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The present work reports the synthesis of zinc oxide nanoparticles (ZnO NPs) by applying an aqueous aerial extract of Ranunculus
multifidus plant. The thermogravimetric analysis revealed that the prepared ZnO NPs are stable from 480 to 800°C. The diffraction
study confirmed the hexagonal wurtzite structure for the synthesized ZnO NPs with the typical crystallite sizes of 47.92, 22.70, and
15.35nm the volume ratios (extract to precursor) of 1 : 1, 3 : 2, and 2 : 3, respectively. The experimentally deduced Eg values are 1.82,
3.1, and 2.57 eV for 1 : 1, 3 : 2, and 2 : 3 ZnO NPs, respectively. The spherical and rod-like morphologies were confirmed for the NPs
by the images taken using electronmicroscopy. The reducing agents in the aqueous extracts of R. multifidus converted the ionic zinc to
zinc nanoparticles, and these NPs exhibit credible antibacterial effects against tested bacterial species. The biosynthesized ZnO NPs
revealed significant antibacterial activity against Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus.
The order of the antibacterial potential of the NPs was found to follow the order: S. aureus (17.10Æ 0.45mm) > B. subtilis
(16.10Æ 0.15mm) > E. coli (14.5Æ 0.32mm) > P. aeruginosa (13Æ 0.0mm). The antioxidant activities of the produced ZnO NPs
in various ratios showed the potentiality of phytochemicals to scavenge the free radicals, which is encouraging for the discovery of
novel compounds for the treatment of cancer diseases.

1. Introduction

The novel method of plant-mediated synthesis of nanoparti-
cles (NPs) has numerous applications in medicine, pharmacy,
industry, and agriculture. Due to their toxicity, conventionally
produced NPs are only occasionally used in the therapeutic
setting. We are currently observing the growth and develop-
ment of a new interdisciplinary scientific discipline called
nanoscience [1–8]. There are many methods for the produc-
tion of nanoparticles, but green synthesis is one of the most
popular since it is safe for the environment, nontoxic, cheap,
and extremely pure. A chemical wet method was also used to
prepare nanomaterial, especially with ZnO–Ag and ZnO–Au
as nanocomposite materials by using the precipitate method

[9]. Noble metal and metal oxide nanoparticles including
silver, copper, gold, platinum, CuO, and Ag2O were produced
using many plant extracts by adopting the green methodol-
ogy. But among many metal oxide NPs, zinc oxide nanopar-
ticles (ZnO NPs) shine in the biological and pharmaceutical
industries.

In recent years, different industrial sectors, such as phar-
maceuticals, cosmetic, and concrete industries, have begun to
use zinc oxide as some key ceramic materials instead of the
microbiological, textile, and automotive industries. Due to
the worrisome rise in the incidence of bacterial infectious
illnesses and their resistance to most first-line antibiotic
agents, antibacterial therapy has proven challenging [10].
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In the twenty-first century, this poses a serious risk to human
health, necessitating urgently continuing research to find agents
with stronger antibacterial and broad-spectrum activities.

Therefore, finding novel drugs to treat disease and inflam-
mations without causing significant negative impacts on
patients was the current project on which all researchers
were engaged. In nanoscale formulations, ZnO NPs are now
being studied as potential allies of antioxidant and antibacte-
rial medicines. The ZnO NPs have anticancer properties and
are frequently used to treat a variety of skin problems [6].
Furthermore, ZnO NPs have been used as a recent preferable
tool in drug delivery and sensing horizons. Traditional med-
icines in a different country have a long history and aremostly
based on rich, though unstandardized, pharmacopeia made
primarily from plants that are used by patients at home for
self-administration as well as traditional healers [11]. Due to
its ethnomedicinal benefits that have been reported in various
locations by different herbalists and researchers, Ranunculus
multifidus, one of the traditional medicinal plants primarily
found in Africa, particularly Ethiopia, is taken into consider-
ation in this work [12]. The bio-diversified species of flowering
plant R. multifidus, often known as buttercup in South Africa,
belongs to the Ranunculaceae family. With the exception of
West Africa, Madagascar, and the Arabian Peninsula; it is
indigenous to Sub-Saharan Africa [12]. Anti-rheumatism,
intermittent fever, and rubefacient are the three traditional
uses of Ranunculus species [13]. In a similar situation, R.multi-
fidus was also traditionally used to cure several diseases. The
most widely adopted traditional uses includes treatment of TB
[14], infertility, blood cleansing [15], eye infection [16], shin-
gles and sores, malaria [17], and others. This traditional use of
the plant might emanate from its phytochemical components
such as flavonoids, saponins, alkaloids, glycosides, terpenoids,
anthocyanins, and quinones. Despite the plants having a wide
range of conventional applications, there are no reports of this
amazing herb being used to synthesize nanoscale materials.
The main objective of the current study was to explore or
search the application of R. multifidus plant aerial extract as
a capping and reducing agent for the synthesis of ZnO NPs
because it is a rich source of bioactive compounds and investi-
gate their antibacterial and antioxidant activity in light of the
significance of green nanoparticles and research gap toward the
plant mentioned. The plant extract transforms ionic zinc to
metal zinc oxide nanoparticles by acting as a reducing and
capping agent. Therefore, the antibacterial activity of synthe-
sized ZnO NPs was evaluated against Gram-negative and
Gram-positive bacterial strains namely, Escherichia coli, Pseu-
domonas aeruginosa, Staphylococcus aureus, and Bacillus sub-
tilis. In addition, the radical scavenging activities of synthesized
NPs were evaluated using the DPPHmethods. The result of the
present work revealed that the synthesized nanoparticles exhib-
ited significant antibacterial activities, especially on Gram-
positive pathogenic strains. The radical scavenging activities
of ZnO NPs are promising for the disease-associated ROS.
To the best of our knowledge, this research was the first and
novel work using this plant and gives a great clue for further
works, especially using nanohybrid materials to enhance the
potency of nanoparticles for different biomedical applications.

2. Materials and Methods

2.1. Plant Material Collection and Identification. The aerial
parts of the plant R. multifidus were picked from Bekoji,
Oromia region, Arsi zone. The authentication of the plant
was done at the National Herbarium of Ethiopia, Addis
Ababa University (voucher no. TY-001).

2.2. Preparation of Plant Extracts (Broth Solution). R. multifidus
fresh plant material was collected, completely cleaned with
distilled and tap water to get rid of the dust, and then dried
in the shade to get rid of any remaining moisture. The pow-
dered plant materials were sieved using 180m size sieves after
being pounded into powder. The sample’s aqueous extracts
were made by boiling 50 g of finely ground powder for
60min at 80°Cwith constant stirring. After filtering the extract
using Whatman no. 1 filter paper and allowing it to cool to
room temperature, the extract was kept in a refrigerator at 4°C
for future experimental usage [5].

2.3. Synthesis of ZnO NPs. Three different ratios R. multifidus
plant extract and precursor salts were used: 1 : 1, 3 : 2, and
2 : 3, 50mL, 60mL, 40mL of extract and 50mL, 40mL, and
60mL of 0.2M zinc acetate (Zn(O2CCH3)2(H2O)2), were
mixed with 50mL of 0.2M NaOH, respectively.

A yellow precipitate formed after the three solutions were
continuously for 2 hr at 800 rpm using a magnetic stirrer
[18]. The precipitate was periodically cleaned in ethanol
and distilled water to get rid of any impurities left behind,
and they were then oven dried at 100°C for an hour. Using a
blender, the produced dried light yellow color powder was
prepared for further characterization and applications. The
overall synthesis process was depicted in Figure 1.

2.4. Characterization of Biosynthesized ZnO NPs. A simultaneous
DTA-TGA (DTG-60H, Shimadzu Co., Japan) study was used
to examine the thermal stability and decomposition followed
by the weight loss of the prepared ZnO NPs measured at the
heating rate of 10°C/min. An ultraviolet–visible (UV–vis) spec-
trophotometer was utilized to identify the surface plasmon
resonance (SPR) peak. Using Fourier transform infrared spec-
troscopy, the potential phytochemicals causing the reduction of
metal salts into ZnO NPs were examined (FTIR). The external
morphology, surface features, and elemental compositions of
ZnO NPs were analyzed using -microscopic methods com-
bined with energy-dispersive X-ray analysis (SEM-EDX).

2.5. Antibacterial Investigation of Synthesized ZnO NPs. The
antibacterial activity of biosynthesized ZnO NPs was per-
formed using the agar disc diffusion method against human
infectious, B. subtilis, E. coli, P. aeruginosa, and S. aureus, bac-
terial strains which were American Type Culture Collection
(ATCC). In nutrient broth, cultures of the test organism were
grown to the late logarithmic phase. Aliquots of 100μL from
the cultures were spread on solidified nutrient agar plates. The
plates were coated with the 100μL solution of 50, 75, and
100μg/mL concentration of ZnO NPs solution impregnated
disc (6mm). The plates were then placed upside down in the
incubator at 37°C for 24hr. To ensure that bacterial cells and
agar were mixed equally, the plates were gently shaken. After
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the incubation period got over, different levels of zonation
formed around the disc were measured using a caliper. This
procedure was done for all ratios of biosynthesized ZnO NPs
against standard bacterial strains.

2.6. DPPH Radical Scavenging Assay. DPPH radical scaveng-
ing assay was conducted according to the previously described
standards with little modification, the DPPH test was used to
evaluate the free radical scavenging activity (RSA) of the plant
extract and synthesized ZnO NPs of various ratios (1 : 1,
2 : 3, and 3 : 2) salt to plant aqueous aerial extract [19]. The
1,1-diphenyl-2-picryl hydrazyl (DPPH), a persistent free rad-
ical, can decolorize in the presence of antioxidants, which is
the basis for the DPPH antioxidant assay. The odd electron in
the DPPH radicals is what causes the absorbance at 517 nm as
well as the apparent to deep purple color. A decrease in the
absorbance of the reaction mixture indicates significant free
radical scavenging activity of the extract or synthesized NPs.
The data were compared with those obtained with the refer-
ence ascorbic acid. In the process, the synthesized ZnONPs of
different ratios (1 : 1, 2 : 3 and 3 : 2) salt to plant extract ration
were dissolved in methanol to afford 1mg/mL. It was serially
diluted in methanol to yield a 500, 250, 125, and 62.5 μg/mL
concentration. Four milliliters of DPPH (0.004% DPPH in
MeOH) was added to 1mL of each concentration to make
100, 50, 25, and 12 μg/mL. Then all the samples prepared were
incubated in an oven at 37°C for 30min and then absorbance
was recorded at 517 nm using a UV–vis spectrophotometer.
A reaction solution without DPPH was used as blank and
DPPH solution as a control. Ascorbic acid was used as

standard. The percentage inhibition was calculated using
the Equation (1):

Inhibition  %ð Þ ¼ A control − A test
A control

×100: ð1Þ

The IC50, or the concentration of the test substance
needed to cause a 50% reduction in absorbance from that
of the control solution, is another way to express the sample’s
ability to scavenge DPPH radicals [20]. The concentration vs.
RSA% graph was produced using Excel, and the IC50 values
were calculated from it and interpreted as the smallest IC50

values mean the strongest radical scavenging concentration
of extracts.

3. Results and Discussion

3.1. Synthesis ZNO NPs. Using R. multifidus and zinc acetate
dihydrate salt as a precursor, ZnO NPs were synthesized. The
aerial extract from R. multifidus was used as a reducing and
capping agent. The presence of flavonoids, phenolic com-
pounds, tannins, saponins, anthraquinone glycosides, reduc-
ing sugars, phytosterols, steroids, terpenoids, and glycosides
in the plant extracts revealed the phytochemical screening of
the extracts. The information on the phytochemicals in the
extract is provided in Table 1. The three main processes that
go into making NPs, metal ion reduction, cluster formation,
and nanoparticle development, are thought to be extremely
important. The tautomeric conversion of polyphenols from

Drying and
grinding

Heat for 60 min
at 80°C

Filtered and
packed 

Synthesis

CentrifugeDrying in
oven

Calcinated at
480°C

Extraction

100°C for 1 hrZnO NPs Synthesized

R. multifdus Powder

FIGURE 1: A schematic of the synthesis of ZnO NPs using Ranunculus multifidus plant extract.
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their enol form to their keto form can be expected to reduce
the zinc ions to zinc NPs.

Additionally, the enzymes in the aerial extract of the
plant assist the metal ions to create an enzyme–substrate
complex, which results in the production of zinc with a
protein cap [21], and it is known that the phenolic chemicals
serve as ligands, bind to metal ions, decrease, and cap those
ions to create nanoparticles. A prior study had also claimed
that these ligands also function as regulators of particle size
[21, 22]. The great propensity of phenolic compounds to
chelate metals is the main cause of their antioxidant function.
The hydroxyl and carboxylic groups found in phenolic com-
pounds have a very high propensity to attract metal ions. In
solution, the phenolic chemicals interact with metal ions,
assisting in the nucleation and production of ZnO NPs.

3.2. Characterization of Synthesized ZnO NPs. The synthe-
sized ZnO NPs were characterized by using the TGA and its
derivative (DTA), UV–vis-DRS, FT-IR, XRD, and SEM
techniques.

3.2.1. Thermogravimetric Analysis (TGA) and Its Derivative
(DTA). The sample’s mass loss is shown by the TGA curve,
while the process’s energy gain or loss is shown by the DTA
curve [5]. Figure 2 depicts the thermal analysis plots of the
uncalcined ZnO NPs (1 : 1).

The three primary steps were observed from the ZnO
NPs TGA curves; 6.89% of the water molecules in the first
curve, in the temperature range from 20 to 250°C, reveal the
dehydration of adsorbed water. In the second breakdown
loss, which occurs as the temperature rises from 240 to
480°C, 10.75% of Zn (OH)2 transforms into ZnO NPs. The
remaining decomposition losses from 480 to 800°C are not
displayed in the third stage. According to the evidence of
breakdown losses, residual surfactants, or steady heat follow,
ZnO NPs were found to be thermally stable from 480 to
800°C. The outcome of this investigation was consistent
with earlier published research [23]. As a result, for all other
manufactured ZnO NPs throughout this experiment, calci-
nation temperatures of up to 480°C were used.

3.2.2. XRD Analysis. X-ray diffraction technique was utilized
to explore the structure and crystallite size of the synthesized
ZnO NPs. Figure 3 displays the diffraction pattern of ZnO
NPs made from zinc acetate precursor and R. multifidus
plant aerial extract in three different volume ratios, such as
(1 : 1), (2 : 3), and (3 : 2). The lattice planes (100), (002), (101),
(102), (110), (103), and (112) are successively represented by
the 2θ values, 32.01°, 34.50°, 36.25°, 47.71°, 56.71°, and
68.00° in the XRD analysis of ZnO NPs. All the diffraction
peaks recorded for the NPs were discovered to be in compli-
ance with the literature report [5, 23]. The findings support
the synthesis of pure ZnO NPs without the creation of any
secondary phase and are in good accord with Miller index
values and the hexagonal wurtzite structure of ZnO (JCPDS
card no. 036-145). The evaluation using Scherer’s formula
(Equation (2)) revealed the typical crystallite size of 47.92,

TABLE 1: The result of the phytochemical screening of the aerial
extract of the R. multifidus plant.

No. Phytochemicals Test types/reagent Result

1 Flavonoids Shinoda Test +
2 Saponins Foam test +
3 Phenol Ferric chloride test +
4 Cardiac glycosides Keller–Killiani Test +
5 Terpenoids Salkowski Test +
6 Reducing sugars Fehling’s test –

7 Phytosterols Salkowski Test +
8 Tannins Alkaline test –

9 Anthraquinone glycosides Borntrager’s Test +
10 Steroids – +
11 Alkaloids Wagner’s test –

NB: + indicates the presence and – indicates the absence.
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FIGURE 2: Thermal analysis plots of ZnO NPs obtained using the
aerial extract of Ranunculus multifidus plant.
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22.70, and 15.35 nm for ZnO NPs prepared in the volume
ratios of (1 : 1), (3 : 2), and (2 : 3), respectively.

D ¼ K
B cos θ

; ð2Þ

where D is the crystallite size, K is 0.9 diffraction constant
(shape factor), λ is 1.54 (X-ray source wavelength), β is the
full width at half maximum intensity (FWHM) in radians,
and θ is the angle of diffraction.

Table 2 displays the estimated and measured XRD
parameters for crystallite size. The calculated and measured
crystallite size XRD characteristics are shown in Table 2. The
results revealed that the ratio of the plant extract grew from
1 : 1 (47.92 nm) to 3 : 2 (22.7 nm) and to 2 : 3 (15.35 nm)
volume ratios, the average crystal size of ZnO NPs were
found to increase. Since a greater amount of the plant extract
was used during the synthesis process, it results in effective
capping and stabilization of the synthesized nanoparticles
and hinders the process of aggregation. This precisely
matches the previously stated method of the production of
ZnO NPs [24].

3.2.3. SEM Analysis. SEM was used to examine the surface
morphological characteristics of the ZnO NPs. The micro-
graphs are presented in Figure 4(a)–4(c). Figure 4(a) displays
a micrograph of ZnO NPs produced using a 1 : 1 volume ratio
of plant aerial extract and zinc acetate salt. ZnO NPs with a
1 : 1 volume ratio appeared as a honeycomb-like structure in
the SEM picture. The increase of the nanoparticles’ size and the
accumulation of zinc acetate and plant extract on their surface
are what caused it to occur. Due to the increased concentration
of zinc ions followed by aggregation on the surface for ZnO
NPs in 3 : 2 volume ratios resulted in a road-like form and the
ZnO NPs with 2 : 3 volume ratio, exhibited a spherical form
[25]. According to the current work and earlier literature
findings, the ability of the extract to serve as a cap during
the nucleation, aggregation, and formation of NPs was what
caused the reduction in size upon increasing plant extract
concentration [25].

3.2.4. Fourier Transform Infrared (FTIR) Analysis. Figure 5
shows the FTIR spectra of ZnO NPs and aerial extract of
R. multifidus plant. Biomolecules were found in the extract
and NPs by FTIR spectral analysis. The major peaks that were

TABLE 2: The parameters obtained from the diffraction studies for the ZnO NPs synthesized using 1 : 1, 3 : 2, and 2 : 3 rations of the salt to
extract.

Ratios of ZnO NPs 2θ (degree) FWHM (θ) FWHM (3.14/180) hkl D Dav (nm)

1 : 1
33.3608 0.17470 0.003049 100 49.5813

47.9235.8293 0.18160 0.00317 102 48.01849
54.2561 0.20190 0.003524 101 46.1763

3 : 2
36.8235 0.48210 0.008424 100 18.1394

22.7015.9989 0.27670 0.004929 102 30.2815
65.1727 0.50000 0.008727 101 19.6951

2 : 3
36.8697 0.58190 0.010156 100 15.0304

15.3565.2310 0.63670 0.011113 102 15.4716
59.3379 0.61330 0.010704 101 15.57032

ðaÞ ðbÞ ðcÞ
FIGURE 4: SEM images of (a) 1 : 1 ZnO, (b) 3 : 2 ZnO, and (c) 2 : 3 ZnO NPs.
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detected at 3,421 and 2,943 cm−1 represent, sp3 C–H stretch-
ing vibrations and the OH stretching vibration of carboxylic
acid, respectively. The vibration of the CN moiety from the
protein molecule of the extract is responsible for the peak at
2,151 cm−1. The peak at 1,621 cm−1 is related to carbonyl
groups that have undergone C=O stretching and may be
acidic carbonyl groups. Sharp peaks around 1,329 cm−1 indi-
cate the existence of the carboxylic acid COO– group. Addi-
tionally, it was demonstrated that the amine and carboxylate
groups in the R. multifidus aerial extract were in charge of
adhering to the surface of ZnO and stabilizing the biosynthe-
sized ZnO NPs as well as fitting the prior literature study
[21]. Around 1,044 cm−1, the C–O–C stretching becomes
visible. The peak at around 552 cm−1 can be attributed to

the stretching vibration of the Zn–O bond. The bending
vibrations of Zn–O–H bonds resulted in a tiny peak at
683 cm−1.

3.2.5. UV–Vis–DRS Spectral Analysis. Diffuse reflectance
spectroscopy (DRS) was used to assess the optical energy
band gap (Eg) values of the synthesized ZnO NPs in volume
ratios (1 : 1, 2 : 3, and 3 : 2) as shown in Figure 6. The sam-
ple’s reflectance spectrum was found to be highly reflective
between 447 and 456 nm in the UV spectrum, attaining a
practically constant value thereafter, and the results were
consistent with the report [26, 27]. The Kubelka–Munk for-
mula (Equation (3)) was applied to convert the measured
reflectance to absorbance.
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F Rð Þhv ¼ A hv − Eg
� �

n
; ð3Þ

where A is the transition probability, hν is photon energy and
the exponent factor, n is the nature of the optical transition
(n can take up the values ½ or 2).

The bandgap energies (Eg) of synthesized ZnO NPs with
the volume ratios of (1 : 1), (2 : 3), and (3 : 2) were 1.82, 3.1,
and 2.57 eV, respectively, and were calculated based on
Equation (3); the fraction of reflectance (F), the photon
energy (hν), and direct bandgap energies (Eg). ZnO (2 : 3)
NPs have a higher Eg value than the other two volume ratios.
On the other hand, the 2 : 3 ratio’s average crystallite size
from XRD shows that it is smaller than the other counterpart.
As the concentration of the extract increases, the increased
concentration of the phytochemicals stabilizes small particles
by effectively capping them. This intern accounts for the
decreased aggregation effect. If the particle size is very small,
light interacts with the samples instead of being absorbed by
it, with some of the light being reflected and scattered. This
intern demonstrates the prior report’s finding that the band
gap energy of greenly produced ZnO NPs has an inverse
relationship with the average crystalline size [27].

3.3. Antibacterial Activity. S. aureus, B. subtilis, E. coli, and
P. aeruginosawere all tested pathogens, and the ZnONPs have

exhibited a wide spectrum of antibacterial activity against all of
them. This study evaluated how biomolecules and ZnO NPs
worked together to combat four pathogenic diseases. Three
concentrations of Co-clotrimazole, DMSO, and ZnO NPs
(50, 75, and 100μg/mL) were used to determine the zone
of inhibition. The structural differences in bacteria cell walls
are assumed to be the reason why ZnO NPs were discovered
to have superior antibacterial action against Gram-positive
bacteria than Gram-negative bacteria [5, 21]. The outer lipo-
polysaccharide membrane of Gram-negative bacteria, which
renders the cell wall resistant to antibacterial chemical sub-
stances, is the source of these variances in morphological
constitutions between these micro-organisms. Gram-positive
bacteria, on the other hand, are more prone to permeability
barriers since they only have an exterior peptidoglycan layer.
Due to their more intricate cell walls than Gram-positive
bacteria, Gram-negative bacteria are less susceptible to anti-
bacterial medications and act as a diffusion barrier. The
presence of bioactive chemicals that functions as capping
and stabilizing agents on the surface of NPs can be partially
blamed for the antibacterial activities of NPs. The ZnO NPs
exhibited excellent antibacterial activity against both Gram-
positive (S. aureus and B. subtilus) and Gram-negative
(E. coli and P. aeruginosa) bacterial strains, as shown in Figure 7
(Table 3). When we compared the inhibition zone for each

E. coli P. aeruginosa

S. aureusB. subtilis

FIGURE 7: Inhibition zone of bacterial strain using disc diffusion methods using 2 : 3 ratio of ZnO NPs sample.
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ratio of biosynthesized NPs, the maximum inhibition was seen
for (2 : 3) ZnO NPs for each strain. This could be a result of the
synergistic effects of phytochemicals included in plant extracts
as well as the propensity of functional groups like phenolics and
amines to interact with metal surfaces and disturb membrane
integrity. At a sample concentration of 100 μg/mL, the inhibi-
tion zone for each strain is displayed in descending order for
this maximum ratio; S. aureus (17.10Æ 0.45mm), B. subtilus
(16.10Æ 0.15mm), E. coli (14.5Æ 0.32mm), P. aeruginosa
(13Æ 0.0mm); the NPs with a 1 : 1 ratio showed lesser inhibi-
tion [24]. The alternative explanation could be that Zn antimi-
crobial activities are owing to its toxicity, which was noted in
this experimental study and other similar works that have pre-
viously reported on the antimicrobial properties of this metal-
based NPs [24, 28].

The inhibition zone of each strain was concentration-
dependent, which is explained by the linear association
between NPs concentration and the inhibitory effect, accord-
ing to the table of antibacterial activity results. Scientists have
proposed a few potential bactericidal pathways in response
to ZnO NPs’ interactions with bacteria. Some researchers
asserted that because smaller NPs have more surface reactiv-
ity, the released Zn2+ ions can penetrate them more deeply.
One of the most popular theories for an antibacterial mech-
anism involves the release of Zn2+ from ZnO NPs, which is
known to block several bacterial cell functions, including
active transport, bacterial metabolism, and enzyme activity.
Because of the toxicity properties of Zn2+, this ultimately
causes bacteria to perish [28–32].

Some other researchers made the hypothesis that the
production of reactive oxygen species (ROS), which results
in oxidative stress and, ultimately, cell damage or death, is
what triggers antibacterial action. ZnO NPs frequently use
the generation of ROS as an antibacterial strategy [5, 24]. The
attachment of NPs to the bacterial cell membrane by elec-
trostatic forces is another potential mechanism for the anti-
bacterial activity of ZnO NPs. This interaction could harm
the bacterial cell’s integrity and alter the membrane plasma
structure, allowing internal contents to seep out and ulti-
mately leading to cell death [8, 21].

3.4. DPPH Radical Scavenging Assay. The synthesized ZnO
NPs demonstrated the presence of antioxidant capabilities in
an in vitro antioxidant experiment. The relationship between
different volume ratios of synthetic ZnO NPs produced from
aerial extracts and their capacity to scavenge DPPH radicals
was proven (Table 4). All the antioxidant models showed a
percentage of inhibitions, indicating that the produced ZnO
NPs were effective at scavenging free radicals up to the spe-
cific concentration (Figure 8). According to the results in
Table 4, the synthesized NPs have a negligible antioxidant
effect in comparison to the reference standard.

P3M2 had the highest level of radical inhibition values of
83.67% at maximum concentration (100 μg/mL), which was
comparable to L-ascorbic acid at this concentration when
comparing the radical scavenging capability of various ratios.
The P2M3 test yielded results that were second-most prom-
ising, with antiradical inhibition effects (100 μg/mL) of

TABLE 3: Zone of inhibition (mm) of ZnO nanoparticles against Gram positive and Gram-negative bacterial strains.

Ratios Conc. (µg/mL)
Bacteria species and zone of inhibitions in mm

E. coli ATCC 25922 S. aureus ATCC25923 P. aeruginosa ATCC27853 B. subtilis ATCC6633

1 : 1 ZnO
a 50 6Æ 1.12 7.5Æ 0.56 5.5Æ 0.32 8.24Æ 0.30
b 75 7.8Æ 0.76 9.8Æ 0.48 6.32Æ 0.25 9.5Æ 0.73
c 100 10.7Æ 0.45 13.85Æ 0.44 9.3Æ 0.78 12.9Æ 0.18

2 : 3 ZnO
a 50 10Æ 0.67 12.7Æ 0.25 9.2Æ 0.36 12Æ 0.54
b 75 12.8Æ 0.40 14.9Æ 0.65 11.7Æ 0.65 14Æ 0.50
c 100 14.5Æ 0.32 17.10Æ 0.45 13Æ 0.0 16.10Æ 0.15

3 : 2 ZnO
a 50 8Æ 0.00 10Æ 0.52 8.2Æ 0.41 9Æ 0.74
b 75 11Æ 0.50 11.5Æ 0.32 9.0Æ 0.55 11.34Æ 0.5
c 100 13.72.10Æ 0.24 14Æ 0.65 12.45Æ 0.82 14.53Æ 0.32

Standard Co-clotrimazole 22.5Æ 0.27 25Æ 0.55 22Æ 0.42 24Æ 0.15

TABLE 4: % radical scavenging activity of the ZnO NPs.

Conc. (µg/mL)
Absorbance of sample DPPH (%) inhibition

P1M1 P2M3 P3M2 AA P1M1 P2M3 P3M2 AA

12.5 0.47 0.36 0.25 0.02 48.85 60.82 72.80 98.44
25 0.42 0.31 0.21 0.01 54.23 66.26 77.14 98.5
50 0.38 0.28 0.18 0.013 58.64 69.53 80.41 98.54
100 0.32 0.25 0.15 0.012 65.18 72.79 83.67 98.59
Control 0.9188

P, plants extracts, M, metal ions; AA, ascorbic acid; the number stands for volume of ratios.
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72.79% compared with L-ascorbic acid, which inhibited at a
rate of 98.59% at the same concentration (Table 4). Overall,
the results demonstrate that the synthetic zinc oxide nano-
particles generated from R. multifidus aerial extracts offer a
useful lead for future research into the development of anti-
oxidant drugs to treat various cardiovascular diseases using
more sophisticated instrumentation and cutting-edge tech-
nology. To compare the present result with previously
reported work, zinc oxide-silver (ZnO–Ag) and zinc oxide-
gold (ZnO–Au) nanocomposites were prepared through wet
chemical process and laced into single-walled carbon nano-
tubes (SWCNTs) to yield ZnO–Ag-SWCNTs and ZnO–Au-
SWCNTs hybrids, which shows significant phagocytic and
bactericidal activities against the Gram-negative bacteria
E. coli and Gram-positive S. aureuswhich support the current
antibacterial effect of ZnO NPs using plant extracts [33].

4. Conclusion

Synthesis of ZnO NPs from aqueous extracts of aerial parts of
R. multifidus using green methods was confirmed by the for-
mation of yellow precipitates. The synthesized NPs were
characterized by using XRD, SEM, TGA-DTA, FTIR, and
UV-DRS, and the result is consistent with previously reported
articles for ZnONPs. FTIR result shows the nitro compounds
and aromatic amines as reducing and capping agents, while
analysis of produced ZnO nanoparticles revealed a UV–vis
absorption peak at 442 nm. XRD examination demonstrated
that every diffraction peak matched the hexagonal wurtzite
structure of ZnO NPs. ZnO NPs’ spherical shape was con-
firmed by image taken using scanning electron microscopy.
The synthesized ZnO NPs revealed a significant antibacterial
activity against E. coli, P. aeruginosa, S. aureus, and B. subtilis
relatively in all ratios. The significant phagocytic and bacteri-
cidal activities observed against the Gram-negative bacteria
E. coli and Gram-positive S. aureus support the current

antibacterial effect of ZnO NPs. The antiradical activities of
produced ZnO NPs in various ratios show that plant material
has the ability to scavenge free radicals. Generally, the present
work indicates that there is a promising antibacterial and
antioxidant nanoscale pharmaceutical product from R. multi-
fidus aqueous aerial extracts using zinc metal and we strongly
recommend testing more antifungal and anticancer activities
of synthesized ZnO NPs in the future.
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The aim of this study was to assess the radiosensitivity of bismuth sulfide nanoparticles conjugated with a synthetic agonist analog
of gonadotropin-releasing hormones in targeted radiotherapy for breast cancer. After synthesis and characterization of nanopar-
ticles, cytotoxicity of nanoparticles was measured by MTT assay, and the survival fraction was determined by colony formation
assay. Finally, flow cytometry was performed to identify the mechanism of radiosensitization. Characterization results determined
the spherical shape of Bi2S3@BSA with an average size of 8.649Æ 1.6 nm, and Fourier transform infrared confirmed the successful
binding of triptorelin to the surface of the nanoparticles. MTT test results show that the Bi2S3@BSA–triptorelin did not cause any
toxicity (P<0:05) even up to 75 μg/ml. At all doses of ionizing radiation, colony formation assays showed that the nontoxic
concentration of Bi2S3@BSA–triptorelin significantly increased cell death in MCF-7 cells compared to Bi2S3@BSA (P<0:05).
The apoptosis test also confirmed colony formation assay results at all doses and introduced apoptosis as a mechanism of
radiosensitivity produced by nanoparticles. Certainly, targeted bismuth sulfide nanoparticles can be a good candidate for increasing
radiosensitivity against tumor cells.

1. Introduction

Cancer is one of the leading causes of death in humans.
Therefore, cancer treatment is currently a major challenge
[1]. Common cancer treatments include surgery, radiation
therapy (RT), chemotherapy, hormonal therapy, or combi-
nation therapy [2]. RT is commonly used to treat over 50% of
cancer patients [3] and 80%–90% of breast cancer patients
[4]. Although RT has significant advantages, it is a nonselec-
tive technic because radiation cannot distinguish between
normal and cancer cells; therefore, the beam must be con-
fined to the target volume [5]. To overcome this disadvan-
tage, different strategies, such as tomotherapy, image-guided
radiotherapy, and intensity-modulated radiotherapy, can be
used to deliver the maximum dose to tumor tissue while
protecting surrounding normal tissue [4, 6]. However, the

equipment-based solution to increase the quality of RT may
be limited because a more accurate irradiation volume can
lead to excluding significant undetectable cancer cells [7].
Improves tumor response to radiation is another mechanism
for enhancement of the radiotherapy ratio [8]. It is possible
with a different mechanism, such as using radiosensitizer
compounds [9] and molecular regulators of mRNAs (miRNA)
[10]. As a definition, when used in combination with radiation,
radiosensitizer compounds enhance the death of cancer cells
while having a minimal effect on healthy tissue [11]. In recent
years, advances in tumor therapy have been attained through
methods such as enhanced cellular internalization (using nano-
particles less than 500nm in diameter) [12]. Strategies based on
nanomaterial-mediated tumor radiosensitization are mainly
adopted to improve the energy deposition of ionizing radiation
in the irradiated volume. This can accelerate the production of
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reactive oxygen species to make cancer cells more sensitive to
radiation [13]. Since metal nanoparticles, such as gold, plati-
num, and bismuth, showed radio-enhancing specifications
[14]. Nanoparticles’ internalization into tumor tissue could ele-
vate localized energy deposition through free electrons and
radical species. As a result, a similar degree of tumor destruc-
tion is achieved with lower radiation doses [15]. Among the
high atomic number nanoparticles, bismuth (the heaviest stable
nonradioactive element) is a better candidate as a radiosensiti-
zer which improves the quality of RT compared to other nano-
particles [14] since, as one of the heaviest metal atoms, it has
shown low toxicity, has a high electron density and is appro-
priate to absorb ionizing X-ray [16]. Another important advan-
tage is that it is (until 2016) ∼2,000 times less expensive than
gold per mole [17]. In comparison to other nanoparticles (like
gold), bismuth nanoparticles can better act as radiosensitizers
to elevate the radiation dose delivered to tumors. This is
because the number of photoelectric interactions is more
[18]. Conventional drug-based radiosensitizers that do not
have an efficient targeting function are most effective at the
tumor site, but radiosensitivity heavily depends on the accurate
localization of the radiosensitizers to cancer cells [19]. Paul
Ehrlich introduced the concept of targeted drugs. This hypoth-
esis states that tumors have specific antigens and that some
factors, such as antibodies, can enhance drug delivery to tumor
sites and kill them [20]. Biomolecules that bind to the surface of
nanoparticles can interact with their receptors on the cell’s
plasma membrane. This phenomenon can be used to engineer
the surface of nanoparticles with specific functional ligands
(such as antibodies, proteins, or peptides) to target-specific
receptors on the cell surface for medical purposes [21, 22].
Peptides are inexpensive, have higher activity per mass com-
pared to antibodies, are more stable at room temperature, are
more tissue-penetrating (to tumors or organs), and induce
immune responses to antibodies [23, 24]. Peptide-conjugated

metal nanoparticles have been shown to selectively attack
tumor cells without affecting normal tissues [25]. Triptorelin
(pGlu-His-Trp-Ser-Tyr-DTrp-Leu-Arg-Pro-Gly-NH2) is a spe-
cies of LHRH (luteinizing hormone-releasing hormone) recep-
tor agonist whose action mechanism and affinity for binding
to LHRH or GnRH (gonadotropin-releasing hormone) recep-
tors is similar to natural LHRH [26]. Moreover, direct anti-
proliferative effects of the triptorelin in breast cancer cells that
express GnRH receptors (such as MCF-7) have been demon-
strated [27]. An ideal radiosensitizer should enhance the effi-
cacy of RT by inducing radiosensitivity, good tumor-targeting
ability, and low toxicity [19]. Herein, efforts were made to
develop a novel targeted-radiosensitizer by targeting the
GnRH receptors on the surface of MCF-7 cells (studies
showed that the expression of these receptors and specific
binding sites for LHRH analog in the membrane of MCF-7
cells had been determined) [27, 28] in order to enhance the
quality and minimize the side effects of RT. In this study, we
investigated the cytotoxicity, radiosensitization effects, and
mechanism of radiosensitivity of targeted Bi2S3@BSA NPs
with Triptorelin after treatment with a 6MV photon beam
in MCF-7 cell line (Figure 1).

2. Materials and Methods

2.1. Synthesis of Bi2S3@BSA NPs Conjugated with Triptorelin.
Aqueous bismuth nitrate of 2.8ml in 3M HNO3 solution at
a concentration of 25mM and a temperature of 25°C was
introduced dropwise into 40ml BSA solutions at a concen-
tration of 66mg/ml and a temperature of 25°C under vigor-
ous stirring in less than 2min. After 2min, 6ml NaOH
solution (5M) was added at a single instance, and the color
of the solution began to change from pale yellow to light
brown and then to dark black in 10min. All synthesis steps
were performed at room temperature. After 12 hr aging,
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the resulting compound was centrifuged at 12,000 rpm for
15min. Finally, in order to purify synthesized nanoparticles,
they were dialyzed for 48 hr against Milli-Q water to elimi-
nate any possible debris. To conjugate Bi2S3@BSA with trip-
torelin, 1ml of the synthesized nanoparticles was placed on a
magnetic stirrer (6.5 pH), then 0.5mg of triptorelin peptide
was added. Finally, 0.15mg of EDC (carbodiimide hydro-
chloride) and 0.09mg of NHS (N-hydroxysulfosuccinimide)
were added. The resulting mixture was stirred at room tem-
perature for 2 hr. Finally, the resulting compounds were dia-
lyzed for 24 hr in a refrigerator.

2.2. Characterization of NPs. A transmission electron micro-
scope (Philips (CM120)) was used to determine the size and
morphology of the Bi2S3@BSA NPs. X-ray diffraction is a
fundamental and important characterization technique that
is used to analysis of all materials. To confirm the Micro-
structure of NPs (GNR EXPLORER) with Cu-Kα radiation
(k= 1.542 A) with the Bragg angle ranging from 10° to 80°,
X-ray diffraction was used.

The zeta potential of NPs was measured using a nano/
zeta sizer (HORIBA SZ100) with 25 scans in each spectrum,
and the size of NPs was assessed by dynamic light scattering
(HORIBA SZ100) in an aqueous solution. In addition, to
measure nanoparticle stability in the cellular environment,
Bi2S3@BSA–triptorelin NPs were suspended in the RPMI
1640 + 10% FBS and incubated for 24 hr at 37°C. Then the
behavior of the Bi2S3@BSA–triptorelin NPs was measured
by dynamic light scattering. Fourier transform infrared (FT-
IR) spectroscopy was performed to determine the chemical
structure of samples (Thermo Nicolet (AVATAR 370 FT-
IR (USA))).

2.3. Cell Culture. Human breast adenocarcinoma (MCF-7)
cell lines, obtained from the Pasteur Institute of Iran, were
used in the in vitro study. MCF-7 cell lines were cultured in
RPMI 1640 (Roswell Park Memorial Institute) supplemented
with 10% fetal bovine serum (FBS) (Gibco, USA) and 1%
penicillin-streptomycin (Gibco, USA). Subculturing of the
MCF-7 cell lines was performed by detaching the adherent
cells using 0.025% trypsin-EDTA (Gibco, USA). In order to
wash the flask and remove the debris and floated dead cells,
plates, and flasks were washed with phosphate-buffered
saline (PBS) (Gibco, USA). Cells were incubated at 37°C
with humidified 5% CO2. In this study, before performing
all the experiments, cells were carefully observed under a
microscope. Also, all experiments were performed in the
cell logarithmic growth stage.

2.4. Cytotoxicity Tests. Cytotoxicity test was performed by
MTT (2,5-diphenyl-2H-tetrazolium bromide) assay as fol-
lows: an optimal number of MCF-7 cells were seeded in two
96-well plates (density of 104 per well [29]) and incubated in a
RPMI 1640 supplemented with 10% FBS and 1% penicillin-
streptomycin at 37°C and 5% CO2 atmosphere 24 hr before
treatment to allow attachment. The next step was to remove
the culture medium and wash the plates with PBS. Then, the
cells were incubated with 200 μl culture medium (5% FBS) per

well containing Bi2S3@BSA, Bi2S3@BSA–triptorelin NPs at a
series of concentrations (0 (control) 5, 10, 15, 25, 50, 75, 100,
150, and 200 µg/ml) for 24 hr. After that, the cells were washed
twice with PBS, then were incubated with 90 µl of the fresh
culture medium and 10 µl (5mg/ml) of MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) for
4 hr. Finally, MTT formazan crystals were dissolved in the
medium by adding 200μl dimethyl sulfoxide (DMSO). After
that, the plate was placed on the orbital shaker for 20min. The
optical density (OD) was measured at 570 nm using a multi-
wall spectrophotometer (ELISA reader (Stat Fax 3200, Aware-
ness Technology, USA)). The viability (%) of cells in different
groups was calculated according to the following formula:

Viability = (mean OD570 nm of the treated group/mean
OD570 nm of the control group)× 100%.

2.5. Irradiation. The cells were irradiated with megavoltage
X-ray (6MV) using Elekta Compact linear accelerator
(Emam Reza Hospital, Mashhad, Iran) at a dose rate of
3 Gy/min with a field size of 20× 20 cm2. In this study,
we used five plexiglass (water equivalent) sheets with 1.5 cm
thickness placed under the bottom of the plate to sufficiently
production of backscatter.

2.6. Colony Formation Assay. The radiosensitivity caused by
the presence of nanoparticles was assessed in MCF-7 cells by
colony formation assay test. The colony-forming assay is the
gold standard for measuring radiosensitivity. An appropriate
number of MCF-7 cells (400, 1,000, 1,200, 1,400 for irradia-
tion doses of 0, 2, 4, and 6Gy, respectively) were seeded in 6-
well plates and incubated in RPMI 1640 medium containing
10% FBS and 1% penicillin-streptomycin at 37°C in 5% CO2

atmosphere 24 hr before treatment to allow attachment.
Plates were divided into three groups: in the first group
(without nanoparticles) medium was replaced with 3ml of
fresh medium. Second, the culture medium was replaced
with fresh media containing Bi2S3@BSA at a concentration
of 75 μg/ml. In the third group, the culture medium was
replaced with the fresh media at a concentration of 75 μg/
ml of Bi2S3@BSA-triptorelin, then incubated for 24 hr. Next,
the medium inside each well of all plates was removed. The
cells were washed twice with PBS, and 3 cc fresh culture
medium (10% FBS) was added into each well. Then, the cells
were exposed to radiation doses of 0, 2, 4, 6 Gy irradiated
with 6MV photon beams (Elekta Compact linear accelera-
tor). Immediately after irradiation, the cells were incubated
(10% FBS and 1% penicillin−streptomycin at 37°C in 5%
CO2) for ten days to allow colony formation. During this
time, the medium was added to the plates as needed.

The colonies were fixed with methanol and acetic acid
(3 : 1). Performed Giemsa staining after 24 hr. The colonies
exceeding 50 cells were counted. The survival fraction (SF)
was calculated using the following formula:

SF ¼ Number of  colonies counted
Number of  cells cultured × PE=100

; ð1Þ

Journal of Nanomaterials 3



where

PE  plate ef f iciencyð Þ ¼ Number of  colonies counted
Number of  cells cultured without any treatment

× 100: ð2Þ

The data fitted to the linear-quadratic model with the
equation of SF = exp (−αD−βD2) and the survival curve
were estimated using GraphPad Prism2018 software. In addi-
tion, α and β parameters of the survival curve were calculated
with GraphPad Prism2018 software.

2.7. Apoptosis by Annexin-V FITC Assay. The two major
mechanisms of cell death are apoptosis and necrosis. To
determine the rate of apoptosis and quantify the number
of apoptotic cells, flow cytometry (annexin V) was used.
MCF-7 cells were cultured in 6-well plates at a density of
5,00,000 cells per well. Then were incubated (24 hr) in an
RPMI 1640 medium containing 10% FBS and 1% penicillin−
streptomycin at 37°C in a 5% CO2 atmosphere. Briefly,
the cells were treated with free nanoparticles, Bi2S3@BSA
(75μg/ml), and Bi2S3@BSA–triptorelin (75 μg/ml) for 24 hr.
The culture medium of all wells of plates was removed. The
cells were washed twice with PBS, and 3 cc fresh culture
medium (10% FBS) was added to each well. Then, the cells
were exposed to radiation doses of 0, 2, 4, 6Gy with 6MV
photon beams (Elekta Compact linear accelerator). After 24 hr,
the cells were trypsinized and washed twice in PBS. After that,
the harvested cells were collected by centrifugation at 1,500 rpm
for 3min, then resuspended in 0.5ml binding buffer. The cell
suspension was incubated with 7 μl annexin V-FITC for
15min and 5 μl PI for 5min at room temperature in the
dark. Finally, the samples (stained cells) were analyzed imme-
diately with flow cytometry (BDAccuri C6). Quantification of
results was performed using Flowjo 7.6 software. Viable cells
were identified with negative cells of annexin V-FITC and PI;
early apoptotic cells were identified with annexin V-FITC
positive cells; late apoptotic cells were identified with positive
annexin V-FITC and PI cells; finally, to determine necrotic
cells, positive PI and negative annexin cells were considered.

2.8. Statistical Analysis.GraphPad Prism2018 software was used
to perform statistical analysis. Differences in percentage cell
viability between groups were analyzed by one-way ANOVA
and Tukey’s multiple comparison tests (P<0:05). All graphs
were plotted by using GraphPad Prism2018 software.

3. Result

3.1. Characteristics. Figure 2(a) shows the transmission electron
microscopy (TEM) image of Bi2S3@BSA NPs. The morphol-
ogy of Bi2S3@BSA NPs was spherical. The average size was
8.649Æ 1.69 nm. Figure 2(b)–2(g) shows the size distribution
and zeta potential of Bi2S3@BSA and Bi2S3@BSA–triptorelin
NPs. The average sizes of Bi2S3@BSA and Bi2S3@BSA–trip-
torelin NPs were about 16Æ 2 nm and 17.1Æ 2 nm, with
a zeta potential of −77.8Æ 3.80mV and ‒84.7Æ 2.18mV.
The poly index of Bi2S3@BSA was 0.623Æ 0.033. The average

size of Bi2S3 NPs was 14.2 nm with a zeta potential of −69.8Æ
2.90mV. Moreover, the results showed that the hydrody-
namic size of Bi2S3@BSA–triptorelin NPs after 24 hr incuba-
tion was 17.3Æ 1.1 nm, which showed good stability in the
cellular environment. All diffraction peaks of Bi2S3@BSANPs
almost demonstrated the Bi2S3 structure (JCPDSNo. 43-1471)
[30]. According to the XRD (X-ray powder diffraction) pat-
tern, all the peaks were well indexed to the orthorhombic
Bi2S3 crystal (Figure 3(a)) because Bi2S3 NPs coated with
BSA, Bi2S3@BSA NPs are not exactly in agreement with the
standard card (peak in the areas of 20°–30° is related to
the BSA) [31]. To confirm the conjugation of triptorelin on
the surface of Bi2S3@BSANPs, FT-IR spectroscopy was done.
Figure 3(b) shows the FT-IR spectrum of functionalized
Bi2S3@BSA and Bi2S3@BSA–triptorelin NPs. The formation
of peaks 1,651 and 1,576 cm−1 is related to primary and sec-
ondary amide and amine bonds. It shows the presence of BSA
on the nanoparticle surface. The removal of the thiol peak
at 2,360 cm−1 is due to the presence of a complex between
bismuth and thiol, which leads to the formation of a
bismuth–sulfur bond; finally, a sulfide bond is obtained.
Peak 670 cm−1 could also be related to bismuth sulfide bond-
ing. The peptide binds to the nanoparticle surface via an
amide bond. Due to the presence of BSA on the nanoparticle
surface, amide bonds appeared together in 1,663 cm−1 because
of the new amid bonds that were in accordance with redshift.
Peak 1,651 cm−1, which corresponds to the BSA amide peak,
disappeared and changed to peak 1,633 cm−1 due to the amide
bond between triptorelin and BSA. The presence of peak
702 cm−1 indicates the bonding of aromatic hydrocarbon,
which is related to the aromatic ring of the triptorelin pep-
tide compound.

3.2. In Vitro Cytotoxicity Assay. The cytotoxicity of NPs was
measured by the MCF-7 cell line. The MCF-7 cell line was
treated with Bi2S3@BSA NPs, Bi2S3@BSA–triptorelin NPs at
different concentrations (0, 5, 10, 15, 25, 50, 100, 150, and
200 μg/ml) for 24 hr. Figure 4 shows the percentage cell via-
bility of the MCF-7 cell lines incubated with NPs at different
concentrations.

The results of the MTT test presented the viability of cells
incubated with Bi2S3@BSA and Bi2S3@BSA–triptorelin at
different concentrations. There were no significant differ-
ences (not toxic) between the control and test groups
(P<0:05) up to 150 and 75 μg/ml, respectively. Since the
purpose of this study was to use Bi2S3@BSA as a radiosensi-
tizer with low toxicity, concentrations of 75 μg/ml were used
for colony and apoptosis assay.

3.3. In Vitro Radiosensivity Assay. In order to investigate the
effect of nanoparticles as a radiosensitizer, colony formation
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assay as the “Gold Standard” of radiosensitivity was per-
formed, and the survival curve was plotted (Figure 5 (vertical
axis at logarithmic scale)). The results showed that a non-
toxic concentration of nanoparticles (75 μg/ml) at RT
reduced the viability of MCF7 cells. The viability of cells
treated with Bi2S3@BSA–triptorelin, Bi2S3@BSA, and cells
that were not treated with nanoparticles at all doses was
significantly decreased (P<0:05). SFs for groups of cells

not treated with nanoparticles and were just exposed to radi-
ation doses 2, 4, and 6Gy, also radiation as well as triptorelin
(irradiated with 6MV photon beams), were 79.49%, 54.21%,
22.24%, and 79.1%, 54.6%, 21.9%, respectively. There was no
difference between the groups of cells treated with radiation
alone and radiation plus triptorelin (P<0:05). In the presence
of Bi2S3@BSA (75 µg/ml), they were 53%, 31%, and 12%,
respectively, and decreased to 35%, 12.5%, and 2% in the
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presence of Bi2S3@BSA–triptorelin. Table 1 shows α and β
parameters of the survival curve for different groups.

3.4. Effects of NPs on MCF-7 Cell Apoptosis. In the current
study, to investigate the mechanism of nanoparticle radio-
sensitivity, annexin V-FITC/PI staining was used. The result
indicated that when cells were treated with Bi2S3@BSA–trip-
torelin (75 μg/ml) of nanoparticles in combination with radi-
ation, apoptotic percentage induced in the MCF-7 cells was
significantly higher compared to cells treated with Bi2S3@BSA
and radiation (P<0:05). In addition, MCF-7 cells treated with
Bi2S3@BSA and exposed to 6MV irradiation induced a signif-
icant increase in apoptosis compared toMCF-7 cells irradiated

alone. There was no difference between the groups of cells
treated with radiation alone and radiation plus triptorelin
(P<0:05). Figures 6 and 7 show the result of flow cytometry.
Percentages of necrotic cells were not significantly different
among the cells treated with targeted and nontargeted nano-
particles in combination with RT or those treated with radia-
tion alone.

4. Discussion

It is usually suggested that one crucial factor that affects
cytotoxicity is nanoparticle size. Smaller nanoparticles have
a larger surface-area-to-volume ratio and could decrease cell
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viability. Many studies also show that the cytotoxicity of
several types of nanoparticles was size-dependent [32]. A
study by Algethami et al. [33] investigated the toxicity of
Bi2S3 (PVP coated) nanoparticles with a diameter of 3–5nm
on PC3 cell lines for 48hr. Even at concentrations of 0.5mM,
the nanoparticles are not toxic. Our results show that inMCF-7
cells treated with different concentrations of Bi2S3@BSA, no
significant toxicity was observed, even up to 150μg/ml con-
centration. This difference could be due to the surface coating
of the nanoparticles and the type of cell line used for the
experiment. In the study of Azizi et al. [34], the cytotoxicity
of Bi2S3@BSA nanoparticles with a hydrodynamic size of
107.6Æ 6.81 nm on 4T1 cell lines was evaluated, and the via-
bility of the 4T1 cells treated with Bi2S3@BSA (200μg/ml)
nanoparticles was significantly reduced, which almost follow
the results of our study. In addition, there are no appropriate
studies to compare the biocompatibility of nanoparticles in
this study, as the toxicity of Bi-based compounds varies with
cell lines and concentrations. Also, other studies have shown
that BSA improves the biocompatibility of Bi2S3 nanoparti-
cles [35–37].

The radiosensitivity effect of nanoparticles in combination
with high energy is suggested in nanoparticle-treated cells
[38, 39]. Recently, bismuth-based nanomaterials have demon-
strated their ability to increase radiation dose, their application
inmultimodal imaging, their ability to act as computed tomog-
raphy (CT) contrast agents, and their biocompatibility [40].
The results of this study demonstrate that Bi2S3@BSA increases
the radiosensitivity of MCF-7 cells at all doses using low linear

energy transfer. Our results are consistent with Ma et al.’s [41]
study, which treated PC3 cells with Bi2S3-embedded mesopor-
ous silica nanoparticles and investigated the radiosensitizing
effects of these nanoparticles in radionuclide combination ther-
apy (P-32). They suggested that the inhibition rate of the cell
group treated with P-32 treatment was only 16.1% (24 hr),
whereas the inhibition rate after treatment with nanoparticles
(50 µg/ml) and RT was 57% (24 hr), which was significantly
enhanced. These results are supported by Huang et al. [42].
They reported less than 20% cell inhibition (after 48 hr) in the
PC3 cell line (P-32) treated with radiation. While Bi2S3-PLGA
capsules (200μg/ml) and irradiation (P-32) resulted in greater
than 30% cell inhibition. Finally, declared that cell inhibition is
a concentration-dependent cell inhibition in the PC3 cell lines.
Apart from that, Azizi et al. [34] observed that Bi2S3@BSA
nanoparticles as radiosensitizers increased the sensitivity of
cancer cells to radiation. Given the radiosensitivity effects of
Bi2S3 nanoparticles at megavoltage energies, there is a report
published by Abhari et al. [43]. They reported that increasing
concentrations of Bi2S3-BSA enhanced the inhibition of cell
proliferation (4T1). Other studies on the use of Bi2S3 nanopar-
ticles in RT have been limited to kilovoltage energies. This
study may provide researchers with useful data in the field of
radiosensitivity of bismuth-based nanoparticles at megavoltage
energies.

This in vitro study demonstrated that nontoxic concen-
trations of bovine serum albumin-coated Bi2S3 nanoparticles
significantly (P<0:05) induced radiosensitivity in the MCF-7
cell line when exposed to MV X-rays at all doses. These

TABLE 1: Values of α, β (ÆSD) of MCF-7 cells in different groups.

Groups α (Gy−1) β (Gy−2)

Radiation 0.08626Æ 0.01019 0.007169Æ 0.001628
Radiation+Bi2S3@BSA 0.2226Æ 0.02893 0.01284Æ 0.004621
Radiation+Bi2S3@BSA–triptorelin 0.3623Æ 0.01442 0.03375Æ 0.002304
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results are fully consistent with the study by Abhari et al.
[43]. The study conducted by Ai et al. [44] suggested that
Bi2S3 NPs are internalized into cells via endocytosis. This
enhancement in radiosensitivity can be attributed to the
fact that the internalized NPs in target cells in interaction
with ionization radiation may produce high numbers of free
radicals through photoelectric and Compton interactions.
These additional free radicals would increase the probability

of DNA damage and subsequent cell death, thus enhancing
the radiosensitivity [33]. The surviving fractions of MCF-7
cells were determined to assess the radiosensitization effect
of nanoparticles. Colony formation assay results showed
significantly lower viability of MCF-7 cells treated with
Bi2S3@BSA-triptorelin nanoparticles + X-rays at all doses
compared to Bi2S3@BSA nanoparticles + X-rays (P<0:05).
Also, the decrease in viability of targeted and nontargeted

FIGURE 7: Flow cytometry analysis of apoptosis in MCF-7 cells stained with annexin V-FITC and PI: (a) control (no treatment), (b) X-ray alone
(2Gy), (c) X-ray (2Gy) +Bi2S3@BSA, (d) X-ray (2Gy) + Bi2S3@BSA–triptorelin, (e) X-ray alone (4Gy), (f ) X-ray (4Gy) +Bi2S3@BSA,
(g) X-ray (4Gy) + Bi2S3@BSA–triptorelin, (h) X-ray alone (6Gy), (i) X-ray (6Gy) + Bi2S3@BSA, (j) X-ray (6Gy) + Bi2S3@BSA–triptorelin.
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nanoparticles was dependent on the X-ray exposure dose.
Maybe the triptorelin conjugated with Bi2S3@BSA could
enhance the internalization of Bi2S3@BSA nanoparticles
through the GnRH receptors in MCF-7 cells. A parallel study
by Mohammadi et al. [45] was performed on bismuth sulfide
nanoparticles coated with BSA and targeted with a triptorelin
peptide (nanoparticles similar to this study). CT imaging was
used to identify differences in MCF-7 cellular uptake between
targeted and nontargeted nanoparticles at 75 μg/ml concen-
tration at 90 kVp; the X-ray attenuation intensity of cells in
the presence of targeted nanoparticles is 1.4 times greater than
cells in the presence of nontargeted nanoparticles, which indi-
cates an increase in the uptake of targeted nanoparticles by
MCF-7 cells.

Zoghi et al. [46] showed that the biodistribution of a
tracer targeted by triptorelin showed significant uptake in
tumors expressing GnRH receptors. The results of our study
in this section are consistent with those obtained by Yu et al.
[47]. Their results showed Bi-NPs exhibited higher tumor
accumulation after binding with the tumor-homing peptide
LyP-1. BiLyP-1 NPs exhibited a significant radiosensitizing
effect in interaction with ionizing radiation (because of more
internalization into cells). Also, our results are in agreement
with the Obayemi et al. [48] report, which demonstrated that
LHRH-conjugated nanoparticles specifically bind to recep-
tors overexpressed on the surface of most breast cancer
cell types.

After treatment, the flow cytometry analyses on MCF-7
cells were performed to investigate the possible mechanism
of radiosensitivity. Our results (Figures 6 and 7) showed that
the amount of apoptosis was significantly higher than that of
necrosis in all groups. This observation may introduce apo-
ptosis as the major mechanism that determines radiosensi-
tivity. Our results were consistent with those obtained by
Ma et al. [41]. They introduced apoptosis as mainly contrib-
uting to the antiproliferative effects of Bi2S3-embedded
mesoporous silica nanoparticles in combination with P-32
radiation. Li et al. [49] suggested that in 4T1 cells treated with
Fe@Bi2S3 + radiation, apoptosis more than necrosis induces
cell death, which is consistent with our results. In our study,
targeted nanoparticles compared to nontargeted induced sig-
nificantly more apoptosis nanoparticles (P<0:05), which
confirmed the colony formation assay results. In this study,
we observed an increase in radiosensitization by targeted
nanoparticles. It can be inferred that apoptosis was related
to the radiosensitivity and cell death induced by nanoparticles
plus radiation. More studies are needed to specify the role of
nanoparticles in biological pathways affecting apoptosis and
other biological interactions.

5. Conclusion

For the first time, novel targets based on Bi2S3@BSA and
triptorelin were developed using an inexpensive functionali-
zation process with a spherical shape, small size, and appro-
priate zeta potential to improve quality and reduce breast
cancer radiotherapy side effects. In this study, we have suc-
cessfully improved the stability of Bi2S3 nanoparticles by

using BSA because of its chemical stability and nontoxicity.
Bi2S3@BSA conjugated with triptorelin can target the GnRH
receptors expressed on breast cancer cells membrane. The toxic
effect of Bi2S3@BSA nanoparticles conjugated with triptorelin
on the MCF-7 cell lines under megavoltage X-ray radiation
demonstrated that Bi2S3@BSA–triptorelin nanoparticles, as a
targeted radiosensitizer, increased the radiosensitivity of
breast cancer cells. These properties of nanoparticles have
raised the possibility of using them as a promising candidate
for in vitro and in vivo (in future studies) therapeutic experi-
ments aimed at developing and achieving cancer medication
for cancer therapy.
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The antimicrobial properties of copper are well-known but maintaining a low oxidation state of Cu in particles is difficult. Herein,
antimicrobial CuxP particles were synthesized through phosphorization of Cu(OH)2, to lock copper in its monovalent state (as
Cu3P). We found that the phosphorization could be achieved at temperatures as low as 200°C, with stable surface presence of Cu(I)
on the resulting CuxP particles. Cu(I) can act as a one-electron reducing agent for molecular oxygen, to generate the highly reactive
hydroxyl radical. In this study, CuxP displayed antibacterial activities on the Gram-positive Staphylococcus aureus and Gram-
negative Escherichia coli, with minimum inhibitory concentrations of 32mg/L for the highest temperature particles (350°C) on
both model bacteria. The evident membrane damage is consistent with the intended hydroxyl radical bacterial targeting mecha-
nism. Low-temperature CuxP, although exhibiting lower antibacterial efficacies than those of the higher temperature variant, still
showed competitive growth inhibiting activities when compared to other reported antimicrobial copper-based particles. The
present work showcases advancements in particle technology that can lead to the development of a more robust antimicrobial
agent, presenting a potent additive for self-disinfection applications.

1. Introduction

The world is now facing a pandemic-level infection, with
pathogens capable of spreading via inanimate objects and sur-
faces. Research efforts have been increasingly focussed to
address this so-called fomite transmission, in particular on
the development of self-disinfectingmaterials. The application
of antimicrobial agents on surfaces can reduce the risk of
fomite transmission of pathogens in household and hospital
settings, with the present work focusing on copper (Cu)-based
antimicrobial particles. When compared to other metals,
copper-based particles are cheaper to produce, with faster
leaching rates, to release the toxic copper ions, including in
biological systems [1–3]. Various copper-based antimicrobial
particles have been developed, showing both in vitro and in
vivo antibacterial activities [1]. For instance, metallic copper
particles have been shown to exhibit bacterial-killing activities,

with studies observing the particle apparent physical interac-
tions with bacterial membranes, compromising their integrity
[4]. Copper oxide (CuO) particles, on the other hand, have
been indicated to exert different antibacterial mechanism,
with the so-called Trojan horse-type toxicity. The mechanism
involves intracellular leaching of copper ions following particle
penetration into cells, leading to cell death and/or growth inhi-
bition [4–7]. Copper-based particles have shown efficacies on
Gram-positive and Gram-negative bacteria, both on their
free-living planktonic and surface-attached biofilm forms of
growth [4–7]. Research inquiries have further described the
effects of particle characteristics on their antibacterial activi-
ties. Applerot et al. [5] found that smaller CuO particles
(∼2 nm) were associated with stimulation of a more intense
oxidative stress, and therefore, a more effective antibacterial
with higher extent of cell killing when compared to the larger
particles (∼30nm). Studying the particle shapes, Laha et al. [8]
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reported higher cell-killing effects of nanosized spherical CuO
on Gram-negative bacteria (Proteus vulgaris and Escherichia
coli), whereas nanosheets of CuO were more effective on
Gram-positive bacteria (Bacillus subtilis and Micrococcus
luteous).

Copper has also been combined with other metals to form
antimicrobial alloys [9]. Zhou et al. [10] reported the cell-killing
activities of Cu2O–ZrP hybrid nanosheets on methicillin-resis-
tant Staphylococcus aureus (MRSA) and vancomycin-resistant
Enterococcus. The antibacterial effects were shown to correlate
with the indicated oxygen radical targeting of bacterial mem-
branes [10]. Likewise, Shalom et al. [7] reported the cell-killing
activities of Zn-doped CuO nanoparticles (deposited on cathe-
ters) on urinary tract infection-causing bacterial pathogens
(E. coli, S. aureus, and P. mirabilis). Combining Cu with silver
has shown synergistic antibacterial effects; whereby presence of
silver was indicated to increase the bacterial membrane perme-
ability, increasing the growth inhibitory activities of the alloy to
up to eight fold (on E. coli and B. subtilis), when compared to
copper alone [11]. Metal ions have been indicated to interact
with electronegative groups that are present in membrane
phospholipids, with the interactions being linked, at least in
part, to increasing membrane permeability and in turn, influx
of the ions into bacteria to further disrupt cellular functions,
including DNA synthesis [11]. A recent study by Tomina et al.
[12] reported a significant increase in the antibacterial (on both
Gram-positive and Gram-negative bacteria) and antifungal
activities of mono- and bifunctional silica microspheres follow-
ing doping with Cu(II), which are suggested to correlate with
the oxygen radical-generating Fenton-like copper redox cycling
(see below), leading to oxidative attack on membranes.
Similarly, in a study by Naz et al. [13] Cu(II)-doped O-
Carboxymethyl chitosan (OCMC) showed higher antibacterial
activity on E. coli and B. subtilis in comparison to the OCMC
alone. Another study by Wilks et al. [14] observed higher cell-
killing rates (on E. coli) with increasing copper content in alloys
with nickel, brass and steel, indicating major antimicrobial con-
tribution from copper.

Copper antimicrobial applications, up to this stage, have
explored the use of mainly Cu(II) and Cu(0)-based materials.
For instance, quite recent work from our group found that a
Cu(II) complex embeddedwithin a poly(vinyl chloride)matrix
could effectively inhibit the growth of surface-attached bio-
films of nitrifying bacteria. The copper complex system gener-
ated nitric oxide, a quorum sensing inhibitor, via Cu(II)/Cu(I)
redox cycling reactions when in the presence of nitrite and
ascorbic acid (note that quorum sensing is a cell-to-cell com-
munication signalling that allow controls of specific biological
processes, including biofilm formation and adaptation to
external stressors) [15]. Another example is a 3D printed
Cu(0)-based self-disinfecting surfaces [16]. For the latter, a
study by Champagne and Helfritch [3] demonstrated the
cell-killing activities of three copper-based surfaces; developed
by the deposition of Cu(0) using plasma spray, wire arc spray,
and cold spray; onMRSA [3]. The cold spray technique, which
results in the development of copper microstructure morphol-
ogies with enhanced diffusion of the toxic copper ions (more
specifically, the high-velocity particle impact with the cold

spray technique led to high grain dislocations density within
the copper deposit, which in turn, increases copper ion diffu-
sion in the metal), displayed the highest antibacterial activities
[3]. Another study by Noyce et al. [17] observed a complete
killing ofMRSA suspensions (107 colony forming unit permL)
when exposed for 90min at 22°C room temperature to Cu(0)
surfaces. Although studies have reported the antimicrobial
activities of Cu(I)-based materials [1, 2, 18–20], the use of
Cu(I) however, is often hindered by its labile nature [15].
Cu(I)-containing antimicrobial systems have rarely been
explored without an additional matrix support. Herein, the
present work aims to develop a hydroxyl radical-generating
antimicrobial copper particles, exploiting the relatively high
redox potential of Cu(I). We synthesized Cu(I)-rich CuxP
particles via facile phosphorization to help stabilize the surface
presence of Cu(I) for a redox-based hydroxyl radical genera-
tion and studied their antimicrobial effects on model Gram-
positive and Gram-negative bacteria. With a lower redox
potential, Cu(I) species (Cu(I)/Cu(II) of 0.153V) is more
favorable than Cu(0) species (Cu(0)/Cu(II) of 0.342V, Cu(0)/
Cu(I) of 0.521V) to induce the one-electron reduction of
molecular oxygen (O2) to form oxygen radicals [19]. The
reactions generate superoxide radical O⋅−

2 from O2 (non-Fen-
ton, reaction 1). The O⋅−

2 then undergoes a proton-coupled
electron transfer reaction to form H2O2 (Reaction 2), and
ultimately, the Fenton-like reaction to form the highly reactive
hydroxyl radical (Reaction 3) [21, 22].

Molecular oxygen reduction reactions:

O2 þ e− À! O⋅−
2 ; ð1Þ

O⋅−
2 þ e− þ 2Hþ À!H2O2; ð2Þ

H2O2 þ e− À! ⋅OHþ OH−: ð3Þ

Phosphorization of copper particles allows the locking of
Cu in its monovalent state, potentially maintaining a high
concentration of Cu(I) on the particle surface [23]. Cu(OH)2
particles were first synthesized (by precipitation from a
saturated ammonia solution), followed by phosphorization
at different calcination temperatures. The phosphorization
process led to the formation of Cu3P (Cu(I) state) and CuP2
(Cu(II) state), the latter more prevalent at higher calcination
temperatures (≥300°C). Our study found that the CuxP par-
ticles exhibit competitive growth inhibiting activities when
compared to other copper-based particles on the model bac-
teria. Further, we present studies elucidating the origins of
the CuxP antibacterial activities, including the hydroxyl
radical-mediated targeting.

2. Results

2.1. Synthesis and Characterisation of CuxP Particles. Phos-
phorization of Cu(OH)2 was carried out in the presence of
NaH2PO2 (under Ar atmosphere, NaH2PO2 decomposes to
PH3(g) at ≥200°C) at different calcination temperatures of
150–350°C to obtain CuO150, CuP200, CuP250, CuP300,
and CuP350 particles. The extent of phosphorization was
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examined with X-ray diffraction (XRD, Figure 1(a)). The
XRD patterns of the calcined particles showed gradual shifts
in chemical composition with increasing temperatures. At
150°C, the samples existed as CuO and Cu2O, suggesting
the dehydration and partial reduction of Cu(OH)2. The oxi-
des formation most likely resulted from direct redox reaction
of Cu(OH)2 with NaH2PO2, as the calcination temperature
(150°C) was not sufficiently high for the NaH2PO2-to-PH3

decomposition. At 200 and 250°C, the CuO and Cu2O trans-
formed to Cu3P (Cu(I) state), along with CuP2, the latter in
small amounts (Figure 1(b)). The eutectic formation of CuP2
became significant at ≥300°C (eutectic formation herein
refers to the formation of CuP2 as part of a solid-solution
phase change of Cu3P/CuP2 mixture), with 30% of the

calcined particles present as CuP2 at 300°C, and ∼45% at
350°C. It is worth noting that the formation of CuP2 (Cu(II)
state) is undesirable as it cannot act as a reducing agent for
the intended formation of oxygen radicals.

Using X-ray photoelectron spectroscopy (XPS), we next
analyzed the chemical states of Cu of the prepared particles
(6 months after synthesis). The particle surface analysis was to
also assess for the stable presence of the redox-active Cu(I) spe-
cies. The Cu LMM spectra of the calcined particles (Figure 1(c))
showed shifts in the binding energies of the peaks with increas-
ing temperatures, corresponding to the complex transitions of
Cu(OH)2 to CuO, Cu3P, and CuP2 (as well as Cu3(PO4)2)
(identified according to the work of Biesinger [24]). The
presence of Cu LMM peak at 919.2 eV for CuO150
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FIGURE 1: Crystal and chemical structure of CuO (150°C) and CuxP (200–350°C) particles at different calcination temperatures. (a, b) XRD
spectra and bulk phase composition determined from the diffraction contribution of the identified phases, (c) XPS Cu LMM spectra
identifying the surface composition, (dh) TEM images, and (i) BET-specific surface area.
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corresponds the surface presence of CuO, whereas the peaks at
917.6 eV for CuP200 to CuP350 calcined particles most likely
correspond to the surface presence of the Cu(I) state Cu3P
species (Figure 1(c)). Note that no zero-valent Cu peak was
seen in the Cu LMM spectra of the CuP200 to CuP350 parti-
cles, which indicates that the occurrence of Cu 2p peaks
at 932.8 eV for the particles correspond solely to Cu(I) state
(Figure S1). The observations indicate stable Cu(I) surface pres-
ence in these particles. For the higher temperature CuP300 and
CuP350 calcined particles, the Cu LMMpeaks at 916.5 eVmost
likely correspond to the surface presence of CuP2 species
(Figure 1(c)), which is consistent with the occurrence of the
Cu(II) state peaks at 934.7 eV with the Cu 2p spectra
(Figure S1). The (surface) detection of Cu3P and CuP2 are
consistent with the appearance of symmetric P 2p peaks at
129.5 eV and 133.3 eV for the CuP200 to CuP350 particles
(Figure S2). Further analysis also showed that a fraction of
the (surface) Cu(II) species was present as Cu3(PO4)2 for the
CuP350 particle, as indicated by the occurrence of asymmetric
P 2p peaks at 133.7 eV and 129.8 eV (Figure S2e). Also note
that at lower calcination temperatures (≤250°C), some of the
(surface) Cu was still present as Cu(OH)2, as indicated by the
presence of O 1 s peak at 533.1 eV (Figure S3).

To further understand the phosphorization process, we
examined the particle size, morphologies, and aggregation.
The electron transmission micrographs of CuO150 (with
bulk composition of CuO, Cu2O as well as Cu(OH)2) showed
spherical particles of <10 nm primary size (Figure 1(d)). Fol-
lowing the calcination at higher temperatures (≥200°C), sin-
tering of the particles occurred with significant (∼100 nm
increments) increase in primary size, with the elevated tem-
peratures, with the particles no longer retaining the spherical
morphologies (the sintering was a result of reaction between
CuO and PH3(g), the latter was from NaH2PO2 decomposi-
tion). The measured surface area corroborated with the TEM
micrographs of the particles (Figure 1(i)). The specific surface
area of CuO150 was determined at 129m2/g, and after
phosphorization, gradually decreasing to 30m2/g with the
increasing temperatures (CuP200 to CuP350). The phosphor-
ization, however, only caused minimal change in the particle
“overall” aggregate size, with the increasing temperatures. The
CuP200 to CuP350 particles (with bulk composition of
mainly Cu3P and CuP2) fused, forming large aggregates
(1,000–2,000 nm, Figure 1(e)–1(h)). Next, the hydrodynamic

size of the calcined particles was studied via dynamic light
scattering (DLS). As shown in Table 1, the average sizes of
the particles are all within ∼350–550 nm range (excluding
CuO150 with ∼100 nm size) when dispersed in water, with
polydispersity indexes of 0.40–0.65. Again, we observed no
significant impact of the calcination temperature on the
hydrodynamic aggregate sizes. The colloidal stability of the
CuP300 was further examined in PBS or tris–HCl, the latter
used for the antibacterial studies. The average hydrodynamic
sizes of CuP300 increased to 2.2 µm and 1.2 µm, respectively,
in PBS and tris–HCl, indicating further aggregation and wider
size distribution (0.29 (PBS) and 0.31 (tris–HCl) polydisper-
sity index) in the buffer solutions, when compared to the
water system. The aggregation was most likely attributed to
the presence of relatively high concentrations of anions and
counter cations in the buffer solutions, creating a charge
shielding effect which neutralises long-range electrostatic
interactions, in turn facilitating inter-particle interactions
[25]. Smaller CuP300 aggregates were also likely to form in
the tris–HCl system (relative to those in the PBS), due to the
steric hindrance effects imposed by adsorbed tris molecules
[26]. The zeta potential measurement showed a net negative
surface charge of the CuxP (CuP200 to CuP350) particles in
PBS (−20.8 to −27.1mV). The different calcination tempera-
tures did not seem to affect the zeta potential.

2.2. Oxygen Radical Formation by CuxP Particles. The cou-
marin test was used to assess the hydroxyl radical (⋅OH)
generation of the CuO150 and CuxP (CuP200, CuP250,
CuP300, CuP350) particles. Coumarin reacts with ⋅OH to
form the fluorescent 7-OH-coumarin (450 nm) [27]. As
shown in Figure 2(a), the CuO150 particle did not generate
⋅OH radicals, with essentially no detection of the fluores-
cence signal. This is consistent with the XRD and XPS data
for CuO150 (Figure 1), showing that the particle is entirely
composed of CuO, Cu2O (and Cu(OH)2), with no surface
presence of Cu(I) species. The CuxP (Cu3P and CuP2) particles
CuP200, CuP250, and CuP300 generated ⋅OH radicals, and at
comparable extent, as shown by the overlapping 7-OH-cou-
marin fluorescence intensity detected over time (Figure 2(a)).
The observations are in line with the similar ∼50% surface
Cu(I) molar ratios (relative to Cu(II)) being estimated for
CuP200, CuP250, and CuP300 from the XPS Cu 2p spectra
(Figure 2(b), Figure S1). The surface Cu(I) molar ratio
decreased to 30% for CuP350. Interestingly, the coumarin

TABLE 1: Average hydrodynamic sizes, polydispersity index, and zeta potentials of CuO (150°C) and CuxP (200–350°C) particles in different
media.

Sample Average size (nm) Polydispersity index Zeta potential (mV)a

CuO150 114 0.65 –

CuP200 369 0.42 −20.8
CuP250 451 0.49 −27.1
CuP300 341 0.53 −22.0
CuP350 517 0.6 −22.6
PBSb 2,158 0.29 –

Tris–HClb 1,197 0.31 −9.6
aZeta potentials were measured in phosphate-buffered saline (PBS at pH 6), bCuP300 was dispersed in PBS or tris–HCl for hydrodynamic size, polydispersity
index, and zeta potential measurements.

4 Journal of Nanomaterials



response for CuP350 was apparently the highest when com-
pared to the lower temperature CuxP particles, indicating the
most extensive ⋅OH generation. It is still unclear at this stage
however, as with the underlying reasons for the highest extent
of the radical generation for the CuP350 particles.

2.3. Antibacterial Efficacies of CuxP Particles and Mechanistic
Studies. The antibacterial effects of the CuO and CuxP par-
ticles (CuO150, CuP200, 250, 300, 350) were assessed on a
Gram-positive model bacterium S. aureus and a Gram-
negative model bacterium E. coli. As shown in Figure 3, all
the CuO and CuxP particles exhibited dose-dependent toxic-
ity on S. aureus and E. coli. For example, exposures of S.
aureus to increasing 8–256mg/L CuP200 concentrations
inhibited the growth of the bacterium, from ∼80% extent
of biomass growth (relative to the cell-only control growth)
at 8 mg/L particle exposure to ∼20% growth at 32mg/L
particle concentration, then ultimately to <5% growth at
256mg/L concentration. Comparable trends were observed
with E. coli, with ∼95% growth at 8mg/L CuP200 exposure
to <5% growth at 256mg/L particle concentration. Among
the particles, CuP350 showed the highest growth inhibition
effects with minimum inhibitory concentration (MIC, for
≥95% growth inhibition) of 32mg/L for both S. aureus and
E. coli, whereas CuO150 showed the lowest effects (MIC of
>256mg/L) (Figure 3). For CuP200, CuP250, and CuP300,
the MICs were determined at 64mg/L for both S. aureus and
E. coli. These CuO and CuxPMICs are lower when compared
to the previously studied copper-based antibacterial particles,
although the much larger sizes of the particles (∼100–2000nm
CuO and CuxP aggregates, Figure 1(d)1(i), Table 1). Sharma
and Kumar [28] reported an MIC of 391mg/L with CuO par-
ticles (d=5–9 nm) on E. coli, whereas Gunawan et al. [29]

reported a significantly higher CuO MIC of 900mg/L (d=
14nm) on E. coli. In another study, Argueta-Figueroa et al.
[30] reported a 100mg/L MIC with metallic Cu0 particles
(d=4nm) on S. aureus and E. coli. The apparent higher extent
of growth-inhibiting activity observed in the present study is
thought to result, at least in part, from the unique antibacterial
mechanisms of the particles, as next described.

The antibacterial activities of our copper particles are
most likely to primarily originate from the earlier described
redox generation of hydroxyl radical (⋅OH). The levels of the
growth-inhibiting activities are consistent with the extent of the
radical generation. CuP350 with the lowest MICs (32mg/L) on
S. aureus and E. coli, produced the highest amount of ⋅OH
radical, followed by CuP200, CuP250, and CuP300 with less
⋅OH formation and evidently, higher MICs (64mg/L) on the
bacteria (Figures 2(a) and 3). CuO150 with undetectable ⋅OH
formation seemed to only “reach” MICs for both bacteria at
>256mg/L concentration. Hydroxyl radical is the most reactive
oxygen radical, with research inquiries already establishing its
reactivity on biomolecules. The one-electron oxidant has been
known to cause peroxidation of phospholipids in bacterial cell
envelopes (present in the inner membrane of S. aureus, and in
the outer and inner membranes of E. coli) [31]. Initiated by
abstraction of an allylic hydrogen atom, the peroxidation modi-
fies lipids into lipid hydroperoxides. The radical can also cleave
phosphate esters in phospholipids [31, 32]. These radical attacks
on phospholipids, in many cases, have been known to result in
leaky membranes [33, 34]. Herein, we stained the particle-
exposed E. coli samples with AM1-43 fluorescent dye to probe
the cell membranes phospholipid moieties [35, 36]. Indeed,
leaky membranes were observed in the E. coli population for
all tested particles (Figure 4). Note the less fluorescent (green)
membranes of the particle-exposed bacterial samples when
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compared to the cell-only control. The leaky membrane is also
indicated by an influx of the dye into cells, with the evident
green fluorescence mass inside the particle-exposed samples,
which is absent in the cell-only control [37, 38].

The phospholipid fluorescence staining was also per-
formed on the particle-exposed S. aureus samples, however,
with inconclusive results (Figure S4). This rather expected
observation is likely to result from the presence of relatively
thick, outermost peptidoglycan layer in the Gram-positive
cell envelope, hence limiting the dye penetrability to reach
the inner membrane. Regardless, earlier nanoparticle studies
have shown that peptidoglycan is also prone to hydroxyl
radical attack [31]. The radical can damage amide bonds
that are present in the glycan strands (more specifically, in
the amino sugars and peptide moieties) of peptidoglycan.
Studies have also indicated hydroxyl radical attack on tei-
choic acid, another major cell envelope component of Gram-
positive bacteria; with the radical targeting the C=O ester,
phosphate ester, and amide bonds in the molecule [31]. The
known hydroxyl radical targeting on Gram-positive cell

envelope components could explain the similar antibacterial
activities herein observed between the Gram-positive and
Gram-negative models. Taken together, the indicative obser-
vations of hydroxyl-radical mediated cell envelope damages,
shown with membrane phospholipids in the present work,
are in agreement with the growth-inhibiting effects of the
CuP350, along with the less potent CuP200, CuP250, and
CuP300 particles. The radical is also known to target base
pairing in DNA and RNA, as well as introducing covalent
modifications in amino acids, such as the sulfur-containing
cysteine and methionine, in turn inactivating functional pro-
teins [39–43].

A more detailed investigation revealed other sources for
the antibacterial activities, apart from the redox hydroxyl
radical generation. This is particularly apparent with the
dose-dependent growth inhibition effects seen with the non-
hydroxyl radical-producing CuO150 particle (Figure 3(a)).
Our leaching studies found that the particle almost completely
dissolved (∼80% relative to total copper content, measured in
MHB culture medium, pH 6), releasing soluble copper into

Cell-only CuO150

CuP250 CuP350

FIGURE 4: Fluorescence micrographs of AM1-43 stained E. coli following exposures to CuO and CuxP particles. Also shown is the cell-only
(no particle) control. The bacteria were exposed to 64mg/L particle concentration for 1 hr.
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the exposure systems (Figure S5). The CuO150 is composed of
CuxOwithmainly CuO on its surface (Figure 1). Studies have
reported relatively high extent of soluble copper leaching
from CuO particles in organic-containing media due to
complexation-mediated leaching [29]. Previous work on
copper-based particles have established the antibacterial roles
of the leached soluble copper, which stimulate oxidative stress
in cells, being linked to Cu(II) ion targeting of proteins
[29, 43]. A borderline Lewis acid, the ion has high affinities
to donor groups in amino acid side chains, such as the –NH+

(in imidazole ring), –NH3
+, and thiol (–S−) groups in histi-

dine, lysine, and cysteine, respectively, forming complexes
with the amino acids in proteins [44]. The ion can also disrupt
the iron–sulfur (cysteine) clusters that are present in many
physiologically essential biosynthetic and catabolic enzymes,
releasing the Fenton-active Fe(II) ion, with the latter further
reacting with cellular H2O2 to form hydroxyl radical [45].
Cu(II) ion has also been indicated to target cell envelopes,
disrupting functional groups in peptidoglycan (peptidoglycan
is also present in Gram-negative bacteria, as thin layer in
between the outer and inner membranes) and phospholipids,
the latter affecting membrane permeability [46, 47]. The
implied leached soluble Cu-mediated cellular hydroxyl radical
generation and cell envelope targeting are consistent with the
damaged membrane observation, herein also evident with the
CuO150-exposed bacterial samples (Figure 4(b)).

The soluble copper leaching could also contribute to the
growth-inhibiting effects of the higher temperature CuxP
particles. The CuP350 (composed of ∼55% Cu3P and
∼45% CuP2, with surface presence of Cu3P, CuP2, and
Cu3(PO4)2, Figure 1) and CuP250 (∼90% Cu3P and ∼10%
CuP2, with surface presence of mainly Cu3P and Cu(OH)2,
Figure 1) particles had similar extent of soluble copper leach-
ing (∼7% relative to total copper, Figure S5), although much
less when compared to CuO150 (∼80% leaching relative to
total copper). In addition to the different particle surface
composition, the lower leaching could result from the larger
aggregate size of the higher temperature CuxP particles
(Table 1) [5]. Finally, the data also suggest a potential anti-
bacterial contribution from the solid particulates that remain
after leaching. This is evident with the CuP300 bacterial
exposures, with already ∼40%–60% growth inhibition effects
manifesting on both S. aureus and E. coli at the lowest parti-
cle dosage (8mg/L, Figure 3(d)), despite the only moderate
redox hydroxyl radical generation (Figure 2(a)) and leaching
of soluble copper (Figure S5). Research inquiries have reported
that copper particles can adhere onto bacterial membranes
through electrostatic interaction, which leads to membrane
damage and in some case, penetration of the particles into
the cytoplasm [48–50].

3. Conclusion

Herein, we developed CuxP particles for antibacterial pur-
poses, with stable surface presence of Cu(I) species intended
for the redox generation of the highly reactive hydroxyl
radical. The particles were synthesized via a temperature-
dependent phosphorization of Cu(OH)2, with particle surface

analysis confirming the stable presence of the Cu(I) state
Cu3P species. The phosphorization process, however, led to
sintering effects and increased the particle size. Despite the
larger particle size, our studies with Gram-positive andGram-
negative bacteria models showed a significantly higher extent
of antimicrobial activities when compared to other copper-
based particles. The CuxP particles were found to generate
hydroxyl radical, most likely involving one-electron reduction
of molecular oxygen by the surface Cu(I), leading to the
observed inhibition effects on bacterial growth, with further
evidence of cell membrane targeting. In summary, the CuxP
particles with their ability to use molecular oxygen to generate
radicals, as well as, apparently, their relatively low extent of
copper leaching, present a promising particle technology for
alternative antimicrobial applications, in particular for the
development of self-disinfecting surfaces, to slow down the
fomite transmission of pathogens.
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