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Abstract

Cobalt oxide nanoparticles (Co;0,4-NPs) and cobalt sulfide nanoparticles (CoySg-NPs) have shown extensive potential in
electrochemical sensing, catalysis, specific drug targeting, and resonance imaging. However, CoySg-NPs have been rarely
explored for biomedical applications as compared to their oxide counterparts. Thus, in the current study, biocompatible
PEGylated CogSg-NPs and Co;0,-NPs are explored and compared for biological and photocatalytic properties. PEGylation
of both the NPs is achieved using a simple chemical co-precipitation method followed by characterization using UV visible
spectroscopy (UV-Vis), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron micros-
copy (SEM), energy-dispersive X-ray analysis (EDX), and pH-responsive dispersion study. After thorough characterization,
the NPs are evaluated and compared for various biological applications including antibacterial, antifungal, antileishmanial,
antioxidant, and biocompatibility as well as photo-catalytic dye degradation studies. Both the NPs have shown excellent
biological applications; however, CoySg-NPs exhibit comparatively better antibacterial, antifungal, and antioxidant proper-
ties except antileishmanial potential where Co;0,-NPs show slight superiority. Furthermore, Co;0,-NPs indicate a higher
degradation potential of methylene blue (MB) up to 46.93%. In comparison, CoySg-NPs have a degradation ability of up
to 42%, at 20 mg/ml within 3 h, which indicates considerable remediation potential of the NPs. Interestingly, both the NPs
exhibit non-hemolytic behavior, thus demonstrating a compatible and bio-safe nature of both the NPs.

Keywords Cobalt oxide nanoparticles - Cobalt sulfide nanoparticles - PEGylation - Antimicrobial - Photocatalysis -
Biocompatibility

1 Introduction

Advances in nanotechnology have compelled researchers

to explore metallic nanoparticles in a wide range of appli-
cations. Cobalt oxide nanoparticles (Co;0,-NPs) possess
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unique physical properties such as large surface area, strong
conductivity, and high magnetization, making them promis-
ing materials while cobalt sulfide nanoparticles (CogSg-NPs)
are less toxic, and potentially suitable material for a wide
array of applications [1, 2]. Because of their versatile prop-
erties, Co;0, and CoySg NPs are used in energy storage,
electrochemical sensing, magnetism, water splitting, batter-
ies, catalysis, and energy production [3-9].

Cobalt complexes (Co;0,, CoySg) have also shown exten-
sive potential for biomedical applications such as magnetic
resonance imaging, cell labeling, visualization of tissues
and orthopedic implants, and as delivery vehicles for anti-
cancer drugs as summarized in Table 1 [20-29]. Further-
more, CoySg also exhibits excellent sensing properties; for
instance, numerous composites of CoySg-NPs have shown
potential for the detection of glucose and dopamine, a neu-
rotransmitter released by the brain [30, 31].

Currently, various approaches are available to synthe-
size Co;0,-NPs and CoyS¢-NPs including physical, chemi-
cal, and green methods [16, 32]. In the green method, bio-
mass such as plants and microbes or their extracts are used
as a reducing or stabilizing agent for the synthesis of NPs
and thus considered a less toxic, cheap, and eco-friendly
approach. However, there are a couple of drawbacks asso-
ciated with the approach, mainly low yield, non-uniformity
of the NPs, and reproducibility of the reactions. Similarly,
mechanical methods use high energy and pressure to syn-
thesize NPs. While mechanical methods may exhibit some
pros such as high purity and uniform size of the NPs, the
approach is also associated with some cons including
high costs, labor, and use of high energy, temperature,
and radiation exposure. In comparison to green and physi-
cal methods, chemical synthesis involves the interaction
of atoms and smaller molecules at subnanometric scale,
and the precursor metallic ions are converted into stable
nanoparticles via nucleation and growth. In the method,
suitable water-soluble reducing and capping agents are

employed according to the need. The chemical approach
is widely used for the synthesis of metallic nanoparticles
because the method proves to be economical, facile, and
highly controllable; gives a high yield of NPs with signifi-
cant purity; and often leads to NPs with uniform size and
shapes [17, 33-35].

PEGylation is the alteration of peptide, protein, and
non-peptide molecules by adding one or more molecules of
polyethylene glycol [36, 37]. PEGylation of the drugs/par-
ticles is mainly performed to extend the circulation period
in the body, increase the solubility of drugs or dispersion
of the NPs, decrease the effect of metabolic enzymes, and
enhance drug stability [38]. The chemically synthesized,
PEGylated metal nanoparticles have been explored as a
contrast agent in imaging, and theranostics, and as carri-
ers for targeted drug delivery, anti-inflammatory, cellular
uptake, and biocompatibility evaluation [39-42].

Due to the unique biomedical properties of metallic
oxides (such as Co;0,), extensive research has already
been done but metallic sulfides (such as CogSg) have
always been ignored. Hence, there is a huge research gap
or lack of literature for biomedical applications of CoySg
which can be fulfilled by understanding the potential bio-
logical properties of CoySg-NPs. By analyzing a few pub-
lished research papers on CogySy, it is clear that sulfides are
excellent biosensors and their ability can be improved by
either modifying their surface or using composites along
them. Thus, herein, we have compared the potential bio-
logical properties of PEGylated cobalt oxide and cobalt
sulfide nanoparticles. The particles were well character-
ized using multiple techniques using UV-Vis spectroscopy,
FTIR, XRD, scanning electron microscope (SEM), and
pH-responsive dispersion. Following, the particles were
explored for varied biological properties using antibacte-
rial, antifungal, antileishmanial, antioxidant, and compat-
ibility studies.

Table 1 Previous studies on the biological applications of cobalt oxide and cobalt sulfide nanoparticles

Type of NPs Precursor salt Reducing/capping agents Size (nm) Shape Applications References
Co;0,-NPs Cobalt nitrate hexahydrate Populus ciliata (leaves) 25-35 Square Antibacterial [10]
Co;0,-NPs Cobalt sulfate Piper nigrum 51 Cubic Antibacterial, antioxidant [11]
CoO-NPs Cobalt nitrate hexahydrate (Phoenix dactylifera) 80 Spherical Antimicrobial, photocatalytic [12]
seeds
Co;0,-NPs Cobalt nitrate hexahydrate Rhodophyta 29 Spherical Antimicrobial, anticancer, anticoagulant, antioxidant [13]
CoO-NPs Cobalt chloride Curcuma longa (roots) 80 Spherical Antioxidant, photocatalytic, antitumor [14]
Co;0,-NPs Cobalt chloride hexahydrate Citrus limon Nil Pyramid-like crystal Antimicrobial [15]
Co;0,-NPs Cobalt(IT) acetate tetrahydrate Salicylaldehyde 30-50 Spherical Nil [16]
CoO-NPs Cobalt nitrate hexahydrate Punica granatum 40-80 Spherical Photocatalytic [17]
Co;0,-NPs Cobalt chloride Urea 20-25 Non-spherical Anti-apoptotic marker, antimicrobial [18]
CoS Cobalt sulfate Sodium sulfide Nil Nil Antimicrobial, photocatalytic [19]
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2 Experimental
2.1 Materials
2.1.1 Chemicals and Reagents

Cobalt(Il) nitrate hexahydrate Co(NO;),-6H,0 (97%) was
purchased from Samchun Pure Chemical Co., Ltd. Sodium
borohydride (NaBH,) poly(ethylene glycol)-6000, and
sodium sulfide nonahydrate (Na,S-9H,0) were acquired
from Sigma-Aldrich. All the chemicals were utilized as
received without any additional purification. Distilled water
was used throughout the experiments to avoid impurities.

2.2 Methodologies
2.2.1 Synthesis Co;0,-NPs

In a typical experiment, Co(NO;),-6H,0 was used as a pre-
cursor to synthesize nanoparticles. Briefly, a 0.0625 M solu-
tion of Co(NO;),-6H,0 was prepared by adding 1.82 g of
salt into 100 ml of distilled water. 1.82 g of poly(ethylene
glycol) was also dissolved in 100 ml of distilled water, in
a separate flask. After a continuous stirring for 15 min,
poly(ethylene glycol) solution was added dropwise into the
precursor salt solution. After complete addition and mixing,
the temperature of the mixture was risen and maintained at
65 °C. Next, a 0.125 M solution (0.473 g) of NaBH, (reduc-
ing agent) was prepared in 100 ml distilled water and added
to the mixture drop-by-drop. A color change from black to
green was observed with the addition of a reducing agent.
The final solution was continuously stirred at 65°C for 4 h.
The precipitate obtained was centrifuged and washed thrice
at 4000 rpm, with distilled water. The product was then dried
in the oven overnight, collected after drying, and ground in
mortar and pestle. Finally, the NPs were calcined in a muffle
furnace at 450 °C for 2 h to increase the crystalline nature,
and crystallite size and to remove any contaminants from
the sample [43].

2.2.2 Synthesis of CoySg-NPs

Similar to the synthesis of Co;0,-NPs, CoySg-NPs were
also synthesized by chemical precipitation method. Initially,
0.0625M (1.82g) Co(NO;),-6H,0 and 0.125M (3.015 g) of
sodium sulfide nonahydrate (Na,S-9H,0) solutions were
prepared by dissolving each chemical into 100 ml of dis-
tilled water, in separate flasks. After 15 min of continuous
stirring, both solutions were mixed and stirred for 15 min. In
the second step, 1.82 g of poly(ethylene glycol) solution was
prepared in 100 ml distilled water and added to the mixture.

After complete mixing, the temperature of the flask was
raised and maintained at 65 °C, with continuous stirring.
In the final step, 0.125 M (0.473 g) of NaBH, solution was
prepared in 100 ml distilled water and was added dropwise
into the mixture. The final solution was continuously stirred
at 65 °C for 4 h. The precipitate obtained was centrifuged
and washed thrice at 4000 rpm, with distilled water. The
final product was dried in the oven overnight, collected after
drying, ground in mortar and pestle, and calcined in a muffle
furnace at 450 °C for 2 h.

2.2.3 Characterization

Several characterization techniques, including X-ray dif-
fraction (XRD), Fourier transform infrared spectroscopy
(FTIR), SEM, and energy-dispersive X-ray analysis, were
used for physiological and morphological characteriza-
tion. In UV-Vis spectroscopic measurement, NP dispersion
was prepared as 0.25 mg/ml in dH,0, and absorption was
recorded from 280 to 800 nm. Functional groups and PEG
capping were detected by FTIR analysis in wavelengths of
5004000 cm™". The crystallinity of NPs (Co;0, and CoySg)
was detected by an X-ray diffractometer supplied with Cu
and Ko as sources of radiation, and Ni as a filter with 45 kV
energy. The characterization was conducted at a scan rate
of 5°/min from 20° to 85°. Crystallite size was evaluated by
using the Debye—Scherer formula [44].

D =kA/(p cos 0)

Surface morphology and size of NPs were observed by
using a scanning electron microscope at an accelerating volt-
age of 15 kV. Energy-dispersive X-ray analysis of NPs was
performed to analyze the atomic constituents of Co;O,-NPs
and CoySg-NPs.

2.2.4 pH-Responsive Dispersion Studies

To assess the dispersion capability of Co;0,-NPs and
CoyS5-NPs, a pH-responsive dispersion activity was carried
out. Five milligrams/15 mL dilutions were made in vials at
different pH values (2, 7, and 12) and subjected to sonication
for 30 min. Over the following 24 h, the resultant dilutions
were monitored for dispersion activity, and color changes
were documented using images taken instantaneously after
sonication, after 10 min, 30 min, 1 h, 2 h, 6 h, and 24 h.

2.3 Biological Applications
2.3.1 Antibacterial Assay

In the study, the antibacterial activity of chemically syn-
thesized Co;0,-NPs and CoySg-NPs was performed in
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triplicates by the well diffusion method against two gram-
positive and three gram-negative bacterial strains includ-
ing Bacillus subtilis (ATCC-6633), Staphylococcus aureus
(ATCC-6538), Klebsiella pneumonia (ATCC-1705), Escher-
ichia coli (ATCC-25922), and Pseudomonas aeruginosa
(ATCC-15442). Nutrient agar plates were streaked with cot-
ton swabs with 100 pl bacterial strains and allowed to dry
for 5 min. Wells were made in the plates and named as A, B,
C, D, negative (—ve), and positive (+ve). Different dilutions
(40 mg/ml, 20 mg/ml, 10 mg/ml, and 5 mg/ml) of the NPs
were made in DMSO and sonicated for 20 min. Wells were
then filled with dilutions in such a way that well A contains
40 mg/ml, 20 mg/ml in well B, 10 mg/ml in well C, 5 mg/ml
in well D, and positive control (Levofloxacin) in the central
well. DMSO was used as a negative control in the test. After
incubation of plates at 37 °C for 24 h, the zone of inhibition
(ZOI) was measured in millimeters (mm) using a measure-
ment scale. Minimum inhibitory concentration (MIC) was
also evaluated to screen the minimum inhibitory potential
of the NPs.

2.3.2 Antifungal Assay

This activity was performed to assess the antifungal poten-
tial of Co;0,-NPs and CoySg¢-NPs against three fungal
strains including Aspergillus terreus (FCBP-0058), Tricho-
phyton rubrum, and Aspergillus flavus (FCBP-0064), by a
well diffusion method [45]. Fungal spores were harvested in
Tween 20 solutions. Sabouraud dextrose agar (SDA) plates
were streaked by cotton swabs with 100 pL fungal spore sus-
pension and allowed to dry for 5 min. Wells were made and
filled with NP dilutions (80 mg/ml, 40 mg/ml, 20 mg/ml, and
10 mg/ml). The antifungal drug (clotrimazole) was used as
positive control and DMSO was used as a negative control,
the plates were then incubated at 27 °C for 48—72 h and ZOI
was measured in millimeters (mm) by measurement scale.

2.3.3 Antileishmanial assay

The nanoparticles were examined for leishmanicidal activity
against Leishmania tropica-KWH23. The capability of the
NPs was evaluated against both flagellated (promastigote)
and non-flagellated (amastigote) phases of the dimorphic
parasite. Both parasitic test subjects were freshly cultivated
and retained in a specialized medium (10% FBS) for 12
h, according to the protocol [46]. Later on, 180 pl of the
renewed promastigote and amastigote cultures and 10 pl of
the NP samples (12.5-200 pg/ml), under consideration, were
perfectly mixed in designated wells of the 96-well plate, fol-
lowed by an incubation of 72 h at 28°C. The NPs were per-
fectly dissolved in DMSO and used as the negative control,
and Amphotericin-B was used as a positive control. After a
72-h incubation period, 10 pl of the MTT solution (5 mg/ml)

@ Springer

was added into the wells, followed by a 4-h re-incubation (28
°C). The absorbance was analyzed at 560 nm and the activity
was measured as % inhibition,

SInhibition = | 1 - { Abs }] x 100
Abc
Here Abs represents the absorbance of the samples under
consideration and Abc represents the absorbance of the neg-
ative control.

2.3.4 Antioxidant Activities

DPPH Free Radical Scavenging Assay A typical procedure
by Ihsan et al. (2021) was applied to quantify the potential
free radical scavenging capability of DPPH [47]. In short,
20 pL of the NP dispersion (4 mg/ml) was merged with 180
pL of the DPPH reagent in the designated wells of a 96-well
plate, followed by dark incubation of 2 h at 37 °C. After the
incubation time, absorbance was measured at 517 nm, and
each sample’s free radical scavenging capability was evalu-
ated using the formula.

(%) FRSA = | Abs control — ——
Abs control

Ab 1
sample > 100

where control is the absorbance of DPPH solution without
the test sample and Ab sample represents the absorbance of
the test sample containing NPs and DPPH solution.

Total Reducing Power The assay was executed with various
changes to the procedure used by Aziz et al. (2021) [48]. In
brief, a reaction mix including 100 pl of the sample, 200 pl
of phosphate buffer (pH 6.6), and 100 pl of potassium fer-
ricyanide (1% w/v) was prepared in an Eppendorf tube. The
tube was then incubated in a water bath for 45 min at 60 °C.
After incubation, 200 pl of 10% w/v trichloroacetic acid was
slowly added into the mixture and centrifuged at 3000 rpm
for 15 min. The supernatant (150 pl) was carefully put into
the appropriate well on the plate, which previously included
50 pl of ferric cyanide (C¢N¢FeK;) solution (0.1% w/v). The
samples’ absorbance was evaluated at 630 nm.

2.3.5 Biocompatibility

A blood biocompatibility assay was performed against
Co030,-NPs and CoySg-NPs to examine the hemocompat-
ibility of the materials. Initially, 5 ml of fresh blood was
taken from a healthy human with informed consent, cen-
trifuged at 4000 rpm, washed twice with phosphate buffer
saline (PBS), and re-suspended in PBS respectively. Then,
a 2% EDTA solution was prepared and added to the blood
to avoid coagulation. Four different concentrations (5 mg/
ml, 2.5 mg/ml, 1.125 mg/ml, and 0.562 mg/ml) of NPs were
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prepared and used to analyze the hemolysis of RBCs. Micro-
scopic slides were prepared by adding 20 pl RBCs and NP
dilutions. Triton X-100 was employed as a positive control
while re-suspended RBCs in PBS were considered a nega-
tive control. After 1 h of incubation at 37 °C, slides were
analyzed at 1000x magnification and micrographs were
taken respectively.

2.4 Photocatalytic Applications
2.4.1 Dye Degradation Assay

The dye degradation assay was performed to analyze the
photocatalytic capability of Co;0,-NPs and CoySg-NPs.
Methylene blue (MB), a cationic dye, was used as a control
for this assay. Typically, a stock solution of MB dye (10
mg/l) was prepared and maintained at 2641 °C. A total of
40 ml of MB dye was taken from the stock and 40 mg NPs
was added to it in an Erlenmeyer flask. Constant stirring at
200 rpm was performed under direct sunlight. Sample ali-
quots were taken out at varying time intervals ranging from
0 to 180 min and centrifuged at 10,000 rpm for 8 min. The
absorbance of supernatant, collected after centrifugation,
was analyzed using a UV-Vis spectrophotometer. % degra-
dation for MB dye was calculated using the equation [49].

Co-C

%(D) = (T ) x 100

Here, Co is the concentration of dye at 0 min while C is
the concentration of dye at a specific time interval.

2.5 Statistical analysis

Two-way ANOVA was implemented in GraphPad Prism to
analyze the statistical significance of antibacterial activity.

a
CO(N03)2. 6H20
- ~ NaBH,
Ionic -
dissociation
CO;",NOy Na’, BHy

Poly(ethylene glycol)
X

Co atoms + H,O0 = Co(OH). — Co03;04-NPs

¢ 3 > PEG capping Q Jo)
65°C-4h Calcination
450°C-2h

Results were viewed as statistically significant if P<0.05
when comparing both NPs at the highest concentration of
antibacterial activity. The data are presented as mean values
from triplicates (n=3) with standard deviation (+SD).

3 Results and Discussion
3.1 Synthesis of Co;0,-NPs and Co,Sg-NPs

Co(NO;),-6H,0 was used as a precursor salt for the syn-
thesis of Co;0,4-NPs. The whole synthesis process was a
series of color changes from pink to green. Initially, crystal
clear poly(ethylene glycol) solution was added to the pink-
colored Co(NO;),-6H,0 solution, the pink color remained
visible. Subsequently, the addition of NaBH,, a reducing
agent, turned the pink color into blackish, followed by fume
formation. After continuous stirring at 65 °C for 4 h, the
black color slowly turned green. The greenish mixture was
then washed, dried, and later on collected. Calcination at 450
°C for 2 h provided black-colored Co;0,-NPs. Initially, the
dissociation of Co(NO3),-6H,0 in water results in the forma-
tion of Co(OH),. The obtained Co(OH), interacts with PEG
to create a Co(OH),-PEG complex as depicted in Fig. 1. The
reaction mixture was eventually treated with NaBH,, which
converted Co," ions to Co atoms. The Co atoms interact
with the Co(OH),-PEG complex, leading to the formation
of Co;0,-NPs. The resulting Co(OH),-PEG-Co0;0, mixture
was calcined, converting the Co(OH), to Co;0,-NPs [50].
In the reaction, PEG worked as a stabilizing agent which
prevented the destabilization of Co;0,4-NPs.

Similarly, Co (NOj3), 6H,O was also used as a precursor
salt for the synthesis of CogSg-NPs. Initially, solutions of
Co(NOj3),-6H,0 and Na,S were mixed after stirring sepa-
rately. The green color appeared which eventually turned

b
CO(N03)2. 6H20 Na,S. 9H,0 NaB
N el by
Ionic + +
dissociation
CO,",NOy Na’, Sy Na', BHy

l Poly(ethylene glycol)

C09Sg-NPs — Co09Sg-NPs —> Co0ySs-NPs

? PEG capping ¥ q

Calcination
450°C-2h

65°C-4h

Fig. 1 Schematic illustration of the possible mechanism of synthesis of a Co;0,-NPs and b CoySg-NPs
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brownish-green after the addition of poly(ethylene glycol).
The addition of NaBH, turned the brownish-green color of
the solution into blackish, followed by fume formation. After
4 h of continuous stirring at 65°C, the NPs were washed,
dried, and later on collected. The Co(NO,),-6H,O and
Na,S-9H,0 dissolved in water produce Co," and S,™ ions,
which are then utilized to synthesize CoySg-NPs. These ions
combine to produce CoS nuclei, which grow when additional
sulfur and PEG are utilized. Co," ions turn into Co atoms
when NaBH, is added, producing a mixture of CoS and Co
nanoparticles. However, when there is excessive sulfur in the
reaction mixture, more and more Co atoms react with sulfur
atoms to produce CoySg-NPs [50]. In the synthesis, PEG
worked as a stabilizing agent during the synthesis process.

3.2 Characterization
3.2.1 UV-VIS Spectroscopy

The optical characterization was performed by analyzing the
absorption and transmittance of Co;04-NPs and CoySg-NPs
as illustrated in Fig. 2. For Co;0,-NPs, the absorption spec-
trum showed a slight absorption within the wavelength of
280-500 nm indicating the presence of surface plasmon
resonance (SPR) [51]. The SPR peak was most likely influ-
enced by the crystallite size of Co;0,-NPs [51]. However,
CoySg-NPs showed no absorption peak in the entire visible
region. This is more likely to be due to the size of CoySg-NPs
[51]. The measurement of transmittance is a highly valu-
able tool to analyze the ability of NPs to transmit light. In
the case of CoySg-NPs, transmittance increased rapidly at
around 300 nm (A) and as the wavelength increased above
300 nm, the absorption band shifted towards longer wave-
lengths (red-shifted), causing the peaks on the transmittance
graph to rise to higher values. However, Co;0,-NPs showed
low transmittance throughout the entire wavelength range
with slight peaks at 320 nm and 620 nm. The transmittance
of CoySg¢-NPs and Co;0,-NPs was more likely to be influ-
enced by NP size [52].

Fig.2 UV-Vis spectra of a

Co30,-NPs and CoySg-NPs. a
Absorbance spectra, b transmit-
tance spectra

Absorbance (a.u)

3.2.2 FTIR Analysis

Molecular structure and functional group analysis of
Co304-NPs and CoySg-NPs were performed by FTIR
spectroscopy. FTIR spectra of Co;0,-NPs displayed
eminent peaks at 564.1, 662.26, 1104.99, 1354.85, and
3362.87 cm™! as shown in Fig. 3. The spectra showed
two distinct and strong absorption bands at 564.1 cm™!
and 662.26 cm™!, originating from fingerprint vibrational
stretching of Co—O bonds in Co;0,-NPs. It also con-
firmed the spinel crystal structure of Co;0,-NPs. Bands
at 1104.99 cm™, 1354.85 cm™', and 3362.87 cm™ were
observed, attributed to C-O, Co-O, and C-OH stretch-
ing respectively, which confirmed the PEG coating on
Co30,-NPs [53]. Contrary to Co;0,-NPs, FTIR spectra of
CoyS5-NPs displayed prominent peaks at 559.66, 660.1,
and 1127 cm™!. The spectra showed two sharp bands at
559.66 cm™! and 660.1 cm™!, originating from finger-
print vibrational stretching of Co—S and S—Co-S bonds
in CogSg-NPs. Another slight band was observed at 1127
cm™!, attributed to C—O—C stretching, which confirmed
the PEG coating on CogSg-NPs [44].

3.2.3 XRD Analysis

The phase structure and crystallite size of PEGylated
Co0304-NPs and CoySg-NPs were evaluated by an X-ray
diffractometer, in a 20 range of 20° to 85°, operated with
Cu as an anode using 45-kV energy. XRD patterns of
Co0;0,-NPs as shown in Fig. 4 a displayed spinel crys-
tal structure (JCPDS No: 76-1802) with the diffrac-
tion peaks at 20 values of 37.09°, 38.42°, 65.06°, and
78.20° which correspond to (311), (222), (440), and
(533), planes respectively [54]. The average crystalline
size of Co;0,-NPs as measured by the Debye—Scherer
formula was calculated to be 39.86 nm [3], whereas for
Co,yS¢-NPs, diffraction peaks at 20 values of 24°, 31.4°,
34.4°,36.7°,38.3°,44.7°, and 59.3° were obtained which
corresponded to (200), (311), (222), (400), (331), (422),

Co;0,-NPs b Co,0,-NPs
CoySg-NPs Co,S4-NPs
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Fig.3 FTIR spectra of a a

Co,0,NPs— b

C03;0,-NPs and b CoySg-NPs
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and (533) planes, respectively [55]. A slight deflection
from exact peaks was observed which may be due to
intense PEG coating on the surface of NPs. The XRD pat-
tern of PEGylated CoySg-NPs thus displayed cubic crys-
tal structure (JCPDS No: 00-002-1459) and the average
crystallite size of the NPs as measured by Debye-Scherer
formula was calculated to be 36.7 nm [56].

3.2.4 Morphological and Elemental Studies

Morphological exploration of chemically synthesized
PEGylated Co;0,-NPs and Co,S¢-NPs was performed using
a SEM as displayed in Fig. 5 a and b. SEM analysis of both
the Co;0,4-NPs and CoySg-NPs showed slight agglomera-
tion in particular in Co;0,4-NPs. Overall CogSg-NPs showed
spherical or elliptical morphology while Co;0,-NPs dis-
played relatively high agglomeration with elliptical or
irregularly shaped morphology of the NPs. The average size
for CogSg-NPs as computed with ImageJ was 63.3+14.92
nm while the mean size for Co;0,-NPs was determined

70 80 2

20 (degree)

as 41.67+6.80 nm. Comparatively, CoySg-NPs displayed
smooth surface morphology, making it easier for NPs to
make strong contact with bacterial cell walls thus enhancing
their potential antimicrobial activity. This kind of behavior
of smooth-surfaced NPs has already been demonstrated in
previous literature [10].

The elemental composition analysis of PEGylated
Co0;0,-NPs and CoySg-NPs was performed by EDX spec-
troscopy as shown in Fig. 5c¢ and d. The EDX spectra of
Co;0,-NPs showed that the required amount of Co and O
are present in NPs which confirmed the formation of highly
pure Co;0,-NPs. Weight % of O and Co elements were
determined as 32.56% and 67.44% while atomic % was
determined as 64% and 36%, respectively. For CogSg-NPs,
EDX spectra confirmed the formation of CoySg-NPs because
of the presence of S and Co elements. The weight % of S
and Co elements was evaluated as 11.82% and 88.18% while
atomic % was evaluated as 18.31% and 81.69%, respectively.
The current data thus confirms the formation of Co;0,-NPs
and CoySg-NPs.
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Fig.5 SEM micrographs of a a
C030,-NPs and b CoySg-NPs

and EDX analysis of ¢

C030,-NPs and d CoyS¢-NPs

3.2.5 pH-Responsive Dispersion Study

Dispersion studies are prominent in nanotechnology since they
influence the characteristics and behavior of nanoparticles in
diverse applications. Optimal dispersion improves performance,
but inadequate dispersion yields unsatisfactory outcomes. Dis-
persion study provides insight into the interactions of nanoparti-
cles with their surroundings, assuring repeatability, biocompat-
ibility, and comparability of experimental techniques [57]. In
the current study, Co;0,-NPs and CoyS¢-NPs displayed similar
dispersion activity in distilled water, with both NPs being com-
pletely dispersed after sonication as presented in Fig. 6. How-
ever, the commencement of sedimentation began after 10 min,
and all the NPs, except for Co;0,-NPs and CoySg-NPs at pH 2,
were mostly sedimented within an hour after sonication. After
6 h, all NPs at varying pH levels (2, 7, and 12) were completely
sediment. However, Co;0,-NPs and CoySg-NPs showed good
dispersion capability at pH 2, as they remained dispersed even
after 2 h, whereas none of the other NPs remained dispersed.

3.3 Biological Applications
3.3.1 Antibacterial Studies

Antibacterial nanomaterials can be used to prevent the
growth and propagation of bacteria in a wide range of
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applications, including diagnostic instruments, wound dress-
ings, and textiles. They are essential for limiting infection
risk and boosting cleanliness in a variety of settings [45, 58].
In the current study, the antibacterial activity of PEGylated
Co0;0,-NPs and CoySg-NPs was studied against two gram-
positive, i.e., B. subtilis and S. aureus, and three gram-neg-
ative bacterial strains, i.e., K. pneumonia, E. coli, and P.
aeruginosa. An agar well diffusion assay was used to explore
the antibacterial potential of the samples with Levofloxacin
and DMSO as positive and negative controls, respectively.
In the study, both the NPs showed dose-dependent effec-
tiveness but Co,Ss-NPs showed more efficient antibacterial
activity as compared to Co;0,-NPs as displayed in Table 2
and Fig 7. For instance, at the highest tested concentration
of 40 mg/ml, CoyS¢-NPs displayed maximum zone of inhi-
bition (ZOI) against P. aeruginosa which was measured as
24+1 mm. B. subtilis was found to be the second most sensi-
tive strain to CoySg-NPs as it resulted in 22+1.4 mm ZOI.
At a similar concentration, K. pneumonia showed a ZOI of
20+1.5 mm. Although K. pneumonia showed comparatively
lower ZOI for CogSg-NPs at 40 mg/ml, it was still found to
be more sensitive at a lower concentration as it resulted in
13+1 mm ZOI at 1.25 mg/ml. Similarly, S. aureus induced
ZOI of 21+1.2 mm at 40 mg/ml, and its MIC was observed
to be 1.25 mg/ml. Among the tested strains, E. coli was
examined to be the least sensitive as it induced 20.5+1.1
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Fig.6 Pictorial presentation of pH-responsive study of Co;0,-NPs
and CoySg-NPs at varied pH

mm ZOI at 40 mg/ml with a MIC of 5 mg/ml. Contrary to
CoySg-NPs, Co;0,4-NPs resulted in a comparatively higher
zone of inhibitions but with higher MICs. For instance, at
the highest tested concentration of 40 mg/ml, Co;0,-NPs
exhibited maximum ZOI against E. coli which was measured
as 28+1.1 mm. B. subtilis was found to be the second most
sensitive strain to Co;0,-NPs as it resulted in 24+1.4 mm
ZOI. At a similar concentration, S. aureus showed a ZOI
of 19+1.2 mm. Although S. aureus showed comparatively
lower ZOI for Co;0,-NPs at 40 mg/ml, it was still found
to be more sensitive at a lower concentration as it resulted
in 9+1.2 mm ZOI at 2.5 mg/ml. Similarly, K. pneumonia
induced ZOI of 194+1.6 mm at 40 mg/ml, and its MIC was
observed to be 5 mg/ml. Among the tested strains, P. aer-
uginosa was examined to be the least sensitive as it induced
22+1.2 mm ZOI at 40 mg/ml with MIC of 10 mg/ml.

A comprehensive literature review reveals that metallic
nanoparticles (MNPs) inhibit bacterial growth in multiple

ways as illustrated in Fig 8. Once NPs come into contact
with bacteria, they can pass through the cell membranes,
obstruct metabolic processes, and affect the morphology
of membranes. Once inside the cells, NPs interfere with
the cellular machinery of the microbes to suppress enzyme
activity, diminish protein function, induce oxidative stress,
promote electrolyte imbalances, and influence gene expres-
sion levels. The cell dies as a result of the release of cellular
matrix and damage to organelles caused by the creation of
pits in the cell membrane [59, 60].

3.3.2 Antifungal Studies

The antifungal activity of PEGylated Co;0,-NPs and
CogySg-NPs was studied against three fungal strains, i.e., A.
terreus, T. rubrum, and A. flavus. These strains are clinically
important because they are usually associated with multiple
human fungal infections such as invasive aspergillosis, tinea
pedis, tinea cruris, and aflatoxicosis [61]. An agar well diffu-
sion method in various concentrations was used to examine
the fungicidal activity of Co;0,-NPs and CogSg-NPs. Inter-
estingly, Co;0,-NPs did not show any activity against any
of the fungal strains used as displayed in Fig 9. Contrary to
Co0;0,-NPs, CogSg-NPs at the highest tested concentration
of 80 mg/ml induced the highest zone of inhibition (ZOI)
of 19+1.2 mm against A. flavus. A. terreus also resulted in
moderate sensitivity against CogS¢-NPs with a ZOI of 14+1
mm. Furthermore, the least sensitive fungal strain was T.
rubrum, which showed ZOI of 10+1 mm at 80 mg/ml. How-
ever, it is noteworthy that the particles were only active at
the highest concentration against the tested fungal strains as
the strains only displayed sensitivity at 80 mg/ml.

A complex mechanism may be involved in the antifun-
gal activity of cobalt nanoparticles as illustrated in Fig 10.
Initially, when the NPs interact with fungi, metal ions are
released, which bind to particular protein groups on the fun-
gal cells. The metal ions emitted are determined depending
on the type of NPs and fungus involved. This interaction
can cause electron transport disruption, membrane potential
abnormalities, reduced protein function, enhanced oxidative
stress, electrolyte imbalance, abnormal gene expression, and
poor nutritional absorption. Metal ions from NPs also cause
DNA damage, resulting in cellular death [62].

3.3.3 Antileishmanial Studies

Leishmania is a highly neglected parasitic disease that is
common in tropical and subtropical areas and affects humans
and animals worldwide. The disease is widespread and is
caused by the bite of an infected female sandfly [1]. Cutane-
ous leishmaniasis is caused by a protozoan parasite Leishma-
nia tropica. During infection, the parasite experiences two
stages: the extracellular promastigote stage, which resides
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Table 2 Antibacterial activity

Sample Conc. Zone of inhibition (mm)
of COQSS_NPS and C0304_NPS Bacterial strains
at various concentrations with
MICs K. pneumonia P. aeruginosa E. coli S. aureus B. subtilis
Co,S4-NPs 40 mg/ml 20+1.6 24+1.0 20.5+1.4 21+1.2 22+1.4
20 mg/ml 19+1.2 22+1.0 19+1.2 20+1.0 19+1.4
10 mg/ml 18+1.0 20+0.8 17.5+1.2 16+1.0 15.5+1.2
5 mg/ml 17+0.8 19+0.8 15.5£1.0 14.5+0.8 14+1.2
MIC (mg/ml) 125 5 5 1.25 25
PC 29+1.8 30+1.2 27£1.6 25+2 26+2
NC
Co;0,-NPs 40 mg/ml 19+1.6 22+1.2 28+1.1 19+1.2 24+1.4
20 mg/ml 17+1.3 15+1.1 19+1.0 17+1.1 18+1.2
10 mg/ml 16+1.3 12.5+1.0 18+1.0 15+1.2 17+1.2
5 mg/ml 13+0.8 - 9+0.8 10+1.2 13+1.0
MIC (mg/ml) 5 10 5 2.5 5
PC 27+1.8 21+1.2 35+1.6 2742 2542
NC
PC stands for positive control while NC denotes negative control. The symbol “--” indicates no observed
results

in the sand fly’s abdomen, and the intracellular amastigote
stage, which propagates inside host cells. The amastigote
stage is chiefly responsible for clinical symptoms, which
include skin lesions, scarring, and ulcers [46].

In the study, the leishmanicidal efficacy of Co;0,-NPs
and CoySg-NPs was examined against Leishmania tropica
using multiple concentrations that included 12.5, 25, 50,
100, and 200 pg/ml. An MTT cell viability assay was
conducted to evaluate the growth inhibition of promas-
tigote and amastigote when incubated with NP dilutions.
Concentration-dependent growth inhibition was docu-
mented as shown in Fig. 11. Although all the tested NP
concentrations displayed excellent growth suppressive
effects, % inhibition increased with an increase in NP
concentration. Comparatively, Co;0,-NPs showed higher
% inhibition than CoySg-NPs, at the highest tested con-
centration but at lower concentrations, CoySg-NPs dis-
played more potential than Co;0,-NPs. For Co;0,-NPs,
the highest tested concentration (200 pg/ml) resulted in
77.40+1.2% and 69.34+1.2% inhibition for promastig-
ote and amastigote, respectively. However, it reduced to
4.21+1.0% and 2.12+1.2% when dealing with the lowest
tested concentration (12.5 pg/ml). Furthermore, the IC,
was measured for promastigote and amastigote as 110.33
pg/ml and 141.2 pg/ml, respectively. Subsequently, for
CoySg-NPs, the highest tested concentration resulted in
72.3+1.4% and 68.2+1.2% inhibition for promastigote
and amastigote, respectively. When dealing with the low-
est concentration, % inhibition was reduced to 10.78+1%
and 9.42+1.2%, respectively. The IC50 was determined
for promastigote and amastigote as 95.21 pg/ml and 128.5
pg/ml, respectively.

The antileishmanial mechanism can be hypothesized
as reported for other metallic nanoparticles as illustrated
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in Fig. 12. Initially, the MNPs interact with the parasite’s
membrane, penetrate it, produce reactive oxygen spe-
cies (ROS), and induce oxidative stress (OS) which ulti-
mately leads to cell death. The ultra-small dimension and
high surface area give NPs an interesting opportunity to
interact with sensitive and delicate parts of cells, DNA,
and enzymes which lead to faulty protein synthesis and
enzyme inactivity and thus lead to parasite mortality [63].

3.3.4 Antioxidant Studies

The antioxidant ability of PEGylated Co;0,-NPs and
CoySg-NPs was analyzed by DPPH (2,2-diphenyl-
1-picrylhydrazyl)-free radical scavenging activity, and
total reducing power (TRP) activity as summarized in Fig
13. Free radical scavenging ability was evaluated by using
DPPH-FRSA at 500 pg/ml. The stable free radical DPPH
has a prominent absorption at 517 nm and a deep purple
appearance. When an antioxidant that scavenges free radicals
interacts with DPPH, it transforms it into the less absorbent/
colorless stable DPPH solution. As the DPPH free radical
gains electrons from the antioxidant molecules, decolorization
(yellow hue) of the purple DPPH solution emerges [64]. In the
study, CoySg-NPs displayed superior free radical scavenging
ability, with 22.35+0.4% inhibition of the DPPH, whereas
Co;0,-NPs showed only 5.81+0.6% DPPH inhibition. To
further affirm the antioxidant results, both the NPs were also
tested for the total reducing power assay. The premise behind
the reducing power technique is that compounds with reduc-
tion potential engage with potassium ferricyanide (Fe**) to
generate potassium ferrocyanide (Fe**), which then interacts
with ferric chloride to form a ferric-ferrous complex [65].
Likewise, CoySg-NPs exhibited excellent antioxidant capacity
which was calculated as 239.87+1.8 pg AAE/mg. Contrary,
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Co;0,-NPs showed comparatively weak antioxidant ability
which was calculated as 192.82+1.6 ng AAE/mg. Our study
thus concludes that CoySg-NPs exhibit better antioxidant
properties as compared to Co;0,-NPs.

3.3.5 Biocompatibility

Biocompatibility is an essential aspect of nanomaterials to
understand the response of cells or tissues to biomaterials or
nanomaterial-based implants [66, 67]. A hemocompatibility
assay was performed to analyze the toxicity and compat-
ibility of PEG-coated Co;0,-NPs and CoySg-NPs against
human red blood cells (RBCs). Different concentrations (5
mg/ml, 2.5 mg/ml, 1.125 mg/ml, and 0.562 mg/ml) of the
NPs were tested against RBCs. No hemolytic behavior was
shown by NPs even at the highest tested concentrations as
displayed in Fig. 14. All the cells retained their integrity
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and did not rupture during the co-incubation with nanopar-
ticles. Contrary to nanoparticles, Triton X-100 which was
employed as a positive control showed complete hemolysis
of RBCs as can be visualized in the figure. Our data thus
shows that Co;0,-NPs and Co,Sg-NPs at described concen-
trations are safe and do not cause any blood cell damage.

3.4 Photocatalytic Applications
3.4.1 Dye Degradation Assay

The photocatalytic ability of NPs is extremely important due
to their potential applications in energy production and envi-
ronmental remediation. The nanomaterials, when exposed to a
direct source of light (sunlight), can start chemical reactions that
break down dye molecules transforming light energy into usable
forms, and facilitating the production of valuable compounds
[68]. The chemically synthesized PEGylated Co;0,-NPs and
Co,ySg-NPs were evaluated for photocatalytic activity against
methylene blue dye as summarized in Fig 15. The optimal
absorbance peak for MB dye was determined to be at 664 nm.
For Co;0,-NPs, a sudden drop in peak intensity was observed,
after incubation of 120 min, which was indicative of the photo-
catalytic degradation of dye. It resulted in a 19.87% degradation

Co3;0, — NPs or CogSg — NPs + hv (light energy) (0Co3;0, or CoySg

Concentration 500 pg/ml

of MB dye. Interestingly, a constant rise in % dye degradation
was observed, as the time interval moved from 120 to 180 min.
Incubation of MB dye with Co;0,-NPs, for 180 min, resulted
in 46.93% degradation. However, for CoyS¢-NPs, peak intensity
dropped after an incubation period of 30 min and continued to
decline until 180 min. The % degradation of MB was 0.286%
during the first 30 min of incubation and climbed to 10.29% at
60 min. The % degradation increased up to 42% as the incuba-
tion period reached 180 min. This data thus demonstrates that
CoyS¢-NPs displayed prominent sensitivity against dye even at
30 min of incubation while Co;0,-NPs were not very sensitive
at a low incubation period as they showed significant sensitivity
after 120 min of incubation.

A comprehensive literature review shows that when NPs
interact with the dye, they allow dye molecules to adsorb on
the surface of NPs due to the high surface-to-volume ratio of
the NPs as depicted in Fig 16. The NPs then start producing
reactive oxygen species (ROS) such as -OH and -O,~ through
photoactivation or in the presence of sunlight. The ROS in
turn initiates oxidative reactions, thus destroying the molecular
structure of dye molecules. As NPs are excellent catalysts, they
speed up the dye degradation process by providing multiple
additional active binding sites to dye molecules. Denaturation
of dye molecules also leads to discoloration of the dye [49].
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4 Conclusion

The current study aimed to compare the biological and photo-
catalytic properties of PEGylated Co;0,-NPs and CoySg-NPs
synthesized via a facile co-precipitation approach. XRD and
SEM analysis determined the phase structure, crystalline
nature, and elliptical/irregularly shaped morphology of both
the NPs while EDX affirmed the presence of Co, O, and S in
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respective samples. FTIR analysis also confirmed the suc-
cessful capping of poly(ethylene glycol) onto the surface of
both the NPs. The biological studies carried out in the study
revealed that PEGylated CoySg-NPs exhibit better antioxi-
dant, antibacterial, antifungal, and antileishmanial proper-
ties as compared to Co;0,-NPs. Furthermore, both the NPs
demonstrated excellent in vitro compatibility against isolated
red blood cells, thus showing the compatible and bio-safe
nature of the particles. However, Co;0,-NPs possessed
slightly improved photocatalytic degradation of methylene
blue (MB) dye as compared to CogSg-NPs. Our study thus
demonstrated that biocompatible PEGylated Co;0,-NPs and
CoyS¢-NPs possess excellent biological and catalytic proper-
ties and thus could be further explored for in vivo biomedical
and remediation applications.
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