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ABSTRACT: A simple hydrothermal route is employed to
synthesize pure copper indium disulfide (CIS) and CIS nano-
particles (NPs) mediated by various natural plant extracts. The
plant extracts used to mediate are Azadirachta indica (neem),
Ocimum sanctum (basil), Cocos nucifera (coconut), Aloe vera (aloe),
and Curcuma longa (turmeric). The tetragonal unit cell structure of
as-synthesized NPs is confirmed by X-ray diffraction. The analysis
by energy-dispersive X-rays shows that all the samples are near-
stoichiometric. The morphologies of the NPs are confirmed by
high-resolution scanning and transmission modes of electron
microscopy. The thermal stability of the synthesized NPs is
determined by thermogravimetric analysis. The optical energy
band gap is determined from the absorption spectra using Tauc’s equation. The antimicrobial activity analysis and the estimation of
the minimum inhibitory concentration (MIC) value of the samples are performed for Escherichia coli, Pseudomonas aeruginosa,
Proteus vulgaris, Enterobacter aerogenes, and Staphylococcus aureus pathogens. It shows that the aloe-mediated CIS NPs possess a
broad inhibitory spectrum. The best inhibitory effect is observed against S. aureus, whereas the least effect was exhibited against P.
vulgaris. The least MIC value is found for aloe-mediated CIS NPs (0.300 mg/mL) against S. aureus, P. aeruginosa, and E. aerogenes,
along with basil-mediated NPs against E. coli. The antioxidant activity study showed that the IC50 value to inhibit the scavenging
activity is maximum for the control (vitamin C) and minimum for pure CIS NPs. The in vivo cytotoxicity study using brine shrimp
eggs shows that the pure CIS NPs are more lethal to brine shrimp than the natural extract-mediated CIS NPs. The in vitro
cytotoxicity study using the human lung carcinoma cell line (A549) shows that the IC50 value of turmeric extract-mediated CIS NPs
is minimum (15.62 ± 1.58 μg/mL). This observation reveals that turmeric extract-mediated CIS NPs are the most potent in terms of
cytotoxicity toward the A549 cell line.

1. INTRODUCTION

Metal chalcogenide semiconductors have attracted lots of
attention over the past few years due to their electrical and
optical properties, which are beneficial to mankind, as an
alternative to conventional semiconductors. Nanosized metal
chalcogenide semiconductors show quantum confinement
effects by means of shape and size control. The properties of
the nanosized particles can be tuned by varying their chemical
composition.1−3 Nanostructures of various materials show
excellent behavior in applications such as photodetection,4

photocatalysis,5 electrocatalysis,6 energy storage anodes,7,8

electrochemical N2 reduction,9 and so forth. Amid several
inorganic nanoparticles (NPs), CuInS2 (CIS) has received
importance due to its low toxicity owing to the absence of lead
and cadmium. CIS belongs to the I−III−VI2 group having a
tetragonal structure and possesses a direct band gap of ∼1.5 eV
when in the bulk form.10 The CIS NPs find applications in
numerous fields including photovoltaic devices,11,12 light-

emitting diodes,13,14 photocatalysis,15,16 bioimaging,17,18 and
so forth. Since NPs possess a larger surface-to-volume ratio
than the bulk, they efficiently interact with tissues to provide a
large number of active sites, resulting in effective biological
activities.19

Several reports are found to synthesize CIS NPs using
various surfactants, capping agents, and so forth with an aim to
improve efficiency. The gemini surfactant 1,10-bis(4-methyl-4-
hexadecylpiperazine) controls the shape and size of the CIS
microparticles/NPs to find varied applications.20 A report
states that CIS/ZnS nanocrystals passivated by cetyltrimethy-
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lammonium bromide enhance photostability.21 Hybrid solar
cells are fabricated using triphenyl phosphite-capped CIS
conjugated with polymer 2-methoxy-5-(2′-ethyl-hexyloxy)-1,4-
phenylene-vinylene in different molar ratios.22 The CIS NPs
capped with n-acetyl-n-cysteine employing a hydrothermal
technique have been reported.23 An enhanced electrical
conductivity for thin films of CIS nanocrystals capped with
tert-butylthiol has been documented.24 The literature states
that CIS NPs capped with trioctylphosphine oxide are
synthesized by a hot injection method.25 Several reports are
found of biological applications due to the less toxic and
ecofriendly nature of CIS NPs. Among them, chitosan-capped
CIS NPs have been investigated for bioimaging applications.26

The CIS/ZnS core−shell nanocrystals are employed as
fluorescent probes for in vivo and in vitro biological imaging.27

A study shows the good biocompatibility stability of Gd-based
CIS/ZnS nanoprobes for in vitro cytotoxicity.28 The literature
states that the incorporation of plant extracts such as
Azadirachta indica (neem),29,30 Ocimum sanctum (basil),31,32

Cocos nucifera (coconut),33 Aloe vera (aloe),34,35 Curcuma
longa (turmeric),36 and so forth during synthesis makes the
NPs biocompatible. The incorporation of green extracts
improves the antimicrobial, antioxidant, and cytotoxicity
activities of the NPs.37−41 Apprehending the significance of
CIS NPs, the authors decided to study them for biological
applications. The authors also studied the consequence of the
mediation of varied natural extracts into the CIS NPs on their
different properties.
The NPs’ synthesis is reported by various techniques such as

the sonochemical method,42 hydrothermal method,43 solvo-
thermal method,44 wet-chemical synthesis,45 one-pot syn-
thesis,46 and so forth. In a previous work of the authors, it is
documented that CIS NPs synthesized by the hydrothermal
route are more stable than CIS NPs synthesized by the
sonochemical route.47 Therefore, the authors decided to
employ a hydrothermal route for the synthesis of pure CIS
and natural extract-mediated CIS NPs.
To the best of the authors’ knowledge, no work has been

reported on plant extract incorporation into any metal
chalcogenide semiconductors. The authors synthesized pure
CIS and plant extract-mediated CIS NPs using a simple
hydrothermal technique. The hydrothermal synthesis mediated
by plant extracts such as neem, basil, coconut, aloe, and
turmeric is undertaken. The reason behind the selection of
these herbal plants is the presence of nimbin, nimbidin,
limonoids, and so forth48,49 in neem leaves; linalool, 1,8-
cineole, and so forth50,51 in basil leaves; aloin, emodin, and so
forth52−54 in aloe leaves; alanine, arginine, and so forth55,56 in
coconut water, and demethoxycurcumin, 5′-methoxycurcumin,
dihydrocurcumin, and so forth57 in turmeric powder. These
natural extracts amalgamate CIS NPs to show enhanced
antimicrobial, antioxidant, and in vivo and in vitro cytotoxicity
activities compared to that of pure CIS NPs.

2. CHARACTERIZATIONS
The unit crystal structures of the as-synthesized NPs (S1, S2,
S3, S4, S5, and S6) are determined by X-ray diffraction (XRD)
using a Rigaku Ultima IV powder X-ray diffractometer
employing CuKα radiation. The stoichiometric chemical
compositions of synthesized CIS NPs are determined by
employing a JEOL 5610-LV for energy-dispersive X-ray
analysis (EDAX). The morphology is studied by a field-
emission scanning electron microscope JEOL JSM7100F. The

high-resolution transmission electron microscopy (HRTEM)
and selected area electron diffraction (SAED) studies are
performed with a Thermo Scientific Talos F200i S/TEM
instrument. The thermogravimetric (TG) analysis is accom-
plished using a Seiko SII-EXSTAR TG/DTA-7200 thermal
analyzer. The optical properties are investigated by employing
a JASCO V-730 double-beam spectrophotometer.
The XRD patterns of the synthesized CIS NPs are shown in

Figure 1. The XRD is performed in the 2θ range of 10−80°.

The indexing of the XRD showed the interplanar spacing and
the major peak/plane matching with the standard CIS vide
JCPDS Card no. 47-1372.58 The unit cell structures
determined for all the six samples are tetragonal, possessing
lattice parameters a = b = 5.51 Å, c = 11.32 Å, and α = β = γ =
90°.59 The crystallite sizes are estimated by Scherrer’s
formula60

λ
β θ

=d
(0.89 )

( cos ) (1)

where λ is the wavelength of CuKα X-ray radiation, β is the full
width at half-maximum of the peaks, and θ is the angle of
diffraction. The determined average crystallite sizes of each
sample are tabulated in Table 1.

The data show that sample S1 has the largest crystallite size
and the smallest size is of S4. The order of crystallinity
observed from the average crystallite sizes is

> > > > >S1 S3 S6 S2 S5 S4
The observation states that the mediation of natural extracts

interferes with the size of crystallites of CIS during synthesis.
Thus, the incorporation of the natural extracts during
hydrothermal synthesis hampers crystallization, thus decreas-
ing the crystallite size.

Figure 1. XRD patterns of pure CIS NPs (S1) and CIS NPs mediated
by neem (S2), basil (S3), coconut (S4), aloe (S5), and turmeric (S6)
extracts.

Table 1. Average Crystallite Size

samples average crystallite size (nm)

S1 21.78 ± 0.31
S2 17.21 ± 0.28
S3 18.06 ± 0.23
S4 16.27 ± 0.19
S5 16.83 ± 0.26
S6 17.59 ± 0.35
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The EDAX spectra and elemental mapping images of the
synthesized NPs are shown in Figures 2 and 3, respectively.
The obtained data along with the standard data are tabulated
in Table 2.
The analysis of the data shows that all the NPs are slightly

rich in S and deficient in Cu and In. In general, all the NPs are
near-stoichiometric. No impurities are observed, showing the
synthesized samples to be pure in composition. The EDAX
observation states that the natural extract mediation does not

change the composition. The basic constituent precursors
decide the NP composition with a minimal role of the natural
extracts.

2.3. High-Resolution Scanning Electron Microscopy.
The high-resolution scanning electron microscopy (HRSEM)
images of the synthesized NPs are shown in Figure 4. The
observation of the images suggests that pure CIS, as shown in
Figure 4a,b, has a rod-like morphology. A similar nanorod
morphology is observed in the cases of neem and coconut

Figure 2. EDAX spectra of S1, S2, S3, S4, S5, and S6 samples.

Figure 3. EDAX elemental mapping images of S1, S2, S3, S4, S5, and S6 samples.

Table 2. EDAX Data

wt %

elements S1 S2 S3 S4 S5 S6 standard

Cu 25.83 25.51 25.58 25.76 25.79 25.73 26.20
In 46.67 46.19 46.16 46.28 46.23 46.09 47.35
S 27.50 28.30 28.26 27.96 27.98 28.18 26.45
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extract mediation, Figure 4c,d,g,h. The incorporation of basil,
aloe, and turmeric extracts changes the morphology from
nanorods to sorted nanoplates, Figure 4e,f,i,j,k,l.
2.4. High-Resolution Transmission Electron Micros-

copy. The high-resolution transmission electron microscopy
(HRTEM) images of the six synthesized NPs are shown in
Figure 5a,d,g,j,m,p. The detailed observation of the HRTEM
images shows a nanorod morphology for pure CIS NPs
(Figure 5a), for S2 (Figure 5d), and for S4 (Figure 5j). In the
case of the remaining samples, S3 (Figure 5g), S5 (Figure 5m),
and S6 (Figure 5p), the morphology changes to platelets. The
HRTEM observation substantiates the observations of
HRSEM.
The SAED patterns of pure CIS S1 (Figure 5b), S2 (Figure

5e), and S4 (Figure 5k) samples showed diffused ring patterns
along with subtle spots. These observations clearly indicate the
poor crystallinity of the respective samples. Samples S3 (Figure
5h), S5 (Figure 5n), and S6 (Figure 5q) show distinctive spot
patterns. This observation clearly indicates the good
crystallinity of samples S3, S5, and S6. The good crystallinity
may be due to the morphological change from nanorods to
sorted nanoplatelets due to the mediation of natural extracts.
The SAED observation supports the observations of HRSEM
and HRTEM.
The lattice fringe pattern of all the synthesized samples

shown in Figure 5c,f,i,l,o,r clearly states the d spacing to be
0.32 nm. These d spacing values match with the value of the
XRD major peak (112). This lattice fringe pattern observation
clearly corroborates the XRD observation.
The overall inference derived from the morphological and

SAED studies states that the basil, aloe, and turmeric
mediation during synthesis modulates the morphology of the
NPs and improves the crystallinity compared to that with
neem and coconut. The morphology changes from nanorods
to sorted nanoplates. The contents of the natural extract of
basil, aloe, and turmeric help in morphology variation and
hence crystallinity improvement.

2.5. Thermal Stability. The recorded TG curves for all the
samples, S1, S2, S3, S4, S5, and S6, are shown in Figure 6. The
TG curves are recorded for a heating rate of 10 K·min−1 and
are recorded in an inert N2 atmosphere over the temperature
range from ambient temperature to 1253 K.
The TG curves show a continuous weight loss all through

the measured temperature range. The magnitudes of weight
loss for the samples are tabulated in Table 3.
The weight loss percentage observed for all the NPs lies

between nearly 18% and less than a little 23%. The magnitude
of the weight loss percentage states that the mediation with
natural extracts has a minor effect on the thermal stability.

2.6. Optical Spectroscopy. The absorption spectra of the
synthesized NPs recorded in the spectral wavelength range of
400−900 nm are shown in Figure 7.
The absorption spectra show strong absorption in the

wavelength range of 408−516 nm. The absorption edges for
samples S1, S2, S3, S4, S5, and S6 are 509, 441, 449, 430, 434,
and 439 nm, respectively. This observation shows a significant
blue shift compared to that of the bulk CIS sample (810
nm).61,62 The reason for the blue shift in the case of
synthesized NPs compared to that of bulk CIS arises due to
the size effect.
The optical energy band gap (Eg) values of the synthesized

NPs are evaluated by Tauc’s relation63,64

α ν ν= −h A h E( ) ( )2
g (2)

where α, A, h, ν, and Eg denote the absorption edge coefficient,
a constant related to optical transition, Planck’s constant, the
frequency of incident light, and the optical energy band gap,
respectively.
The absorption edge coefficient (α) is calculated by the

relation

α ρ= B
MCl
( )

( ) (3)

Figure 4. HRSEM images of (a,b) S1, (c,d) S2, (e,f) S3, (g,h) S4, (i,j) S5, and (k,l) S6.
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Here, B, ρ,M, C, and l denote the light absorbance through the
sample, density of the bulk CIS sample (4.75 g·cm−3),65

molecular weight of CIS, sample concentration in the
dispersing medium (acetone), and path length of light,
respectively.
The plots of (αhν)2 versus hν (Tauc’s plots) for the

synthesized NPs are shown in Figure 8. The extrapolation of

Tauc’s plots to (αhν)2 = 0 provides the best linear
approximation to evaluate Eg. Table 4 shows the obtained Eg
values of the synthesized NPs.

The reported optical energy band gap of the bulk CIS
sample is nearly 1.55 eV.66 The evaluated Eg values of the
synthesized NPs (S1, S2, S3, S4, S5, and S6), as listed in Table
4, show blue shifts of around 0.06, 0.21, 0.18, 0.25, 0.23, and
0.20 eV, respectively, compared to that of the bulk CIS sample.
The blue shift observed in the synthesized NPs confirms the
quantum size effect due to the finite size of particles.

Figure 5. HRTEM images, SAED patterns, and lattice fringes of (a−
c) S1; (d−f) (S2); (g−i) S3; (j−l) S4; (m−o) S5; and (p−r) S6.

Figure 6. TG curves of S1, S2, S3, S4, S5, and S6 samples.

Table 3. Observed TG Weight Loss in the Samples

samples weight loss (%)

S1 17.96
S2 21.38
S3 19.83
S4 22.72
S5 22.28
S6 20.36

Figure 7. Absorption spectra of S1, S2, S3, S4, S5, and S6 samples.

Figure 8. (αhν)2 vs hν plots for S1, S2, S3, S4, S5, and S6 samples.

Table 4. Optical Energy Band Gap Eg Values of Synthesized
NPs

samples optical energy band gap (Eg) in eV

S1 1.61
S2 1.76
S3 1.73
S4 1.80
S5 1.78
S6 1.75
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3. APPLICATIONS

To validate the efficacy of the synthesized NPs in various
biological fields, their antimicrobial, antioxidant, and in vivo
and in vitro cytotoxicity activities are investigated.
3.1. Antimicrobial Activity. 3.1.1. Indicator Bacteria.

The plant and food-borne pathogens used for the present study
are obtained from the Microbial Type Culture Collection,
Chandigarh, India, to explore the antagonistic pattern of the
isolates. The pathogens are Escherichia coli (MTCC 10312)
(Gram-negative bacteria), Pseudomonas aeruginosa (MTCC
8076) (Gram-negative bacteria), Proteus vulgaris (MTCC 426)
(Gram-negative bacteria), Enterobacter aerogenes (MTCC 111)
(Gram-negative bacteria), and Staphylococcus aureus (MTCC
9542) (Gram-positive bacteria).

3.1.2. Antagonistic Activity against Indicator Microbes.
The antagonistic activity studies of the synthesized NPs are
performed by the agar-well diffusion (Thornton 1996)
technique against mastitis-causing pathogens. A volume of 1
mL of the inoculum of each indicator organism (conc. 1×106

cell/mL) is added to slightly warm nutrient agar. It is mixed
well, then poured into Petri plates separately, and allowed to
solidify. Wells 9 mm in diameter are cut, and 50 μL of NP
suspension prepared in 10% dimethyl sulfoxide (DMSO) (25
mg/mL) is poured into each well separately. The plates are
incubated for 30 min at 288 K for the uniform diffusion of the
supernatant and later maintained at 310 K for 24 h. Clear
zones formed around the wells are measured (Figure 9). The
same protocol is carried out for the same concentration of
standard antibacterial antibiotic ampicillin using the same

Figure 9. Antimicrobial activity of the CIS NPs.

Table 5. Values of the Zone of Inhibition and Calculated % Activity Index of the Synthesized NPs

S. aureus P. aeruginosa P. vulgaris E. aerogenes E. coli

samples

zone of
inhibition
(mm)

% activity
index

zone of
inhibition
(mm)

% activity
index

zone of
inhibition
(mm)

% activity
index

zone of
inhibition
(mm)

% activity
index

zone of
inhibition
(mm)

% activity
index

S1 8 57 8 36 1 13 4 18 7 41
S2 12 86 16 73 5 63 14 64 10 59
S3 13 93 18 82 3 38 16 73 14 82
S4 13 93 9 41 2 25 16 73 11 65
S5 14 100 21 95 2 25 20 91 12 71
S6 13 93 19 86 3 38 14 64 12 71
antibiotic 14 100 22 100 8 100 22 100 17 100
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solvent for finding the percent activity index. The formula used
is as follows

= [ ]

[ ]

×

% activity index

zone of inhibition using CIS nanoparticles (diameter in mm)

/ zone of inhibition using standard antibiotic (diameter in mm)

100 (4)

3.1.3. Minimum Inhibitory Concentration. Six different
concentrations of the CIS NPs ranging from 10 to 0.3 mg/mL
are prepared in nutrient broth, separately. All indicator
bacterial inocula are prepared by adjusting the turbidity
equivalent to 0.5 McFarland turbidity standard. A 50 μL
volume of the prepared inoculum is added to 1 mL of modified
N-broth and mixed. Tubes are sealed and incubated at 310 K
for 24 h. The minimum inhibitory concentration (MIC) is
determined by selecting the lowest concentration of NPs,
which completely inhibits the growth in the tube, as detected
by the unaided eye and by considering the optical density at
620 nm. The observed MIC values for the synthesized CIS
NPs are tabulated in Table 6.

Dose-dependent inhibitory effects of the microbial growth
for synthesized S1, S2, S3, S4, S5, and S6 CIS NPs against
indicator bacterial isolates are explored using the broth
microdilution technique.
3.2. Antioxidant Activity. The antioxidant activity of the

synthesized NPs is investigated by employing the simplest and
rapid approach using a 2,2-diphenyl-1-picrylhydrazyl (DPPH)
assay. The DPPH assay contains a nitrogen-centered stable
radical deep-violet in color having a maximum absorption peak
at 517 nm. The antioxidant activity of synthesized NPs is
evaluated using the as-reported method by Das et al. (2013).67

The DPPH scavenging assay is used to explore the scavenging
potential of antioxidants, that is, NPs against stable radicals.
The radical scavenging assay is measured by a UV
spectrophotometer at 517 nm. An aliquot of each synthesized
NP and vitamin C as a standard are mixed with 1 mL of freshly
prepared methanol DPPH solution (1 mM) with different
concentrations ranging from 12.5 to 400 μg/mL; afterward,
each tube containing the mixture is incubated in the dark for
30 min, and the absorbance at 517 nm is obtained. Here,
methanol is taken as a blank. IC50 is explained as the
concentration (μg/mL) that shows 50% inhibition of the
DPPH activity by reducing the color of it in the presence of an
antioxidant against synthesized NPs. The calculation is
performed using the equation

= ×
−A A
A

IC (%) 100
( )

50
0 s

0 (5)

Here, As and A0 are the absorbance values of the sample and
the negative control, respectively.
The activity is investigated spectrophotometrically by

observing the change in color from deep violet to pale yellow.
The observed % radical scavenging activity values at different
concentrations of the control (vitamin C) for the samples are
tabulated in Table 7. The percentage of the radical scavenging
activity of the samples is found to increase with the increase in
the concentration of the samples.

3.3. In Vivo Cytotoxicity Study (Brine Shrimp Lethal-
ity Test). To investigate the in vivo cytotoxicity, (Artemia
salina) eggs are hatched in artificial seawater prepared from
commercial sea salt (38 g/L). A lamp is placed above the open
side of the tank to attract the hatched shrimps close to the tank
wall. After 24 h, the shrimps are matured as nauplii (A. salina)
and are ready for the assay. The brine shrimp lethality bioassay
is carried out for the synthesized NPs using the standard
procedure. All NPs (25 mg) are dissolved in 1 mL of 1 M
NaOH (pH 8.0) to obtain a concentration of 25 mg/mL. A
Petri plate containing 1 M NaOH (pH 8.0) in 5 mL of
saltwater is used as the negative control. Potassium dichromate
(as the positive control) is dissolved in 1 M NaOH (pH 8.0)
and serially diluted to a concentration of 5 mg/mL. 0.1 mL of a
suspension of larvae, which contains about 10 larvae, is added
to each Petri plate and incubated for 24 h. The Petri plates are
examined carefully, and the number of dead larvae in each
bottle is counted after 24 h. The death percentage of shrimp is
calculated using the equation

=
−

×% mortality
total shrimp alive shrimp

total shrimp
100

(6)

LC50 is explained as the concentration (μg/mL) that kills
50% of the shrimp, obtained using the lethality assay. The
evaluated mortality rate of shrimp and LC50 values for the
synthesized NPs are tabulated in Table 8. Figure 10 exhibits a
bar graph showing the maximum % mortality of shrimp and
LC50 values for the synthesized NPs.

3.4. In Vitro Cytotoxicity Study (Antiproliferative
Test). To investigate the in vitro cytotoxicity study, the as-
synthesized CIS NPs are dissolved in DMSO (Sigma-Aldrich,
St. Louis, MO, USA; cat no. D8418-500ML) and further
diluted with a culture medium to the desired concentration.
The compound solutions are freshly prepared before use.
Human lung carcinoma cell lines (A549) are procured from
NCCS, Pune, India. The cell line is maintained as a monolayer
in Dulbecco’s modified Eagle medium/nutrient mixture F12
(Gibco, Invitrogen, CA, USA; cat no. 11320033) containing

Table 6. MIC Values of the CIS NPs

MIC values (mg/mL)

samples S. aureus P. aeruginosa P. vulgaris E. aerogenes E. coli

S1 1.250 2.500 10.000 2.500 1.250
S2 0.625 1.250 1.250 1.250 1.250
S3 0.625 1.250 2.500 0.625 0.300
S4 0.625 2.500 5.000 0.625 0.625
S5 0.300 0.300 5.000 0.300 0.625
S6 0.625 0.625 2.500 1.250 0.625

Table 7. % Radical Scavenging Activity Values of Vitamin C
(Control) and Those of the Synthesized NPs at Various
Concentrations

% radical scavenging activity
concentration (μg/mL)

samples 12.5 25 50 100 IC50 value (μg/mL)

vitamin C (control) 22 31 37 44 91.0
S1 27 33 39 45 87.2
S2 28 35 40 46 84.9
S3 28 38 42 47 82.0
S4 26 33 39 47 85.1
S5 37 44 48 50 74.1
S6 24 36 41 53 85.7

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

https://doi.org/10.1021/acsomega.1c03795
ACS Omega 2021, 6, 26533−26544

26539

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


10% fetal bovine serum (Gibco, Invitrogen, CA, USA; cat no.
1600069) supplemented with 50 U/mL penicillin and 50 μg/
mL streptomycin (Gibco, Invitrogen, CA, USA; cat no.
15140122) at 310 K in a humidified atmosphere of 5%
CO2/95% air.68

An antiproliferative assay in response to all NP treatments is
carried out as per the method described by Gajera et al.69

Briefly, 10,000 cells/well are seeded in 96-well culture plates
and incubated for 24 h. After 24 h, the cells are treated with
various concentrations of NPs to find out the appropriate IC50
value. The next day, 5 μL of MTT [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide] (5 mg/mL) is added to
each well and incubated for 3−4 h in a CO2 incubator at 310
K. The volume of the culture is 100 μL in each well. After the
incubation period, the removal of the culture medium is
accomplished, and the obtained purple crystals are dissolved in
100 μL of molecular-grade DMSO. The absorbance is
recorded at 570 nm using a microplate reader.

The IC50 values for the A549 cell line after 24 h of treatment
with different as-synthesized NPs are given in Table 9. These
values are obtained from the MTT assay for the cytotoxic
potential of the samples. The values represent the mean ±
standard error for the assay performed in triplicate.

4. RESULTS AND DISCUSSION
Table 5 reveals that the antagonistic activity of pure CIS NPs
(S1) is less effective against all pathogens than that of
synthesized natural extract-mediated NPs. Antibacterial broad-
spectrum effects are observed in the outcomes. The results
show that the synthesized natural extract aloe-mediated CIS
NPs (S5) have a broad inhibitory spectrum but the best
inhibitory effect is observed against S. aureus (Gram-positive
bacteria), whereas P. vulgaris (Gram-negative bacteria) exhibits
less sensitivity. S. aureus is a Gram-positive bacteria having a
thick cell wall composed of peptidoglycan. Peptidoglycan is a
polymer consisting of amino acids and sugars that produces a
mesh-like layer outside the bacterial plasma membrane. In
Gram-negative bacteria, the outer cell wall is of peptidoglycan,
a monolayer. Outside this layer, there is an envelope of
membrane structures. This structure is moored noncovalently
to lipoprotein particles, which are covalently connected to
peptidoglycan. Thus, the lipopolysaccharides (LPSs) structure
some portion of the outer cell wall of Gram-negative bacteria.
These LPSs elicit strong immune responses, thus leading to
noninteraction with the present CIS NPs. The antimicrobial
activity occurs by a mechanism in which the Cu ions of the
CIS NPs complex with chelating agarose, a linear polymer of
agar base. These chelated cations leave holes in the cell walls of
the pathogens, leading to a complete breakdown and leaving it
ineffective. The mechanism of chelating enhances the
antipathogen properties of CIS. In Gram-negative bacteria,
due to the presence of an additional LPS layer on
peptidoglycan in the cell wall, the protection against chelating
is enhanced, whereas in S. aureus, the cell wall is formed of
peptidoglycan only, which gets chelated.
The natural extract-mediated NPs showed a larger diameter

of the zone and a higher activity index than pure CIS NPs.
Among all the natural extract-mediated NPs, aloe-mediated
CIS NPs (S5) showed the best antimicrobial activity. The
presence of anthraquinones, dihydroxyanthraquinone, sapo-
nins, and so forth in aloe leaf extracts enhances the
antimicrobial activity.70

Table 6 shows that the least MIC values are observed in the
cases of S5 CIS NPs (0.300 mg/mL) against S. aureus, P.
aeruginosa, and E. aerogenes and the S3 CIS NPs (0.300 mg/
mL) against E. coli.
In Table 7, the comparable percentage of the scavenging

activity of the samples against the control (vitamin C) is
observed. The percentage inhibition of the free radical for
natural extract-mediated NPs is found to increase in a

Table 8. Evaluated Mortality Rate of Shrimp and LC50
Values for the Synthesized NPs

samples conc. (μg/mL) % mortality LC50 (μg/mL)

S1 25 20 52.9
50 40
75 70
100 100

S2 25 10 70.8
50 30
75 60
100 70

S3 25 20 55.0
50 40
75 60
100 100

S4 25 10 64.7
50 30
75 50
100 90

S5 25 10 87.3
50 30
75 40
100 60

S6 25 10 61.5
50 30
75 60
100 90

Figure 10. Maximum % mortality of shrimp and LC50 values for the
synthesized NPs.

Table 9. IC50 Values of the A549 Cell Line with the CIS NPs

samples IC50 value (μg/mL)

S1 117.22 ± 2.22
S2 94.57 ± 2.92
S3 42.65 ± 1.98
S4 30.96 ± 2.88
S5 28.43 ± 2.55
S6 15.62 ± 1.58
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concentration-dependent manner, exhibiting a minimum IC50
value for S5 of 74.1 μg/mL (50% inhibition), followed by that
for S3 NPs of 82 μg/mL (47% inhibition), compared with the
standard (vitamin C) IC50 value (91 μg/mL). The presence of
polysaccharides and flavonoids as a specific content in the
employed natural extracts is responsible for good antioxidant
activity.71−74 It can be clearly stated that to inhibit the activity,
the maximum concentration for the control (vitamin C) and
the minimum concentration for S5 is needed. The synthesized
NPs mediated by natural extracts showed the requirement of
comparable concentrations to that of the control. This
observation confirms the efficacy of the synthesized NPs
mediated by natural extracts.
Table 8 confirms that the increase in the mortality rate

affects the LC50 value. The observation states that the LC50
value for the synthesized NP sample S1 is the lowest, 52.9 μg/
mL. This may be due to the pure chemical synthesis of S1. The
chemical synthesis makes the NPs toxic to microbes. The
literature states that an LC50 value of less than 55 μg/mL
represents anticancer properties75 and an LC50 value of less
than 1000 μg/mL represents bioactive and toxic properties.76

In the present studies for natural extract-mediated NPs, the
LC50 values indicate them to be toxic as well as efficiently
bioactive.
From Table 9, it can be stated that out of the six samples of

the synthesized NPs (S1, S2, S3, S4, S5, and S6), the NPs
mediated by turmeric extracts (S6) have the lowest IC50 value
of 15.62 μg/mL. This means that S6 is the most potent in
terms of cytotoxicity toward A549. Turmeric is considered a
widely studied anticancer agent, which is a prime reason for the
potent activity of the CIS NPs mediated by turmeric extracts
(S6). The second most potent compound is CIS NPs mediated
by aloe extracts (S5) with the IC50 value of 28.43 μg/mL. The
CIS NPs mediated by coconut water extracts (S4) also showed
good efficacy in terms of cytotoxicity toward A549 cells. Pure
CIS NPs (S1) have shown comparatively poor cytotoxicity
among all the six studied samples.

5. CONCLUSIONS
The pure CIS NPs and natural extract-mediated CIS NPs are
synthesized by the hydrothermal route. The natural extracts
used for the mediation in the CIS NP synthesis are A. indica
(neem), O. sanctum (basil), C. nucifera (coconut), A. vera
(aloe), and C. longa (turmeric). The XRD analysis showed that
all the NPs possesses a tetragonal unit cell structure with the
lattice parameters a = b = 5.51 Å, c = 11.32 Å, and α = β = γ =
90°. The average crystallite size of pure CIS NPs is maximum
and that of NPs mediated by coconut water extracts is
minimum. The EDAX analysis shows that all the NPs are near-
stoichiometric. The morphology study by HRSEM and
HRTEM showed pure CIS NPs to have a nanorod shape.
The neem and coconut extract mediation does not change the
nanorod shape, whereas the other natural extract mediation
changes the shape from nanorods to sorted nanoplates. The
SAED study showed that the mediation of natural extracts of
basil, aloe, and turmeric helps in crystallinity improvement.
The TG study of the synthesized NPs showed them to possess
a weight loss between ∼18% and a little less than 23%. The
optical band gap study showed a blue shift in the absorption
edge of all the samples compared to the bulk CIS band gap
value. The blue shift arises due to size confinement. From the
antimicrobial activity, a broad inhibitory spectrum is observed
for the aloe-mediated CIS NPs. The best inhibitory effect is

observed against S. aureus, whereas P. vulgaris exhibited the
least effect. S5 (aloe) CIS NPs show the least MIC value
(0.300 mg/mL) against S. aureus, P. aeruginosa and E.
aerogenes, along with S3 (basil) against E. coli. From the
antioxidant activity, the IC50 value to inhibit the scavenging
activity is found to be the maximum for the control (vitamin
C) and the minimum for pure CIS NPs (S1). The in vivo
cytotoxicity study using brine shrimp eggs shows that the pure
CIS NPs (S1) are more lethal to brine shrimp than the natural
extract-mediated CIS NPs. The in vitro cytotoxicity study
using the human lung carcinoma cell line (A549) confirms the
high potency and efficacy for the natural extract-mediated CIS
NPs compared to that of pure CIS NPs. The IC50 value of the
A549 cell line with turmeric extract-mediated CIS NPs is the
minimum. This observation reveals that turmeric extract-
mediated CIS NPs are the most potent in terms of cytotoxicity
toward the A549 cell line.
The current findings in this research article set a benchmark

and open up a new approach to synthesize biocompatible
metal chalcogenide semiconductors with lower cytotoxicity
that can be employed in various biological applications
including bioimaging, biosensing, targeted drug delivery,
fluorescent biological labeling, protein detection, tissue
engineering, and so forth more safely and efficiently than
traditional approaches.

6. EXPERIMENTAL SECTION

6.1. Plant Material. In the present study, the leaves of A.
indica (neem), O. sanctum (basil), and A. vera (aloe) are
collected from our own university campus in January 2021. C.
nucifera (coconut) fruit and C. longa (turmeric) organic
powder are purchased from the local market.

6.2. Extraction. The collected neem, basil, and aloe leaves
are thoroughly washed with double-distilled water. Leaves
weighing 10 g are allowed to dry under shade at room
temperature. The green skin of aloe leaves is peeled off, and
the gel is removed. Each of the leaves is finely chopped into
smaller pieces. These finely chopped pieces are mixed in 50
mL of double-distilled water. The mixture is boiled for 20 min
at 353 K under constant stirring and allowed to cool down to
room temperature. The resultant extract is filtered using a
Grade-5 Whatman filter paper and centrifuged at 3000 rpm for
30 min to remove the sediments. In the case of coconut water,
the extract is collected in a clean glass beaker by drilling a hole
in a fresh raw coconut. The extracted coconut water is filtered
using a Grade-5 Whatman filter paper before use in NP
synthesis. The extraction process of turmeric powder is quite
similar to that of leaves. In this case, 3.4 g of organic turmeric
powder is dissolved in 50 mL of double-distilled water by
magnetic stirring, as suggested by Alsammarraie et al.77 The
mixture is boiled for 20 min and allowed to cool down to room
temperature. The extract is filtered and centrifuged at 3000
rpm for 30 min. All the above filtrates are stored at 277 K
before use in synthesis.

6.3. Synthesis of CIS NPs. 6.3.1. Chemicals Used. The
synthesis of CIS NPs is done using cupric chloride dihydrate
(CuCl2·2H2O) [minimum assay 98%, Astron Chemicals,
India], indium(III) chloride tetrahydrate (InCl3·4H2O)
[minimum assay 99.99%, Sisco Research Laboratories (SRL)
Pvt. Ltd., India], thioacetamide (C2H5NS) [minimum assay
99%, Sisco Research Laboratories (SRL) Pvt. Ltd., India], and
Triton X-100 [minimum hydroxyl value 85%, HiMedia
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Laboratories Pvt. Ltd., Mumbai, India]. All chemicals are used
without any processing or purification.
6.3.2. Green Synthesis Technique. The CIS NPs are

synthesized by a hydrothermal route. Initially, 10.23 g of CuCl2
2H2O is dissolved in 300 mL of double-distilled water to
prepare a 0.2 M precursor solution. Simultaneously, 17.59 g of
InCl3 4H2O is dissolved in 300 mL of double-distilled water to
prepare another 0.2 M precursor solution. Both the precursor
solutions are mixed by magnetic stirring for 30 min. To the
above mixture, 300 mL of 0.6 M C2H5NS (13.52 g) is added.
The mixture is stirred for 30 min. After that, a 0.5 mM (5.6
mL) Triton X-100 surfactant is added. The solution is
thoroughly stirred, leading to proper mixing. The above
prepared solution is further divided into six equal parts in six
glass beakers.
The first beaker is kept as it is without any processing,

denoting pure CIS NPs, and labeled as S1. In the other five
beakers containing the solution, the prepared extracts of the
neem leaf, basil leaf, coconut water, aloe leaf, and turmeric
powder are added separately, which in turn provides CIS NPs
mediated by extracts of the neem leaf (S2), basil leaf (S3),
coconut water (S4), aloe leaf (S5), and turmeric powder (S6).
Ultimately, each prepared solution is loaded into a vertical

autoclave (double-wall, stainless-steel-based, pressure range:
10−12 bar, voltage: 230 V, frequency: 50−60 Hz, power: 2
kW) and heated to 383 K for 12 h. The final solution becomes
blackish-brown in color. The precipitates are filtered using a
Grade-5 filter paper. The NP yields are given multiple double-
distilled water wash to remove impurities. The NPs are dried in
a hot-air oven for 10 h at 318 K.
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