which lie under
the Ni K12 and Cu K12 lines, respectively. Ag metal lies under
Ag L1 (at 2.98 keV). The quantitative description of TXRF can
be seen in Figure 4a. The metal concentration indicates the
existence of each metal per sample. For (Ni-Cu)1@Ag, the
percentages of Ni and Cu metals was 8% and 21.6%, while they
were 20.1% and 9.8%, respectively, for the (Ni-Cu)3@Ag
sample, as shown in Figure 4b. (Ni-Cu)1@Ag has almost the
same percentage (around 15%). These results showed that the
percentage for each metal measured via TXRF is in good
agreement with the proposed starting quantities of the metallic
precursors.

An energy dispersive X-ray spectroscopy (EDS) analysis of
the prepared NPs was performed, as shown in Figure S5. The
elemental Ag was present in high quantities at ∼3.1 keV, Ni at
∼7.5 keV, and Cu at ∼8.1 keV. The metallic percentaged of the
samples were 20.6%, 37.9%, and 41.5% for Ni, Cu, and Ag,
respectively, for (Ni-Cu)1@Ag NPs, 25.4%, 31%, and 43.5% for
Ni, Cu, and Ag, respectively, for (Ni-Cu)2@Ag NPs, and 37.2%,
20.7%, and 42.2% for Ni, Cu, and Ag, respectively, for (Ni-
Cu)1@Ag NPs. From the results of EDS, it can be seen that the
samples were prepared in good compatibility with the
theoretical percentages of metals in the core and shell of the
three trimetallic NPs.
3.3. TEM Analysis. Figure 5 gives TEM images of the

prepared samples with distribution histograms of the nano-
particles. TEM images illustrated that the particles have
spherical and semispherical shapes. The average particular size
decreased from 13.34 to 4.33 nm as the Cu content decreased
from 35% to 15% for the prepared samples. The decrease in the
particle size could be explained by the fact that the ionic radius of
the core metal leads to a decrease in the particle size, which was
accompanied a the decrease in Cu content as explained
previously in section 3.1. Moreover, it is noted that there is
agreement between the XRD and TEM results with regard to the
variation and size of prepared samples.

Figure 6 gives HRTEM images of the trimetallic core@shell
NPs that were taken at higher magnification. The mix of core
metals (Ni andCu) looked like dark spherical particles, while the
shell was a light low-intensity region surrounding the core.
These results could be confirmed by SAED analysis for the
patterns for core and shell metals. HRTEM images with a SAED
analysis of the core@shell provided evidence of a core−shell
structure of all the samples consisting of Ni and Cu as cores and
Ag as a shell.
3.4. Absorbance Spectra. Plasmon bands are unique

physical properties of nanoparticles. The surface plasmon
resonance (SPR) is mainly determined by the dielectric
properties of the metal and the surrounding medium, as well
as the particle size and shape.37 The location of plasmon
absorption bands of metallic NPs depended on the size and
shape of nanostructures. The characteristic peaks for SPR of Ag,
Cu, and Ni NPs were obtained at 400, 571, and 210 nm,
respectively (Figure S6), which indicate the formation of
monometallic NPs.38−40

The absorption spectra of (Ni-Cu)@Ag colloidal NPs
presented SPR bands in the range 400−420 nm, which
corresponds to the Ag shell (Figure 7). The broader SPR
bands compared with those of monometallic Ag NPs can be
explained by the extended Mie theory for core@shell metallic
NPs and can be attributed to the Ag nanometric layer which
covers both Ni and Cu cores.41 Also, it was observed that an
absorbance shoulder appeared at around 540 nm, especially for
(Ni-Cu)1@Ag and (Ni-Cu)2@Ag samples, due to SPR of the
higher content of Cu in the core. These results confirmed the
presence of Cu in the dispersed samples. The presented results
are in good agreement with core@shell metallic reports.38,42

Pinto and co-workers studied the stability of Ag-NPs prepared
in aqueous medium by measuring UV−vis spectra for Ag-NPs
after a long storage (1 year). They found that the intensity of the
UV−vis spectra of the samples increased with increasing storage
time.43 This is due to the surface oxidation of Ag-NPs, so that the
intensity of the plasmon absorption peaks increased as the
degree of oxidation of Ag-NP decreased. This result was also
supported by Yin et al., who showed a red shift of λmax of the
plasmon absorption peaks due to the change in shape of the
silver nanoparticles.44 Our results are in agreement with these
results showing that the intensity of the UV−vis spectrum
increased after 3 months of storage, as shown in Figure S7. It was
clear that the SPR became broader due to the change in shape

Figure 5. TEM images with their corresponding histograms for (a) (Ni-Cu)1@Ag, (b) (Ni-Cu)2@Ag, and (c) (Ni-Cu)3@Ag NPs.
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and size of the prepared samples, which could be due to
aggregation.
3.5. Antibacterial Activity. The antibacterial activity of the

prepared samples was investigated against three Gram-negative
(Pseudomonas, Escherichia coli, and Salmonella) and two Gram-
positive (Staphylococcus aureus and Streptococcus) bacterial
pathogens on Mueller−Hinton agar (Figure 8). The anti-
bacterial abilities of the synthesized bimetallic and trimetallic
core@shell NPs were examined through an agar-based well
diffusion technique. The zone of inhibition (ZOI) was evaluated
using Vernier calipers. To demonstrate the trimetallic NP effect
against these bacteria, we also presented bimetallic (Ni@Ag and
Cu@Ag) NP effects as comparison tests.

The growth inhibition of the core@shell NPs against five
bacteria is shown in Figure 9. For E. coli, it is clear that (Ni-

Cu)1@Ag NPs had the highest antibacterial activity levels for all
concentrations with a ZOI of 34 mm. This activity is higher than
those in many previous studies that have been reported for E.
coli.45−47 On other hand, Ni@Ag presented the lowest levels
with a ZOI of around 5mm. Generally, trimetallic NPs exhibited
improved antibacterial activity over bimetallic samples,
especially (Ni-Cu)1@Ag and (Ni-Cu)2@ NPs. The bi- and
trimetallic NPs had high levels (26−36 mm) of antibacterial
activity against a resistant bacteria (Pseudomonas aeruginosa), as
shown in Figure 9b. Trimetallic NPs had enhanced antibacterial
activity levels (36 nm). The activity against Salmonella showed
that Ni@Ag had the highest levels of antibacterial activity (ZOI
reached up to 28 mm at 60 μg/mL). The antibacterial activity of
Ni@Ag and (Ni-Cu)3@Ag against Staphylococcus aureuswas the
highest, and that of (Ni-Cu)1@Ag against Streptococcus was
highest as shown in Figure 9d,e.

Figures 9 and 10 exhibited comprehensive images regarding
the antibacterial activity enhancement of the prepared samples
against five types of bacteria. On the one hand, the samples
showed that they had activity with all examined bacteria, as there
was a high effect of at least one trimetallic sample with each type
of bacteria, as shown in Figure 10 (red dashed circles). On the
other hand, the samples showed that they are not specific to one
or two types of the examined bacteria, and this gives them the
advantage that they are comprehensive samples over all the
examined bacteria. For example, (Ni-Cu)1@Ag NPs are
effective for E. coli, Salmonella, and Streptococcus, (Ni-Cu)2@
Ag NPs are effective for E. coli, Pseudomonas aeruginosa, and
Streptococcus, and (Ni-Cu)3@Ag NPs are effective for
Pseudomonas aeruginosa and Staphylococcus aureus.

Core−shell NPs have antibacterial activity because they either
interact directly with bacteria cells or form secondary products
that destroy the bacterial cell wall. Antibacterial activity is caused
by two factors: (a) the production of reactive oxygen species
(ROS) and (b) the release of heavy-metal ions. On the surface of
metal nanoparticles, photogeneration of ROS such as hydrogen
peroxide (H2O2), hydroxyl radicals (•OH), singlet oxygen
(1O2), and superoxide radical anions (O2

•−) has occurred due to
the surface plasmon resonance.10

ROS aremostly produced in organelles such themitochondria
and the endoplasmic reticulum.48 Naturally, ROS are generated

Figure 6. HRTEM images with SAED analysis for (a) (Ni-Cu)1@Ag,
(b) (Ni-Cu)2@Ag, and (c) (Ni-Cu)3@Ag NPs.

Figure 7. Absorbance spectra of prepared samples. The inset is the
absorbance spectrum of pure Ag colloidal NPs.
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during the oxygen metabolism, which plays a principal role in a
number of cellular signaling pathways.49,50 By adding electrons
through the mitochondrial electron transport chain, oxygen is

used to synthesize water during oxidative phosphorylation.51

Molecular oxygen (O2) cached some of these electrons to form
O2

−) and thus converted to H2O2 and •OH. The ions of metals
(M = Ag+, Cu2+, and Ni2+) released by NPs have been shown to

Figure 8. Antibacterial activity of (Ni-Cu)2@Ag NPs against bacteria: (a) Escherichia coli; (b) Pseudomonas aeruginosa; (c) Salmonella; (d)
Staphylococcus aureus; (e) Streptococcus. Numbers refer to the concentrationd of trimetallic NPs: 20, 40, and 60 μg/disk of NPs.

Figure 9. Growth inhibition activity of bi- and trimetallic NPs against
various Gram-negative and Gram-positive bacterial pathogens: (a)
Escherichia coli; (b) Pseudomonas aeruginosa; (c) Salmonella; (d)
Staphylococcus aureus; (e) Streptococcus; (f) guide to the bar graphs,
where the colors correspond to NP concentrations.

Figure 10. Inhibition activity of prepared samples against various
Gram-negative and Gram-positive bacterial pathogens at a concen-
tration of 60 μg/mL.
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mix into the chemocatalysis and cycling of redox by the Fenton
reaction52

+ + ++ + + •H O M M OH OHx x
2 2

( 1) (1)

or Fenton-like reaction

+ = + ++ + + •Ag H O H Ag H O OH2 2 2 (2)

Dissociation of metal ions results in various intracellular
processes such as disruption of the bacterial membrane
structure, deactivation of enzymes, and disruption of electron
shuttling. This is a consequence of the intracellular accumu-
lation of ROS as shown in Scheme 1.

Oxidative stress was induced as a result of the toxicity
mechanism that was produced by NPs. Uncoated Ag NPs
contributed to the generation of high amounts of hydroxyl and
superoxide radicals, while singlet oxygen was generated by Ni
NPs.10 Cu NPs are used widely to generate hydrogen
peroxide.53 This caused several processes such as variation in
the membrane potential, intracellular oxidation, disruption of
the membrane permeability, cell cycle stopping, DNA damage,
protein inactivation, release of cellular contents, and disruption
of the electron transfer pathway.54−60 The overall antibacterial
activity of the prepared samples showed that trimetallic NPs
improved the inhibition of bacterial growth. In addition, the low
concentrations used in this study in comparison to others
(Table. 1) is another advantage to avoid the toxicity of higher
concentrations of metal NPs. Moreover, the toxicity of
trimetallic core−shell NPs against various Gram-negative and
Gram-positive bacterial pathogens showed a higher effect of 80−
85% compared to standard antibiotics (control), as shown in
Figure 11. Thus, this enhancement may make these NPs
candidates for promising antibiotic materials.

■ CONCLUSION
In conclusion, this work experimentally evidenced the synthesis
of trimetallic (Ni-Cu)@Ag core@shell NPs without stabilizing
materials, which has been confirmed by XRD, absorbance, and
HRTEM characterizations. The antibacterial activity of the
prepared NPs was evaluated against three Gram-negative
(Pseudomonas aeruginosa, Escherichia coli, and Salmonella) and
two Gram-positive (Streptococcus and Staphylococcus aureus).
The antibacterial activity showed enhancement in the inhibition

Scheme 1. Production of ROS Induced by Core−Shell NPs in
the Surrounding Bacteria Medium

Table 1. Comparison of Antibacterial Activity of (Ni-Cu)@Ag Core@Shell NPs with Other Metal and Metal Oxide NPs

target bacteria

nanoparticles (NPs) assessment method E. coli P. aeruginosa Salmonella S. aureus Streptococcus ref

Metal NPs
Ag NPs ZOI (mm), 150 μg/mL 15 20 16 61
Ag NPs ZOI (mm), 215.74 μg/mL 26 19 30 62
Ag NPs ZOI (mm), concn in mg/mL 15 8 13 14 63
Ag NPs +SiO2 + lignin ZOI (mm), 150 μg/mL 12 12 12 64
Ag-Ni NPs ZOI (mm), concn in mg/mL 17 9 15 16 63
Cu@Ag@PANIa ZOI (mm), in mg 13 11 65
Ag@GOb ZOI (mm), at different AgNO3 conc. 15 14 66
Ag@BSAc ZOI (mm) 24 25 26 67
Ag NPs + standard antibiotics ZOI (mm), Conc. in (mg/mL) 15 13 20 68
Ag@ZrO2 ZOI (mm), 600 μg/mL 15 12 69
Ag-Au/CeO2 ZOI (mm), 100 μg/mL 29 32 70
Ag@TiO2 MIC 200 μg/mL 100 μg/mL 71
Ag@SiO2 MIC 100 μg/mL 100 μg/mL 71
Fe3O4@Ag MIC 76 μg/mL 356 μg/mL 72
Ni@Ag antibacterial rate % 60−88% 18
Cu@Ag ZOI (mm), at different Ag/Cu % >6 13 20

Metal Oxides
CdO ZOI (mm), 2 mg/mL 13 14 14 45
CdO−NiO−Fe2O3 ZOI (mm), 450 μg/mL 18 25 25 46,47
Ag2O-CeO2−ZnO ZOI (mm), 500 μg/mL 12 11 11 73
FRGO-Ag-AgO-Ag2O

d ZOI (mm), 250 mg/mL 16 15 74
ZrO2-Ag2O ZOI (mm), ZrO2/Ag2O: 1/2 (in M) 15 16 16 14 75
(Ni-Cu)1@Ag ZOI (mm), 60 μg/mL 34 34 24 26 34 present work
(Ni-Cu)2@Ag ZOI (mm), 60 μg/mL 30 36 14 24 26 present work
(Ni-Cu)3@Ag ZOI (mm), 60 μg/mL 18 36 20 30 14 present work

aPANI: Polyaniline. bGO: Graphene oxide. cBSA: Bovine Serum Albumin and. dFRGO: reduced graphene oxide.

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

https://doi.org/10.1021/acsomega.2c03943
ACS Omega 2022, 7, 37340−37350

37347

https://pubs.acs.org/doi/10.1021/acsomega.2c03943?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03943?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03943?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of the bacterial growth due to the synergy of metals in the
generation of ROS, which may make these NPs candidates for
antibiotic material applications.
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