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In this study, we used the aqueous extract of garlic tunicate leaf to reduce a mixture of equal amounts of ruthenium chloride, silver
nitrate, and palladium acetate for the biosynthesis of ruthenium/silver/palladium trimetallic nanocomposite (Ru/Ag/Pd)-Np.
Some physicochemical tools were used for nanocomposite characterization, including Fourier-transform infrared spectroscopy
(FT-IR), X-ray di�raction (XRD), thermal gravimetric analysis (TGA), UV-Vis spectroscopy (UV-Vis), scanning electron
microscope (SEM), and transmittance electron microscope (TEM). XRD revealed that the crystal size of the nanocomposite is
15.67 nm. �e TEM images showed that the particle size ranged 50–90 nm. �e antimicrobial e�cacy of the nanocomposite was
examined against Aspergillus �avus, Aspergillus niger, Candida albicans, Candida glabrata, Escherichia coli, and Bacillus cereus.
�e results showed a potent antimicrobial activity toward all tested microorganisms. (Ru/Ag/Pd)-Np showed antiproliferative
activity against Caco-2, HepG2, and K562 cell lines. �e antiproliferative potential of (Ru/Ag/Pd)-Np was signi¡cantly improved
following UV irradiation.

1. Introduction

Nanomedicine involves the use of the knowledge and tools
of nanotechnology in the diagnosis, treatment, and pre-
vention of disease and represents one of the most meta-
morphose ways in the future [1]. Nanometals have displayed
a great interest in several innovative research ¡elds. �e
activity, chemical, biological, physical, optical, and electrical
properties of metal nanoparticles such as palladium (Pd),
ruthenium (Ru), silver (Ag), platinum (Pt), and gold (Au)
nanoparticles (NPs) depend on their particle shape and size
[2].

Pd is a metal with fewer side e�ects and greater potential
in biological applications than many other metals [3, 4]. Pd-
NPs have been used as drug carriers, prodrug activators, and
antibacterial, anticancer, antifungal, and antioxidant agents
[5–8]. Pd-NPs showed promising therapeutic e�ects against
cancer cells and multidrug-resistant bacteria and strong
antibacterial/antibio¡lm activities [9]. In addition, Pd (0)
exhibited high e�cacy as a therapeutic agent for human
ovarian cancer [10]. Ag-NPs exhibited great success in
several biological applications due to the large surface area of
their particles [11]. Ag-NPs displayed antimicrobial, cyto-
toxic, and antiproliferative properties e�ects as previously
reported [12–14]. Ru is a 4 d transition metal widely used in

Hindawi
Journal of Chemistry
Volume 2022, Article ID 4593086, 14 pages
https://doi.org/10.1155/2022/4593086

mailto:amnassar@ju.edu.sa
https://orcid.org/0000-0003-0998-482X
https://orcid.org/0000-0003-0279-6500
https://orcid.org/0000-0002-9674-6960
https://orcid.org/0000-0002-4819-2625
https://orcid.org/0000-0003-4865-2342
https://orcid.org/0000-0002-9672-2678
https://orcid.org/0000-0002-4226-0682
https://orcid.org/0000-0001-5366-3535
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/4593086


industrial and biological applications. Ru-NPs have a high
surface area (1–3m2/g) and hence could be used in catalysis
and photocatalysis [15].

Some inorganic composites have emerged as attractive
candidates in medicine due to their enormous surface area,
conductivity, and high biological activity [16]. 'e green syn-
thesis of Ag@Pd core-shell composite with enhanced anticancer
activities using plant extracts was studied. When compared to
WISH normal cells and the standard drug doxorubicin (DOX),
the composite showed a significant antiproliferative activity
against MCF7 and HEPG2 [17]. A nanoplate (Pd@Ag) core@
silica shell composite was loaded with DOX and showed more
potent antiproliferative activity by releasing DOX in response to
heat and pH through the responsive coordination bonds [18]. A
trimetallic Ti-Ag-Pd alloy with α+β-Ti structure has been
synthesized and characterized. 'e Ti94Ag3Pd3 alloy has great
potential as a biomedical implant metallic composite [19]. Pd-
Ag-decorated reduced graphene oxide (rGO) nanostructures
were synthesized using a green chemical technique involving
stevia extract and showed antibacterial potential under light
irradiation. 'e biosynthesized Pd Ag-decorated rGO nano-
structures had good antibacterial action, inactivating 96% of
Escherichia coli cells after 150minutes of visible light irradiation.
'e study recommended that the nanostructured composite
could be used for alternative nanomaterial-based medication
development [20].

'e citrate approach was used to make colloidal Ag@Pd
core-shell nanoparticles (NPs) in aqueous media [21]. 'e
antibacterial activity of Ag@Pd core-shell NPs was assessed
qualitatively and quantitatively against model microbial
species using the disc diffusion method to calculate the
lowest inhibitory concentration. 'e inhibitory efficacy
against bacteria and fungi was increased as the core-shell
NPs concentration was raised to 25mg/ml, demonstrating
broad-spectrum actions.

Over the last few decades, the concept of green nano-
technology has grown, and sustainable methods of synthesis of
nanoparticles were developed. 'e basic objectives of these
methods include the synthesis of NPs using phytochemicals as
simple, safe, ecofriendly, and cost-effective alternatives to toxic
chemicals frequently used as reducing or capping agents [22].
Several bioresources have been used to create NPs of different
sizes and forms, including plants, bacteria, fungi, yeasts, and
algae [23]. Garlic (Allium sativum L.) possesses a wide antibiotic
action against both Gram-positive and Gram-negative bacteria
as well as antioxidant, anti-inflammatory, and anticancer ac-
tivities.'ese beneficial effects were attributed to its rich content
of bioactive molecules, including polysaccharides, organosulfur
compounds, saponins, and phenolics [24].

'is investigation aimed to synthesize and characterize a
new trimetallic (Ru/Ag/Pd)-Np composite using A. sativum
extract and to explore its antimicrobial and antiproliferative
activities. In addition, the effect of UV irradiation on the
antiproliferative activity of this nanocomposite was investigated.

2. Experimental

2.1. Instruments. 'ermo Scientific Quattro S was used for
scanning electron microscope (SEM) photodetection. An

IRTracer-100 SHIMADZU spectrophotometer was used for
Fourier-transform infrared (FT-IR) measurements. X-ray
diffraction (XRD) patterns were determined by XRD-7000
SHIMADZU via a copper radiation source. 'ermal
gravimetric analysis (TGA) was detected using TGA-
51SHIMADZU with a heating rate of 10°C/min. A flow
cytometer (BD FACSCalibur, USA) was used for cell cycle
analysis. Japan’s Shimadzu A LABOMED-Spectro 99UV-
Vis double beam-3200 was used to detect electronic spectra
in the 200–800 nm range. A JEOL GEM-1010 transmission
electron microscope operating at 80 kV was used to get the
transmittance electron microscope (TEM) images.

2.2. Materials. 'e white tunicate leaf of A. sativum was
collected from a local market in Sakaka, Saudi Arabia. 'e
chemicals used in this study, namely, palladium acetate,
ruthenium chloride, silver nitrate, 3-(4,5 dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT), and Annexin
V-FITC apoptosis detection kit were supplied by Sigma-
Aldrich (USA). All aqueous solutions were prepared using
MilliQ water. Dulbecco’s modified Eagle’s medium
(DMEM) and propidium iodide (PI) were purchased from
Cambrex (New Jersey, USA) and Tianjin Dingsheng Xin
(China), respectively. Human colon cancer (Caco-2), human
hepatocellular carcinoma (HepG2), and human leukemia
(K562) cells were supplied by VACSERA (Egypt). 'e an-
timicrobial activity of the prepared materials was tested
against Aspergillus flavus (MT550030), Aspergillus niger
(MW596373), Candida albicans (MW534712), Candida
glabrata (MW865705), Escherichia coli (MW534699), and
Bacillus cereus (MW830387). 'ese isolates were obtained
from the Biology Department, College of Science, Jouf
University.

2.3. Green Synthesis of (Ru/Ag/Pd)-Np. 'e tunicate leaf of
A. sativum (garlic) was collected and washed several times
with tap and distilled water to remove debris and other
contaminated contents and then dried at room temperature
in the shade. 'en, in 100mL of distilled water, 3 g of the
outer tunicate garlic leaves was boiled for 1 h to make the
aqueous extract. 'e extract was filtered and mixed with
0.25mmol of metal precursor (0.042 g of AgNO3, 0.052 g of
RuCl3, and 0.056 g of Pd (CH3COO)2) in an aqueous so-
lution. 'e color of the solution turned brown immediately,
and the mixture was heated for 1 h at 50°C with stirring to
allow the formation of a precipitate. To synthesize each
nanometal, the extract was mixed separately with 0.042 g of
AgNO3, 0.052 g of RuCl3, and 0.056 g of Pd (CH3COO)2,
followed by the same steps. All precipitates were filtered
throughWhatman’s No. 1 filter paper, then washed with hot
distilled water, and dried in the air. 'e dried precipitates
were preserved for all further characterization and biological
studies.

2.4. Assessment of Cytotoxicity for (Ru/Ag/Pd)-Np before and
after UV Exposure. Caco-2, HepG2, and K562 cells were
cultured in DMEM supplemented with 10% fetal bovine
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serum. 'e cells were trypsinized, seeded in 96-well plates,
and treated with different concentrations of (Ru/Ag/Pd)-NP,
nonirradiated or exposed to UV for 20min, for 24 h. 'e
MTT cell viability assay was used to determine the half-
maximal inhibitory concentration (IC50) in comparison to
control cell growth. 'e optical density was measured at a
wavelength of 570 nm [25].

2.5. Apoptosis Induction and Cell Cycle Analysis Assessment.
Flow cytometry was used to assess cell cycle analysis and
apoptosis [26]. Caco-2 cells were seeded and incubated in a
CO2 incubator at 37°C. 'e cells were then treated with (Ru/
Ag/Pd)-NP before and after being exposed to UV light. 'e
cells were collected, washed, fixed with cold alcohol, and
incubated at 4°C for 2 h. After washing, the cells were stained
with PI for 30min at room temperature and protected from
light. DNA content was determined by BD FACSCalibur,
and cell cycle phase distribution was determined using Cell
Quest Pro software (BD Biosciences, USA).

2.6. Annexin V-FITC Assay. Using fluorescently labeled
Annexin V, the degree of apoptosis was also determined
[26]. Briefly, Caco-2 cells were treated with the IC50 of (Ru/
Ag/Pd)-NP, before and after photoactivation, for 24 h.'en,
the treated cells were harvested and washed in phosphate-
buffered saline, and the degree of apoptosis was determined
using a commercial kit.

2.7. Evaluation of Antimicrobial Activity of Metallic Np.
'e antimicrobial activity of the prepared NPs was tested
againstA. flavus,A. niger,C. albicans,C. glabrata, E. coli, and
B. cereus. By using a 3mm cork borer, 100 μl of garlic leaf
water extract and metallic nanoparticles Ag-NP, Ru-NP, Pd-
NP, and (Ru/Ag/Pd)-NP composite were added to wells
formed in the solid media (nutrient agar for bacteria and
potato dextrose agar for fungi) which have been previously
inoculated by spreading a freshly prepared inoculum over
the entire agar). 'e fungal plates were incubated for 6 days
at 26°C [27], whereas yeast and bacterial plates were cultured
for 48 h at 30°C [28]. 'e percentage of inhibition rate was
calculated using the following equation [29, 30]:

Inhibition growth percentage �
MC − MT
MC × 100

, (1)

where MC is the diameter of the inhibition zone around the
control, MTis the diameter of the inhibition zone around the
treated material, and minimum inhibitory concentrations
(MICs) were determined. All the experiments were repeated
three times.

3. Results and Discussion

In this study, a trimetallic (Ru/Ag/Pd)-NP composite was
synthesized using an aqueous extract of A. sativum leaf,
demonstrating how environmentally sustainable bio-
resources may function as efficient reducing agents for the
ecofriendly synthesis of NPs. 'e entire green synthesis,

characterization, and biological applications of bio-
synthesized nanocomposite are shown in Scheme 1.

3.1. IR Spectra. 'e FT-IR spectra of solid garlic leaf and the
synthesized composite in the spectral range of
500–4000 cm−1 are depicted in Figure 1. 'e spectrum of
solid garlic leaf revealed several bands at 3350, 2900, 1710,
1660, and 1160 cm−1, which are attributed to stretching
bonds of O-H, C-H, C�O, C�C, and C-O, respectively,
found in bioorganic molecules such as phenolics, amino
acids, and carboxylic acid compounds [31]. Allicin is the
principal organosulfur compound in garlic [32]. 'erefore,
additional distinct bands associated with allicin were found
at 800 cm−1 (vC-S), 1050 cm−1 (vS�O), and 1215 cm−1 (vSS)
[33]. On the other hand, the spectrum of the nanocomposite
showed all of these vibrations with higher intensity due to
weak van der Waals interactions between biochemical and
metallic NPs [34]. New strong bands in the 550–600 cm−1

range were observed, which are attributed to metal-metal
interaction in the nanocomposite [35]. 'e new bands at
1610 and 1475 cm−1 are often associated with the stretching
and bending vibrations of the carboxylate anion (-COO),
respectively, which is most likely caused by the oxidation of
-C-OH in phytochemicals during the reduction of metal ions
[36].

3.2. XRD. Figure 2 shows XRD patterns of the trimetallic
nanocomposite. 'e positions of high-intensity peaks refer
to the formation of pure (Ru/Ag/Pd) trimetallic NP. Peaks
appeared at 2θ � 40.11, 47.75, and 68.31, which correspond
to (111), (200), and (220), respectively, and are consistent
with a conventional Pd-NP phase pattern (JCPDS: 87–0641)
[37,38]. Ag-NP had typical peaks corresponding to the (111),
(200), (220), and (311) planes at 2θ values of 38.45, 44.85,
67.55, and 77.5, respectively (JCPDS: 04–0783) [39]. For the
hexagonal structure of Ru-NP, five different diffraction
peaks were found and indexed with the planes (100), (002),
(101), (102), and (110) at 38.42°, 43.82°, 46.12°, 58.32°, and
69.42° (JCPDS: 06–0663) [40]. No further impurity peaks
were seen, indicating the presence of exclusively crystalline
trimetallic NP. 'e size of the crystals was determined using
the Scherrer equation [41, 42].

D �
0.9.λ

β.Cos θ
, (2)

where λ� 1.5418 Å is the wavelength of X-ray (for Cu Kα1),
and θ is the XRD angle. β is the half-maximum width. 'e
crystal size of the nanocomposite was calculated to be
15.67 nm.

3.3. TGA. TGA was used to assess the purity and thermal
stability of composite NP (Figure 3). 'e weight of the
nanocomposite decreased throughout the temperature range
of 25–400°C, according to the TGA curve, showing that at
higher temperatures, the organic compounds from the garlic
leaf extract that served as the reducing agents in the for-
mation of NP were completely decomposed (1.60% of the
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original sample weight). Above 400°C, there was almost no
deprivation, which accounts for the pure weight of the NP
(98.40% of the original sample weight) [43].

3.4. Morphological Study. Using SEM imaging, the mor-
phology of a nanocomposite was studied. SEM images were
recorded and are shown in Figure 4. 'e trimetallic com-
posite structure showed an irregular crystalline porous
structure which is typical for metallic nanocomposites due to
the strong interparticle contact imposed by the high surface
energy. 'e bigger molecules of mixed nanostructures are
formed when smaller nanostructures combine to form them.
'is may be seen in the SEM photos and is an indication of

nanocomposite formation [44]. TEM images show the
spherical shape of nanoparticles with a particle size of
50–90 nm (Figure 5).

3.5. Absorption Spectra. 'e formation of metal NP is
confirmed by absorption spectroscopy. Figure 6 shows the
electronic spectra for both water A. sativum leaf extract and
nanocomposite. Phytochemicals found in A. sativum leaf
water extract are abundant and play a crucial function in the
reductionmethods used to producemetal NP [45]. A band at
280 nm in the absorption spectrum of the extract could be
attributed to electronic transitions in the extracted phyto-
chemicals [46]. 'e absorption spectrum of the
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Figure 1: IR spectra of solid garlic leaf and (Ru/Ag/Pd)-Np.
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nanocomposite showed a distinct surface plasmon reso-
nance, which is assigned by the appearance of the maximum
absorption peak at 265 nm [47]. 'e absence of the bands
assigned to Ag+, Pd2+, and Ru3+ in Figure S1 from the
composite spectrum suggests that the nanocomposite for-
mation follows precursor metal ion reduction.

3.6. In Vitro Anticancer Activity of (Ru/Ag/Pd)-Np before and
afterUVExposure. 'e cytotoxic activity of (Ru/Ag/Pd)-NP
before and after UV exposure was evaluated using Caco-2,
HepG2, and K562 cells. Our data revealed that photo-
activation markedly enhanced the anticancer efficacy of (Ru/
Ag/Pd)-NP as represented in Table 1 and Figure 7.

Cell cycle arrest is a crucial mechanism through which
anticancer drugs produce their antiproliferative effects [48,
49]. As a result, we investigated how (Ru/Ag/Pd)-NP, before
and after UV exposure, affected the distribution of Caco-2
cells throughout the cell cycle. 'e purpose of the current
study was to examine the cell cycle distribution and pro-
liferation potential of Caco-2 cells following treatment with
(Ru/Ag/Pd)-NP before and after UV exposure. To ascertain
the total population distribution in the various phases (G0/
G1, S, and G2/M), asynchronously growing Caco-2 cells
were exposed to (Ru/Ag/Pd)-NP before and after UV

exposure for 24 h. 'e cells were then stained with PI and
subjected to flow cytometry analysis.

Herein, Caco-2 cells were treated with the IC50 of (Ru/
Ag/Pd)-NP before photoactivation (47.35 μg/ml) and (Ru/
Ag/Pd)-NP after photoactivation (9.32 μg/ml). (Ru/Ag/Pd)-
NP before and after photoactivation induced apoptosis as
indicated by an increase in the G2/M phase of 19.3% and
31.06%, respectively, in comparison with that of control
Caco-2 cells (5.87%). Moreover, in the pre-G1 phase, (Ru/
Ag/Pd)-NP before photoactivation resulted in apoptosis
induction by 17.03%, while the photoactivated (Ru/Ag/Pd)-
NP produced marked cells apoptosis by 32.41%, in com-
parison with that of control Caco-2 cells (2.23%) as rep-
resented in Figure 8. As a result, treatment with (Ru/Ag/Pd)-
NP before and after UV exposure can encourage the tran-
sition of colon cancer cells from the G1 to the S phase and
subsequently induce cycle arrest in the S phase, thereby
weakening their ability to proliferate and decreasing their
viability.

Apoptosis can be induced by arresting the cell cycle. 'e
anticancer activities of NP synthesized by green synthesis
have been proved in several investigations [50] showing that
the cytotoxic activity was mediated by different mechanisms,
including blocking cell cycle in G0/G1 [51] or G2/M [52]
phases. In this study, we explored the impact of (Ru/Ag/Pd)-
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NP on the ability of Caco-2 cells to undergo apoptosis before
and after exposure to UV light. 'e presence of phospha-
tidylserine (PS) residues on the surface of the cell, which are
typically concealed by the plasma membrane, is used for the

identification and quantification of apoptosis. One of the
distinctive cues for macrophages to recognize and remove
apoptotic cells is the presence of PS on the cell surface.
Annexin V has demonstrated a high affinity for binding to

Figure 4: SEM images of (Ru/Ag/Pd)-Np.

500 nm

(a)

100 nm

(b)

Figure 5: TEM images of (Ru/Ag/Pd)-Np.
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Table 1: IC50 values of (Ru/Ag/Pd)-Np against different cancer cell lines.

Tumor cell lines IC50 before UV exposure (μg/ml) IC50 after UV exposure (μg/ml)
Caco-2 47.35± 2.7 9.32± 0.52
HepG2 68.8± 3.9 46.77± 2.6
K562 35.87± 2.0 28.32± 1.6
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Figure 7: UV exposure increases the cytotoxic activity of (Ru/Ag/Pd)-NP against (a) HepG2, (b) Caco-2, and (c) K562 cancer cell lines. (d)
IC50 values of the antiproliferative activity of (Ru/Ag/Pd)-NP on HepG2, Caco-2, and K562 cell lines. Data are mean± SD.'e experiment
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PS and hence could be used to check the integrity of the cell
membrane, which is compromised as the apoptotic process
develops. It is feasible to discriminate between early and late
apoptotic cells as well as dead cells using DNA-specific
viability dyes such as PI [53].

Cell cycle analysis of the Caco-2 after treatment with
(Ru/Ag/Pd)-NP either before or after photoactivation
showed a preG1 peak that proved apoptosis (Figure 9). To
confirm the effect of both (Ru/Ag/Pd)-NP on apoptosis
induction and the impact of photoactivation, Caco-2 cells
were stained with Annexin V/PI, incubated for 24 h, and
analyzed. 'e results proved that both (Ru/Ag/Pd)-NP and
its photoactivation potently induced apoptosis in Caco-2
cells by 17.03% and 32.41%, respectively, in comparison with
that of Caco-2 control cells (2.23%). 'ese results indicated
that photoactivation of the (Ru/Ag/Pd)-NP resulted in a 1.9-
fold increase in its ability to induce apoptosis.

3.7. Antimicrobial Activity of (Ru/Ag/Pd)-NP. Six isolates of
microbial strains, A. flavus, A. niger, C. albicans, C. glabrata,
E. coli, and B. cereus were selected to evaluate the antimi-
crobial activity of the trimetallic NPs composite. MICs were

determined using four different dosages of nanomaterials
(0.0125, 0.025, 0.05, and 0.1mg/mL) (Figure 10). Table 2
shows the MIC experimental results. 'e nanocomposite’s
MIC value against the investigated microbes was 0.0125mg/
mL.

For comparison, antimicrobial experiments were carried
out for every single metal as represented in Table 3 and
Figure 11. 'e findings indicated that all tested materials
demonstrated high antibacterial activity and followed the
sequence (Ru/Ag/Pd)-NP>Pd-NP�Ag-NP�Ru-
NP>A. sativum extract in comparison to different isolate
species of bacteria and fungus. Microbial growth inhibition
was best with the composite (Ru/Ag/Pd)-NP.

To compare our findings with those of other studies,
Table 4 displays the biological applications, synthesis
techniques, and other characteristics of mono-, bi-, and
trimetallic nanoparticles.

3.8. Mechanism of Bioactivity of NP. In this study, the high
biological activity of (Ru/Ag/Pd)-NP could be attributed to
its capacity to disrupt membranes, damage DNA, produce
reactive oxygen species (ROS) such as peroxides and
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Figure 9: Representative blots of Annexin V/PI-stained control (a) and Caco-2 cancer cell line treated with (Ru/Ag/Pd)-NP before (b) and
after UV exposure (c). (d) Percentage of Caco-2 cells exhibiting early and late apoptosis and necrosis following treatment with (Ru/Ag/Pd)-
NP exposed to UV. Data are mean± SD, N� 3. ∗∗∗P< 0.001 versus control and ###P< 0.001 versus (Ru/Ag/Pd)-Np before UV exposure.
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superoxide, denaturant proteins, and inactivate enzymes.
'ey can either stop bacterial growth or eliminate it. Similar
to this, NP can saturate and adhere to fungal hyphae and

create insoluble compounds that damage the membrane,
bind lipids and enzymes, and induce cell lysis by inactivating
the sulfhydryl groups of the fungal cell wall [58, 59].
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Figure 10: MICs results of (Ru/Ag/Pd)-NP (1) 0.0125mg/mL, (2) 0.025mg/mL, (3) 0.05mg/mL, and (4) 0.1mg/mL.

Table 2: MIC values in (mg/mL) of composite (Ru/Ag/Pd)-Np against different microbes.

Conc. of composite
Inhibition %

A. flavus A. niger C. albicans C. glabrata E. coli B. cereus
(0.0125mg/mL) 37.1 39.4 34.2 38.5 32.9 31.6
(0.025mg/mL) 55.3 59.4 50 52.8 59.2 54.8
(0.05mg/mL) 60.7 62.8 65.7 69.3 60.2 60.4
(0.1mg/mL) 94.8 91.6 89.3 91.6 88.8 87.1

Table 3: Effect of different treatments of NPs at 0.0125mg/mL concentration on growth %.

% inhibition mycelia growth
A. flavus A. niger C. albicans C. glabrata E. coli B. cereus

Control positive (miconazole) 32.7 — —
Control positive (amikacin 30) — — — — 30.6
Garlic extract 19.7 15.5 20 14 20 19
Ag-NP 26.2 31.4 25 30 32.9 29.8
Pd-NP 24.9 29.7 32.4 29.5 25 27.4
Ru-NP 28.7 26.4 21.5 26.3 28.5 29.3
(Ru/Ag/Pd)-NP 37.1 39.4 34.2 38.5 32.9 31.6
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4. Conclusion

(Ru/Ag/Pd)-NP was synthesized using a green method. 'e
nanocomposite was characterized with different physico-
chemical techniques and its antiproliferative activity, before

and after UV exposure, was studied against HepG2, Caco-2,
and K562 cancer cell lines. UV irradiation greatly improved
the antiproliferative efficacy of the nanocomposite against all
cancer cell types. In Caco-2 cells, (Ru/Ag/Pd)-NP caused cell
cycle arrest, apoptosis, and necrosis, all of which were

Table 4: Comparison between biological activity using similar NPs.

NPs Synthesis method Particles size
(nm) Bio application Average diameter inhibition zones (mm)

against microorganisms tested Reference

Ag Green method via garlic leaf
extract 20–70 Antimicrobial 11–24 [54]

Pd Green method via brown
alga, Padina boryana 11.16 Antimicrobial and

anticancer 18–23 [9]

Ru Green method via Gloriosa
superba extract 25–90 Antibacterial 2.67–6.67 [55]

Ag/Pd Chemical method via citrate
reduction 9.8 Antimicrobial 1.4–1.9 [21]

Ag/Ru@
GO

Chemical method via
sodium borohydride 10–15 Antibacterial 0.5–9 [56]

Au/Pt/
Ag Microwave 20–40 Antimicrobial 14–17 [57]

(Ru/Ag/
Pd)-NP

Green method via garlic leaf
extract 15.67 Antimicrobial 31.6–39.4 'e current

studyAnticancer High anticancer activity
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Figure 11: Effect of scale leaf of garlic (1), Ag-NP (2), Ru-NP (3), Pd-NPsp (4), and (Ru/Ag/Pd)-NP (5) on the growth of tested microbes,
amikacin 30 (a) and miconazole (b).
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enhanced by UV exposure.'e antimicrobial activity of each
single metal NP and the composite was determined against
different bacterial and fungal strains. 'e highest activity
appeared for the (Ru/Ag/Pd)-NP with a MIC value of
0.0125mg/mL.
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