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Abstract: Over the past few decades, nanotechnology has
shown promising prospects in biomedicine and has a
proven impact on enhancing therapeutics by facilitating
drug delivery. The present study brings an amalgamation
of nanoscience and “clean technology” by fabricating
nature-friendly nanoparticles (NPs) sans the use of che-
mical surfactants using Indian mustard seed, Brassica
juncea L. The as-synthesized NPs were characterized to
assess their average size, crystallinity, morphology, and
constituent functional groups through conventional tech-
niques: dynamic light scattering (DLS), X-ray diffraction
(XRD), scanning electron microscopy (SEM), and Fourier-
transform infrared spectroscopy (FTIR). The NPs were
crystalline in nature and exhibited a mean size of 205.5 nm
(PDI of 0.437) being primarily polygonal in shape.

Additionally, the therapeutic efficacy of the green NPs
was evaluated based on their cytotoxic effect against
two human cancer lines, MCF-7 and HepG-2. Both the
NPs and the bulk seeds showed a dose-dependent cyto-
toxic effect. However, an assessment of the antiproli-
ferative/cytotoxic potential of the green NPs versus the
bulk seeds showed that the NPs were relatively more effi-
cacious on both cell lines. Taken together, the mustard
seed NPs could be potential nutraceuticals considering
the green credential in their mode of biosynthesis.

Keywords: green synthesis, nanoformulation, Indian mus-
tard seed, Brassica juncea L., anti-proliferative effect

1 Introduction

Plant-based pharmaceuticals are the new age trend in
research in biotechnology and medicine. It is an innova-
tive and sustainable approach in therapeutics to combat
a host of civilization diseases in the community including
cancer. Cancer is commonly characterized by unregu-
lated proliferation of cells. Breast cancer is the second
leading cause of mortality among women [1] in both
developed and developing regions, with a higher rate in
developing countries compared to developed regions [2].
However, there has been significant improvement in the
5-year survival rate in hormone receptor-positive breast
cancer [3], cancer recurrence, and subsequent drug resis-
tance seem inevitable [4]. This warrants an imperative
need to develop alternative, safer, and natural thera-
peutic strategies. Furthermore, hepatocellular carcinoma
(HCC) is a common type of liver cancer which is also the
third leading cause of cancer-related mortalities world-
wide, affecting over 500,000 people, and being highly
prevalent in Asia and Africa [5]. Epidemiological studies
have shown an optimistic association between the con-
sumption of plant-based foods and reduced prevalence of
cancer, heart disease, and other degenerative diseases
[6,7]. Brassica juncea L. belonging to the Brassicaceae
family, popularly known as the Indian mustard, has
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been known for both its culinary and therapeutic uses
since ancient times. Mustard seeds have a strong antiox-
idant status which is characterized by the presence of
bioactive constituents primarily the phenolic compounds
attributed to their pharmacological potential [8]. The pre-
sence of sulfur-containing compounds such as glucosino-
lates in cruciferous vegetables such as Indian mustard
reduces the risk of various types of cancer, including
colon, kidney, and prostate cancer [9,10]. The glucosino-
lates are hydrolyzed by the enzyme myrosinase present in
cruciferous vegetables to yield biologically active isothio-
cyanates [11]. Isothiocyanates, a phytonutrient that has
been widely studied for its anticancer benefits, are impor-
tant phytocompounds in mustard seeds. Isothiocyanates
can inhibit mitosis and stimulate apoptosis (cell death) in
human tumor cells and significantly inhibit bladder cancer
growth [11]. In addition, in a study on human colon cancer
cell lines, it was reported to induce programmed cell death
of colon cancer [12].

The present trend in therapeutics encourages the use
of alternative and complementary medicine in cancer
prevention. Natural products offer an enormously pro-
mising approach for chemoprevention to slow down the
progression of cancer. Accordingly, several natural phyto-
compounds/plants have provided modern medicine with
the drugs used as cytostatics [13]. It has been reported ear-
lier that the use of phytocompounds in therapy is restricted
owing to their low solubility and availability in the biolo-
gical milieu [14]. The term nanomedicine is commonly used
to describe the integrated discipline of science and tech-
nology used in prevention, diagnosis, and therapeutics
using nanoscale materials carefully designed to perform
these functions [15]. Nanomaterials have distinctive physi-
cochemical properties that confer them with an increased
specific surface area and enhanced optical, magnetic, or
mechanical properties [16]. Thus, carrier systems based
on nanoparticles ensure a sustainable release of bioactive
substances contributing to an enhanced bioavailability [3].
There is a plethora of literature that reports the phyto-
mediated synthesis of several nanoparticles. However,
most of the studies mention the use of biogenic synthesis
of metallic nanoparticles using plant products/compounds
[17]. There is still a paucity of studies based on the bio-
genic synthesis of non-metallic nanostructures. Keeping
the premise, the present study aimed at a phyto-mediated
synthesis of nanoparticles without the use of chemical
surfactants/reductants with clean technology as the cor-
nerstone. To the best of our knowledge, this is the first
study assessing the role of non-metallic mustard seed
nanoparticles for which the patent has been granted by
USPTO (US) [18].

2 Materials and methods

2.1 Synthesis of nanoparticles

Mustard seeds procured from the local market were washed
in tap water and then air-dried. The dried seeds were
ground using a mechanical grinder. Mustard seed powder
(400mg) was mixed with 30mL of solvent with constant
stirring; this solution was then sprayed into boiling water
(50mL) at a flow rate of 0.2mL·min−1 for 5min under ultra-
sonic conditions (750W and a frequency of 20 kHz). After
5 min of sonication, the contents were centrifuged at
200–800 rpm for about 20 min at room temperature
and dried to obtain mustard seed nanoparticles.

2.2 Characterization of nanoparticles

The synthesized Indian mustard seed nanoparticles were
characterized using the following techniques: zetasizer
(Nano series, HT-laser, ZEN3600 from Molvern Instrument,
UK) was used to analyze the mean size of the mustard seed
powder nanoparticles. The scanning electron microscope
(SEM) (JEOL JSM-7600F, USA) is one of the most effective
electron microscopy techniques that allows accurate assess-
ment of the size, shape, distribution, spatial resolution, and
variations in composition and structure of NPs. Mustard NPs
were characterized by Fourier transform infrared (FTIR)
spectroscopy (Perkin-Elmer FTIR spectrum BX, USA) by
mixing nanoparticle dry powder with potassium bromide
(KBr). The spectra were recorded in the range from 4,400
to 400 cm−1. FTIR data revealed details of the functional
groups in the mustard seeds and nanoparticles. The method
for determining the crystal structure or crystal phase is X-ray
diffraction. Dried mustard powder was used for analysis.
Diffraction patterns were recorded by PAN Analytical XPert
PRO (Netherlands) operated at 40mA and 45 kV using
CuK radiation (0.15406 nm). The crystallographic informa-
tion was recorded in a range from 0° to 100°.

2.3 Evaluation of cytotoxic effects

The potential anti-proliferative effect of the nanoparticles
was tested in vitro on MCF-7 cells and HepG-2 cell lines
obtained from VACSERA Tissue Culture Unit (Cairo, Egypt).
The cytotoxic activity of the nanoparticles was analyzed by
3-(4,5-dimethylthazolk-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) colorimetry assay [19]. For the assay, cells were seeded
in a 96-well plate at a concentration of 110 × 4 cells·well−1 in

2  Promy Virk et al.



100μL of growth medium. Incubation was allowed for 24h at
37°C, and then, the cells were allowed to settle. Various con-
centrations of the mustard seed powder and its nano-formula-
tionwere added and incubated for a further 48h, and the yield
of viable cells was colorimetrically determined. All experiments
were performed in triplicates. The 50% inhibitory concentration
(IC50) was computed from dose-response curve plots using
Graphpad Prism software (San Diego, CA, USA).

3 Results

3.1 Characterization of nanoparticles

Particle size distribution for synthesized mustard seed
nanoparticles was determined by the DLS technique

shown in Figure 1. The sample of synthesized NPs was
of variable size, two broad peaks were observed with a
higher intensity toward the larger particles, with an
average size of 205.5 nm and a PDI of 0.437.

X-Ray diffractogram of mustard seed powder showed
a characteristic high peak at a diffraction angle of 2θ at
22°. A similar peak at a lower intensity appeared for the
nano-formulation of the mustard seed that confirms the
presence of the crystals of nano mustard. However, in
addition to the main peak, which was sharp, three short
peaks appeared for the nano mustard at 2θ ≈ 30°, 40°,
and 50° (Figure 2). Therefore, it can be concluded that the
nano-fabricated sample was crystallized.

Scanning electron microscope (SEM) images shown
in Figure 3 demonstrate the variable shape and hetero-
geneity in the particle size distribution of mustard seed
nanoparticles. The results on the structure of mustard
NPs characterized by SEM are in consensus with the
DLS analysis. Also, SEM images fairly represent the par-
ticles in suspension, showing the shape and size distri-
bution of the synthesized nanoparticles. This exhibited
polydispersed nature of the particles corresponding with
DLS results. The morphotype of the synthesized nanopar-
ticles is shown in Figure 3a–d, which is seen primarily as
polygonal shaped.

FTIR spectroscopy was performed to classify the che-
mical essence of both the raw mustard seeds and their
nano-formulation. Figure 4a and b show the FTIR spec-
trum of the mustard seeds or mustard nanoparticles
in the range of 400–4,000 cm−1. Figure 4b shows a
strong absorption band at 3,428.60 cm−1 resulting from
the stretching of the NH amino band or indicative of the
hydroxyl-bonded OH band reflecting the presence of alco-
hols, phenols, and carbohydrates. The band (2,928.4 cm−1)
relates to the asymmetric stretching of the C–H bonds.
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Figure 1: X-ray diffractograms of mustard seeds and mustard
nanoparticles.

Figure 2: DLS spectrum of mustard seed nanoparticles.
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The band at 1,745.48 cm−1 shows the fingerprinting region
of CO, C–O, and O–H groups, and the bands at 1,657.25,
1,545.48, and 1,422.5 cm−1 for aliphatic amines. The
absorption band for native proteins at 1657.25 cm−1 is
similar to that recorded [19]. The band at 1,657.25 cm−1 is
known as amide I and amide II, which arise from carbonyl
(C]O) and amine (NH) stretches in the amide bonds of the

protein. Shearing methylene vibrations of proteins could
be related to the absorption band at 1,422.5 cm−1. The
strong band at 1,103.92 cm−1 is recognized as the C–N
stretching vibrations of aliphatic amines. The C–H stretch
is assigned the band at 719.59 cm−1, and the band at
1,422.5 cm−1 corresponds to the C–C stretches for the aro-
matic ring.

Figure 3: (a–c) Micrographs obtained by scanning electron microscopy, showing morphology and size of the mustard seed nanoparticles.
(d) Chemical structure of mustard seed glucosinolates, sinalbin, and sinigrin.

Figure 4: FTIR analysis of mustard seeds (A) and mustard seed nanoparticles (B).
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3.2 Anti-cancer activity

The cytotoxic outcome of the mustard seed nanoparticles
on human cancer cell lines (MCF-7 and HepG-2) showed a
more profound effect than the mustard seed powder. At a
high concentration (1,000 µg·mL−1), the mustard seed
nanoparticles had an inhibitory percentage of 82.67 on
HepG-2 cell growth, while the mustard seed powder
showed an inhibitory percentage of 65.94 at the same
concentration (Figure 5). For the nanoparticles, the inhi-
bitory effect on HepG-2 cell growth was detectable at a
lower concentration of 7.8 µg·mL−1, while for the mustard
seed powder, it was observed at 31.25 µg·mL−1, which was
4-fold more than the initial inhibitory concentration of
the nanoparticles (Table 1). Additionally, the IC50 of the nano-
particles against Hep2-G cells was 477 ± 32.68 µg·mL−1,
while the IC50 of the mustard seed powder was only
167 ± 16.79 µg·mL−1.

For the MCF-7 cells, the mustard seed nanoparticles
produced an inhibitory percentage at the highest tested
concentration (1,000 µg·mL−1) of 75.09, while the mustard
seed powder at the same test concentration produced an
inhibitory percentage of only 55.97 (Table 2 and Figure 6).
Further, for the nanoparticles, an inhibitory effect on the
MCF-7 cells was detectable at a lower concentration of
15.6 µg·mL−1 while for the mustard seed powder, the inhi-
bitory effect was first observed at 62.5 µg·mL−1 as shown in
Table 2. In addition, the IC50 of the mustard seed powder
against MCF-7 cells was 781.1 ± 62.44 µg·mL−1, while the
IC50 of the nanoparticles against MCF-7 cells was only
299.7 ± 60.3 µg·mL−1.

4 Discussion

The current study reported the biogenic synthesis of non-
metallic nanoparticles of mustard seed powder on the
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Figure 5: Evaluation of cytotoxicity of mustard seed and its nano-
formulation against HepG-2. Ta

bl
e
1:

In
hi
bi
to
ry

ac
ti
vi
ty

of
m
us

ta
rd

se
ed

(p
ar
t
A
)a

nd
th
e
na

no
pa

rt
ic
le
s
(p
ar
t
B
)a

ga
in
st

H
ep

G
-2

ce
ll
lin

e

A
Co

nc
en

tr
at
io
n

(µ
g·
m
L−

1 )
Vi
ab

ili
ty

%
(3

re
pl
ic
at
es

)
M
ea

n
In
hi
bi
to
ry

%
S
.D
.

B
Co

nc
en

tr
at
io
n

(µ
g·
m
L−

1 )
Vi
ab

ili
ty

%
(3

re
pl
ic
at
es

)
M
ea

n
In
hi
bi
to
ry

%
S
.D
.

1s
t

2n
d

3r
d

1s
t

2n
d

3r
d

1,
0
0
0

38
.9
1

32
.7
4

30
.5
2

34
.0
6

6
5.
94

4.
35

1,
0
0
0

17
.8
2

14
.9
7

19
.2
1

17
.3

8
2.
6
7

2.
16

50
0

49
.2
3

46
.5
6

45
.1
7

46
.9
9

53
.0
1

2.
0
6

50
0

26
.9

23
.8
1

26
.9

25
.9

74
.1
3

1.
78

25
0

6
4.
37

6
0
.9
8

58
.2
5

6
1.
2

38
.8

3.
0
7

25
0

37
.2
3

40
.7
2

39
.8
8

39
.3

6
0
.7
2

1.
8
2

12
5

8
1.
6
5

79
.8
2

73
.4
6

78
.3
1

21
.6
9

4.
3

12
5

52
.0
6

56
.9
4

57
.3
1

55
.4

44
.5
6

2.
93

6
2.
5

92
.4
1

97
.6
3

8
5.
21

91
.7
5

8
.2
5

6
.2
4

6
2.
5

6
7.
34

72
.1
8

6
9.

4
6
9.
6

30
.3
6

2.
43

31
.2
5

98
.6
2

99
.8
7

94
.2
5

97
.5
8

2.
42

2.
95

31
.2
5

8
5.
6
2

8
9.
41

8
4.
23

8
6
.4

13
.5
8

2.
6
8

15
.6

10
0

10
0

99
.8
7

99
.9
6

0
.0
4

0
.0
8

15
.6

95
.2
1

96
.8

92
.3
7

94
.8

5.
21

2.
24

7.
8

10
0

10
0

10
0

10
0

0
0

7.
8

99
.7
6

99
.7
6

97
.4
3

99
1.
0
2

1.
35

3.
9

10
0

10
0

10
0

10
0

0
0

3.
9

10
0

10
0

10
0

10
0

0
0

2
10

0
10

0
10

0
10

0
0

0
2

10
0

10
0

10
0

10
0

0
0

0
10

0
10

0
10

0
10

0
0

0
0

10
0

10
0

10
0

10
0

0
0

Putative anti-proliferative effect of Indian mustard seed and its nano-formulation  5



lines of green credentials. The formation of nanoparticles
was confirmed by the extensive characterization employed,
and the SEM images ensured that the synthesized nanopar-
ticles were within nanoscale size. The DLS results indicated
a size of 205.1 for the nanoparticles produced. It has been
postulated that DLSmeasurement is more sensitive to larger
particles. These results suggest the calculation of DLS for
polydispersed samplesmay not be accurate [20]. The broad-
ening of the XRD peaks suggested the presence of nano-
sized crystals in the nanoparticle sample. Broadening of the
peaks is usually due to the small crystallite size, and it
might be associated with strain (micro deformation) which
can be best explained based on the Debye–Scherrer equa-
tion [21]. The morphotype of the nanoparticles which was
primarily observed as polygonal mirrored the chemical
structure of glucosinolates in the mustard seeds, sinalbin,
and sinigrin [22]. These glucosinolates are the key constitu-
ents that exhibit anti-cancer activity. The FTIR spectra of
the bulk and nanosized mustard seeds were quite similar
and suggest that the nanosization did not alter the mole-
cular structure of the bioconstituents conferring chemical
stability to the nanoparticles. The absorption band for
native proteins at 1,657.25 cm−1 in the mustard seed
was similar to that reported earlier [23]. The band at
3,428.60 cm−1 which corresponded to the stretching of
the –NH amino/–OH hydroxyl bond group is attributed to
the presence of alcohols, phenols, and carbohydrates [24].
FTIR results clearly indicated the presence of groups of
carboxyl (−C]O), hydroxyl (−OH), and amine (N−H) in
mustard seed and the nanoparticles, which has been docu-
mented in the previous literature [25].

In the current study, the antiproliferative/cytotoxic
activity of the synthesized nanoparticles was evaluated
using the MTT assay. Compared to the bulk seeds, the
nanoparticles were more showed a more profound anti-
proliferative effect on both human cancer cell lines used
(HepG-2 and MCF-7). Similar results have been reported
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Figure 6: Evaluation of cytotoxicity of mustard seed and its nano
formulation against MCF-7.
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on the potency of nano-sized plant extracts compared to
the bulk material [26,27]. In addition, Abel et al. [26]
reported that the silver nano-formulated Senna tora leaf
extracts had a significant inhibitory effect on colon cancer
cells, rather than the leaf extract alone. A mixture of Olea
europaea fruit extract and Acacia nilotica peel extract in
gold nanoparticles showed profound anticancer activity
against different cancer cell lines (HepG-2, HCT-116, and
MCF-7) [24]. In addition, experimental results of a previous
study by Hasan et al. [28] demonstrated that mustard seed
possesses potent antioxidant-inflammatory effects, and
its nanostructure (silver nanoparticles of a mustard seed)
was more effective than usual at alleviating oxidative
stress, reducing pro-inflammatory cytokines production,
and reversing DNA genotoxicity in animal models. The
anti-cancer potential of mustard seeds is attributed to
the phytochemical profile which reveals the presence phy-
tocompounds: phenols, flavonoids, tannins, and vitamins
responsible for their antioxidant status [7,29,30]. It has
been recognized that oxidative stress is one of the key
players driving the pathogenesis of several diseases
including cancer. Indian mustard seeds exhibit potent
antioxidant potential that prevents induced carcinogen-
esis, in consensus with the results of the present study
on the anti-cancer activity of mustard seeds, showing
that mustard seed powder suppresses the growth of
bladder cancer cells in vitro and in vivo [7]. In addition,
mustard seed extract significantly reduced oxidative
stress in HepG2 cell line by suppressing reactive oxygen
species (ROS) and showed a marked hepatoprotective
effect [29]. The vitamin E, quercetin, and catechin detected
in the mustard seed extracts also showed hepatoprotective
activity in the HepG2 cell line [29]. In addition, allyl iso-
thiocyanate (AITC; 3-isothiocyanato-1-propene or 2-propenyl
isothiocyanate) also is a potent anti-cancerous compound
that is abundant in cruciferous vegetables such as Indian
mustard. Taken together, a synergistic effect of all the
phytoconstituents of the mustard seeds contributed to
the marked anti-cancer effect of the mustard seed powder
and its nano formulation in the present study. The nano-
sization strategy used in the present study enhanced the
bioavailability and thus the efficacy of the mustard seeds.
Furthermore, the biosynthetic method was facile, environ-
mentally benign, and cost-effective. Previously, in congru-
ence to the biogenic mode of synthesis employed in the
present study, there have been studies on the nanoarchi-
tecture of non-metallic nanoparticles of phytocompounds
such as curcumin and naringenin [31–34]. The findings of
the present study are further supported by the results of
our recent in vivo study on the efficacy of synthesized
nanoparticles of mustard seed against arsenic toxicity.

The results clearly demonstrated a more efficacious attenu-
ating effect of the nanoparticles versus the bulk or naïve
mustard seeds against arsenic-induced oxidative damage
and genotoxicity in a rat model [28,35] supporting the cyto-
toxic effect of the NPs on the cancer cell lines.

5 Conclusions

In conclusion, the present results demonstrate that the
nano-formulation of mustard seeds significantly reduced
the cell viability and transformed the cellular morphology
of MCF-7 and HepG-2 cells at different concentrations in a
dose-dependent manner. However, further in vivo and
in vitro studies at the molecular level are imperative to
understand the mechanism(s) of action. The study pro-
vides insights into the prospective role of Indian mustard
seeds and their nano-formulation in potential adjunct
therapy for cancer and as a nutraceutical.
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