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In this study, NiO/chitosan (NiO/CS) nanocomposite was synthesized via a green method in which nickel nitrate hexahydrate as a
precursor and mangosteen (Garcinia mangostana L.) peel extract as a reducing agent using an ultrasound-assisted coprecipitation
method. The NiO/CS nanoparticles were characterized by X-ray diffraction, Fourier-transform infrared (FTIR) spectroscopy,
transmission electron microscopy, and dynamic light scattering. NiO/CS nanocomposite had a cubic spinel structure and
contained NiO nanoparticles with good crystallinity. The appearance of the Ni-O band at 465cm ™" in the FTIR spectrum
confirmed the formation of NiO. The NiO/CS nanocomposite sizes ranged from 14-30 nm with an average particle size of
28 nm. Magnetic characterization results show that the saturation magnetism is quite high, contributing to NiO/CS being
available in many applications. The antibacterial efficacy of NiO/CS nanocomposites was tested against Saccharomyces
cerevisiae along with Gram-positive (Bacillus subtilis) and Gram-negative (Escherichia coli) bacteria using the disc diffusion

method and determined the minimum inhibitory concentration (MIC).

1. Introduction

Metal oxide nanoparticles (NPs) with various properties are
used in applications such as photocatalysis [1], lithium-ion
batteries [2], antimicrobial materials [3, 4], magnetic and
antibacterial materials [3], sensors [5], and thermally con-
ductive and antiferromagnetic films [6]. Because of their
peculiar physicochemical properties, NPs have different
thermal, optical, electrical, and mechanical properties com-
pared to their larger counterparts [7, 8]. Coprecipitation,
sol-gel, electrospray synthesis, laser ablation, and hydrother-
mal methods [9-11] have been developed for the synthesis
of nanomaterials. Biosynthesis has attracted attention
because it takes advantage of nonhazardous and environ-
mentally friendly biological systems such as bacteria [12],

fungi [13], leaves [14, 15], vitamins [16], and yeast to synthe-
size NPs of metal oxide.

In the present work, NiO/chitosan (NiO/CS) nanomate-
rials were prepared by a novel process based on mangosteen
peel extract (Garcinia mangostana L.) as a reducing agent
and stabilizing agent with the help of ultrasonic waves. The
synthetic process involved two stages: the synthesis of NiO
NPs from G. mangostana L. peel using an ultrasound-
assisted coprecipitation method and the synthesis of NiO/
CS nanocomposites.

Karthiga et al. successfully used mangosteen peel extract
in the rapid and simple synthesis of uniform, monodisperse,
spherical, and crystalline silver NPs with an average particle
size of 30nm [17]. Aminuzzaman et al. used the aqueous
extract of the G. mangostana fruit peel as a reducing agent
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FIGURE 1: Schematic showing the synthesis of the NiO/CS nanocomposite.

and stabilizer to synthesize ZnO NPs. The obtained ZnO
NPs are spherical in shape, with an average diameter of
21nm, and have photocatalytic activity in the degradation
of malachite green dye [18]. G. mangostana, commonly
known as mangosteen, is a tropical fruit tree commonly
grown in Southeast Asia. The ripe fruit has a thick outer skin
with a deep purple-red color. The mangosteen fruit contains
phenolic compounds such as tannins, flavonoids, xanthones,
and other bioactive substances [19]. Mangosteen peel extract
has been reported to have good antioxidant and bactericidal
properties [20-23]. Mangosteen peel extract can reduce
metal-oxide NPs and stabilize NPs, providing control over
the particle shape and size [17, 18].

Chitosan is a biofilm-forming agent that contains posi-
tively charged glucosamines that interact with negatively
charged phospholipid components of bacterial membranes.
This increases the permeability of the bacterial membrane
and causes leakage of the cytoplasm, leading to cell death.
In addition, chitosan is also believed to have the ability to
promote the production of active oxygen free radicals that
cause cell death [24].

The antibacterial activity of chitosan is determined by
several factors such as chitosan type, molecular weight, pH,
and solvent [25, 26]. Thus, the combination of chitosan
and NiO NPs into a NiO/CS nanocomposite is expected to
produce an antibacterial material with multifunctional prop-
erties [1, 3, 9]. Nonconventional ultrasound-based methods
have been described as successful and ecologically inviting
strategies for chemical modification of polymers with vari-
ous applications. For example, Bhatt et al. detailed the man-
ufacture of a NiO/CS nanocomposite beneath ultrasonic
radiation; the NiO/CS nanocomposite appears potentially
as a dielectric fabric [9]. Ultrasound-assisted methods have

also been applied to prepare NiO nanospheres for superca-
pacitors [27] and NiO/Ag,VO, nanocomposites for visible-
light photocatalysis and antibacterial applications [28]. Sim-
ilarly, Raja used a sonochemical route to prepare NiO/
Ag.VO, ternary nanocomposites with advantages in photo-
degradation of organic compounds and antibacterial activity
compared to conventionally prepared materials [28]. How-
ever, to the leading of our information, NiO/CS NPs with
antibacterial and antifungal properties have not been pre-
pared by utilizing an ultrasound-assisted coprecipitation
method.

In this study, NiO/CS nanocomposite was synthesized
by ultrasonic coprecipitation with nickel nitrate hexahydrate
precursor and mangosteen (G. mangostana L.) peel extract
as reducing and stabilizing agents. The antibacterial activity,
as well as the effect of the chitosan content, was examined.

2. Experimental

2.1.  Materials. Nickel (II) nitrate hexahydrate
(Ni(NO,),*6H,0) and acetic acid (glacial) were purchased
from Merck. The NH; solution and ethanol were provided
by Macklin-China. Chitosan (CS: 100-200 mPa-s) was
obtained from Aladin, China. The raw mangosteen peel
was collected from Southern Vietnam, and deionized water
was used throughout the study.

Mangosteen peel was washed with deionized water,
chopped into small pieces, and dried at 60°C. The extract
was prepared by heating 6 g of the dried peel with 100 ml
of ethanol/water (1:2, v/v) at 80°C for 60 min in an Erlen-
meyer flask. The extract was then cooled to room tempera-
ture, filtered the residue out, and stored at 6-8°C for use
within a week.



Journal of Nanomaterials

2000
1800

1600

R AAN
\/

1400 +
1200 +

1/ Chitosan
1000

. PR ¥

Intensity (a.u)

800 [
6004 . . A

10 20 30 40

L L I R |
50 60 70 80 90

2-theta

FiGure 2: XRD patterns of NiO NPs (1) and NiO/CS nanocomposites with different chitosan content: (2) 5%, (3) 10%, and (4) 20%.
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FiGure 3: FESEM images of NiO NPs (a) and NiO/CS nanocomposites with different chitosan contents: (b) 5%, (c) 10%, and (d) 20%.

2.2. Preparations of NiO NPs and NiO/CS Nanocomposites.
The NiO NPs were prepared using an ultrasound-assisted
coprecipitation method. 50 ml of 0.1 M nickel nitrate solu-
tion in deionized water was mixed with 50 ml of mangosteen
peel extract. The pH of the mixture was controlled between 8
and 9 by adding slowly dropwise 25-28% NH, solution. The
reaction mixture was then stirred at room temperature with
ultrasonic waves (500 W, 20 kHz) for 1 h. The nickel-ellagate
complex, which was obtained by centrifugation of the reac-
tion mixture at 7000 rpm for 20 min, was washed several
times with deionized water followed by drying at 40°C for
8h. Finally, NiO NPs were obtained by heating this powder
at 450°C.

The method of Bhatt et al. [9] was used to prepare NiO/CS
nanocomposites. First, 0.5 g of chitosan was dissolved in 50 ml
of acetic acid followed by sonication for 6h to obtain a solu-
tion of 1% chitosan/acetic acid solution. NiO NPs were added
to the chitosan solution, and the mixture was sonicated for 1 h.
The NiO/CS product was dried in glass Petri dishes in an oven
at 60°C for 24 h. The effect of the chitosan mass ratio was eval-
uated by varying the percentage of mass of chitosan in the
sample (5%, 10%, and 20%). Figure 1 schematically shows
the process used to prepare the NiO/CS nanocomposites.

2.3. Characterization. The NiO/CS samples were analyzed by
X-ray diffraction (XRD) using a P’Pret Pro-PANalytical X-
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FIGURE 4: FTIR spectra of chitosan (a) and the NiO/CS nanocomposite containing 10% chitosan (b) containing 10% chitosan; M-H curves

of NiO/CS (c).

ray diffractometer operating at 1.8 kW (40 mA/45kV) with

CuKa (A=1.5406A) radiation. The Fourier-transform
infrared (FTIR) spectra were recorded using the KBr pellet
on a Bruker FTIR spectrometer.

The sizes and morphologies of the NiO NPs and NiO/CS
nanocomposites were evaluated by field-emission scanning
electron microscopy (FESEM; Hitachi S-4800), transmission
electron microscopy (TEM; TEM-JEM1010), and dynamic
light scattering (DLS; Malvern instruments). The voltage
used for TEM imaging is 80kV. The zeta potentials of the
samples were recorded using a Malvern Zetasizer Nano Z
instrument. Magnetic characteristics were observed on the
magnet B-10 vibrating sample magnetometer (VSM) instru-
ment at a temperature of 25°C. The NPs were dispersed in
deionized water at a concentration of 1 mg/mL concentra-
tion to measure the zeta potential.

2.4. Analysis of the Antibacterial Activity of the NiO/CS
Nanocomposites. The agar well diffusion method was used
to evaluate the antibacterial activity of the NiO/CS com-
pound against Gram-positive Saccharomyces cerevisiae,
Bacillus subtilis (ATCC 9/58) and Gram-negative bacteria
(Escherichia coli ATCC 25922) [29]. The medium supple-
mented with substances such as yeast extract, meat extract,
glucose, peptone, and some mineral salts was used as a
source of nutrients for microbial culture. Nutrient agar
plates were prepared by dissolving 37.0 g of nutrient agar
media in 1000 mL of distilled water followed by autoclaving
at 121°C/15 pounds of pressure for 20 min. After steriliza-
tion, the nutrient agar medium was poured into sterile Petri
dishes and allowed to solidify. The mature broth cultures of
individual pathogenic bacterial strains in the nutrient broth
were spread on all surfaces of the agar plates using a steril-
ized L-shaped glass rod. The antibacterial activity of the ref-
erence chitosan sample was also evaluated.

The antibacterial activity assay was carried out as fol-
lows: chitosan and NiO/CS nanocomposites were dissolved

in 1ml of dimethyl sulfoxide (DMSO; 10%) to obtain
200 pug/mL solution. Using a sterile steel cork borer, wells
with diameters of 5+ 1 mm were made in each Petri plate
under aseptic conditions. Subsequently, 100 uL of CS or
NiO/CS was dispersed in 10% DMSO solution, 100 uL stan-
dard antibiotic ampicillin (1 mg/mL) was used as a positive
control and control into the well. The plates were incubated
at 37° C for 24 h. After the incubation period, the zone of
inhibition around the well was measured using geometric
Vernier calipers.

The test materials (CS, NiO/CS) were sprinkled on the
plates to assess the mortality of bacteria in the culture
medium. The antibacterial activity tests were carried out in
triplicate to determine the antibacterial activity of the NiO
NPs.

Minimum inhibitory concentration (MIC) tests of NiO/
CS were prepared by the method of Magaiia et al. [30]. NiO/
CS powders were added to an agar suspension with concen-
tration (3, 2, 1, 0, 5, and 0,3 mg/ml) and cooled until the for-
mation of a gel. The plates were incubated at 37°C/24 h.
After that, the MIC of NiO/CS was determined by the naked
eye, and the MIC was the lowest concentration of NiO/CS
that completely inhibits visible growth.

3. Results and Discussion

3.1. Characterization of the NiO/CS Nanocomposite. Figure 2
shows the XRD patterns of the NiO NPs and NiO/CS nano-
composites synthesized from nickel (II) nitrate hexahydrate
and mangosteen peel extract using the ultrasound-assisted
coprecipitation method. The diffraction peaks observed at
37.4876°, 44.4894°, and 65.6974" in Figure 2 (1) and at
37.4911°, 44.5036°, and 65.7198" in Figure 2 (2-4) corre-
spond to the planes (111), (200) (200), and (220) planes of
the cubic (fcc) structure of NiO, in agreement with previous
reports [1, 2, 9, 15]. The peaks at 44.4911° and 51.5036° can
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FiGureg 5: TEM (a) and HR-TEM (b) images of NiO/CS (10% chitosan); (c) particle size distribution and (d) zeta potential distribution of

the NiO/CS nanocomposite.

be attributed to the (111) and (200) crystal planes of the fcc
structure of metallic nickel NPs [2, 15].

Additional diffraction peaks at approximately 10° and
20.9" in Figure 2 (3-4) indicate the existence of chitosan in
the surface nanocomposite (ICSD file no. 98-015-4604) [9].
The crystal size of the NiO NPs was calculated as 14.6 nm
using the Debye-Scherrer formula. The FESEM results of
the surface characterization and morphology study are
shown in Figure 3. The spherical particles are the NiO
NPs, whereas the nanofibers are chitosan. The NiO NPs
were clearly distributed on chitosan, and most of the chito-
san surface was coated with NiO NPs. The chitosan content
affected the distribution of NiO NPs on the surface of the
chitosan and the surface morphology. The NiO/CS nano-
composite containing 5% chitosan (Figure 3(b)) exhibited a
porous morphology with voids between groups of NiO/CS
NPs. When the chitosan content increased, the number of
voids gradually decreased because the chitosan created a
membrane system that enclosed the NiO NPs, which were
arranged more closely together (Figures 3(c) and 4(d)).
Based on the morphological evaluation (Figure 3), we

selected the NiO/CS material containing 10% chitosan for
further evaluation because this sample exhibited uniformly
distributed NiO NPs on the chitosan surface. Figures 4(a)
and 4(b) show the FTIR spectrum of the NiO/CS nanocom-
posite containing 10% chitosan. Magnetic characteristics of
NiO/CS nanocomposite (10%CS) were measured by vibrat-
ing sample magnetometer. The particle size was evaluated
by TEM and DLS (Figure 5).

The FTIR spectra of all samples show adsorption peaks
around 3364 cm™! and 3458 cm™?, which correspond to the
OH group and the stretching vibration of free -NH,. The
peak at 1643cm™" can be attributed to the H-O bending
mode of water molecules (NiO/CS). The FTIR spectrum of
chitosan (spectrum 1 in Figure 4) exhibits the characteristic
peak of the 3(1-4) glycosidic band in the polysaccharide unit
at 1155cm ™', while the peak at 1091cm™" indicates the
stretching vibration of C-O-C in the glucose circle. The
FTIR spectrum of NiO/CS (spectrum 2 in Figure 4) shows
the prominent peaks of chitosan at 1598 and 1384cm™’,
which correspond to the NH, bending vibration and N-N
vibration, respectively [29]. However, these peaks were
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FIGURE 6: Reaction mechanism for the formation of the NiO/CS nanocomposite.

absent in the NiO/CS spectrum, which shows strong absorp-
tion in the fingerprint range at 831, 653, and 586 cm ™', indi-
cating the presence of the Ni-O bond in bare NiO [15, 31].

Characteristics such as coercive field (Hc) and initial sus-
ceptibility (yi) are obtained from the magnetization curve.
Magnetic saturation is obtained by extrapolating the infinite
value of the external magnetic field. For the sample of NiO/
CS composite (10% content of CS), this value is about
0.27 emu/g. A previous study by Ghosh et al. [32] reported
a similar result of the magnetization curve, with a magneti-
zation value of 0.22 emu/g. Magnetization also contributes
to increasing the bactericidal activity of NiO/CS composite
materials under the influence of magnetic fields.

The sizes of the spherical NiO NPs distributed on chito-
san ranged from 14 to 23 nm (Figures 5(a) and 5(b)). The
hydrodynamic sizes of the NiO NPs and NiO/CS nanocom-
posites in aqueous suspensions were determined by DLS
(Figures 5(c) and 5(d)). As shown in Figure 5(c), the NiO/
CS nanocomposite exhibited a uniform particle size distribu-
tion with an average hydrodynamic diameter of 28 nm,
which is reasonably consistent with the FESEM and TEM
results. As shown in Figure 5(d), the zeta potential of the
NiO/CS nanocomposite containing 10% chitosan was
—1.9mV. The surfaces of the matrix and the composites

are positively charged due to the macromolecular NH,"
groups in the glucosamine species of chitosan. Upon the
incorporation of NiO NPs, the OH group on the NiO sur-
face interacts with the NH?* group to reduce the zeta poten-
tial of the NiO/CS composite. This change in zeta potential
would alter the interaction of the nanocomposite with
Gram-positive and Gram-negative bacteria cells [5, 33].
Figure 6 shows the reaction mechanism for the NiO/CS
nanocomposite formation.

3.2. Antibacterial Activity. Figures 7(a)-7(c) show images of
the Petri dishes containing chitosan and the NiO/CS nano-
composite inoculated with the three tested microorganisms.
These images show the formation of clear zones (nonbacte-
rial zones) around NiO/CS on the Petri dishes inoculated
with B. subtilis, S. cerevisiae, and E. coli. Among the micro-
organisms, the inhibition effect of NiO/CS was strongest
for B. subtilis. The sizes of the zones of inhibition observed
in Figure 7 are listed in Table 1.

NiO NPs interact with microbial cell membranes and
bind to mesosomes. These interactions disrupt DNA replica-
tion, cell division, and cellular respiration, causing the sur-
face area of the bacterial cell to expand [34]. Some
previous publications [26, 35] have shown the good
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F1GURE 7: Images showing the antibacterial activities of chitosan and the NiO/CS nanocomposites against pathogenic bacteria: E. coli (a, d),
S. cerevisiae (b, e), and B. subtilis (c, f).

TaBLE 1: Antibacterial activity of chitosan and NiO/CS against selected pathogenic bacterial strains.

Sample Treatment . Zone .o.f inhibition (mm) N

E. coli (mean * SE) B. subtilis (mean + SE) S. cerevisiae (mean + SE)
CS Powder — 2+0.15 —
CS Solution 8.10+£0.15 7.02+0.17 13.30+£0.12
NiO/CS Powder 8.50 £ 0.06 13.23+0.15 15.27 +0.15
NiO/CS Solution 3.33+0.09 10.23 +0.12 5.10+£0.23
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E. coli
(ATCC 25.922)
Bacillus subtilis
(ATCC 9/58)
S. cerevisiae
FIGURE 8: Images showing the antibacterial activities of NiO/CS with different concentration.
TaBLE 2: Comparing antibacterial activity of resultant material with earlier public.
. . . Antibacterial activity (mm)

Materials Conc. (ug/mL) Synthesis method Size (nm) E coli B subtilis S cerevisiae Ref.
NiO 10.000 Raphanus sativus extract 13 4.175 2.176 — [39]
NiO 10 Onion extract 75 10 — — [40]

NiO — 75 10 — 16
. Hydrothermal method [41]

S,N-GQDs/NiO — — 16 — 19

2.000 13.2 15.2 —
NiO 4.000 Populus ciliata leaves extract 44 18.3 24.1 — [42]

8.000 22.1 28.1 —

50 15 — —
NiO 100 Clitoria ternatea flower extract 13 17 — — [43]

200 22 — —

NiO/CS 200 Mangosteen peel extract 28 3.33 10.23 5.10 Present work

antibacterial capacity of chitosan against both Gram-
negative and Gram-positive bacteria in acidic media. There-
fore, NiO/CS exhibited stronger bacteriostatic activity
against B. subtilis than against E. coli.

Like NiO NPs, NiO/CS releases Ni** ions on the chito-
san surface, the negatively charged NiO/CS nanocomposite
interacting with the positively charged bacterial cell mem-
brane is drawn back and forth, and the metal ions diffuse
into it. The presence of metal ions on the bacterial surface
is represented by thiol (-SH) groups, metabolized from pro-
teins. Bacterial death is caused by the diffusion of nutrients
carried by proteins formed across the bacterial cell mem-

brane and the inactivation of proteins activated by NPs,
reducing cell permeability. NPs immediately react with path-
ogenic bacteria to destroy membrane integrity, resulting in
bacterial cell death [36-38].

The results in Table 1 show that the bactericidal effect of
powdered NiO/CS has been significantly improved com-
pared to CS, especially with Gram-positive bacteria (B. sub-
tilis). However, this result also observed a slight decrease in
the antibacterial diameter of the solution NiO/CS sample.
This can be attributed to the poor solubility of NiO/CS.

Figure 8 shows images of the Petri dishes, which were the
MIC test results of the NiO/CS nanocomposites. The MIC
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values against E. coli, B. subtilis, and S. cerevisiae of NiO/CS
nanocomposite were 0.3, 0.3, and 1 mg/ml, respectively.

The antibacterial activity of NiO/CS in this study is com-
pared with some similar materials previously published as
shown in Table 2. The results show that NiO/CS is able to
compared with some grades of NiO NPs were synthesized
by another green method.

4. Conclusion

NiO/CS nanocomposites were successfully synthesized using
mangosteen (G. mangostana L.) peel extract via an
ultrasound-assisted route. The intense (200) XRD peak
revealed the formation of NiO NPs with cubic structures.
The results of TEM and DLS analysis have demonstrated
that the spherical NiO NPs are uniformly distributed on chi-
tosan. FTIR spectroscopy confirmed the formation of NiO
NPs based on the Ni-O stretching vibration. The antibacte-
rial activity of NiO/CS nanocomposites against Gram-
negative Escherichia coli and Gram-positive Saccharomyces
cerevisiae, Bacillus subtilis bacteria strains were evaluated.
NiO/CS eliminated both bacterial cells and fungal (mold)
cells adjacent to the nanocomposite, with the strongest inhi-
bition observed for B. subtilis. The results suggest that the
prepared NiO/CS composite is appropriate for pharmaceuti-
cal applications.
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