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Plant extract-mediated green synthesis of gold nanoparticles (AuNPs) and their biomedical application is
currently gaining huge interest in the field of nanotechnology. In the present study, AuNPs were synthesized
using Hygrophila spinosa aqueous extract (HSAE). The formation of AuNPs was confirmed by observing color

IZ;' f:f:r?ia:p inosa change and characteristic absorbance peak for surface plasmon resonance by UV-Vis spectroscopy. Different
Antioxidant reaction parameters such as HSAE concentration, salt concentration, pH, reaction time and temperature were

optimized for biosynthesis of AuNPs. The NPs were characterized for particle size, surface morphology, crys-
tallinity, elemental composition and surface functionalities. Cytotoxicity of the AuNPs was studied against
different cancer cell lines by MTT assay and antioxidant potential as total antioxidant capacity was also eval-
uated. The biosynthesized AuNPs were small in size and negatively charged. Phytochemical screening of HSAE,
and FTIR spectrum of synthesized AuNPs demonstrated participation of various groups of chemical compounds
as capping and stabilizing agents in biosynthesis of AuNPs. The green synthesized AuNPs exhibited significantly
higher anticancer activity compared to HSAE against breast, ovarian, glioblastoma/brain and multi-drug resis-
tant ovarian cancer cell lines. Antioxidant activity of the synthesized AuNPs was less than HSAE. The bio-
synthesized AuNPs could be studied further to access their potency in the treatment and imaging of various

cancers.

1. Introduction

Nanotechnology deals with design, manipulation, preparation and
application of materials in nanometer range with their application in
diverse fields such as biomedical, food, agriculture, drug delivery, cos-
metics, energy, textile etc [1-3]. In recent years, nanoparticle (NPs)
synthesis has been of great research interest because of their excellent
biomedical applications, electronic, optical and chemical properties [4,
5]. Metallic NPs have been synthesized by chemical and physical
methods using different metals such as Ag, Au, Cu and Zn. Among these
NPs, gold NPs (AuNPs) have gained significant attention due to their
application in cancer therapy and imaging, angiogenesis, genetic disease
and genetic disorder diagnosis, photothermal therapy and photoimaging
[6,7]. AuNPs have been designed for specific delivery of anticancer
agents like paclitaxel, doxorubicin and methotrexate [8]. Chemical
methods are the most popular approach for synthesis of metallic NPs
which are based on the reduction of metallic ion solutions with reducing
and capping agents such as sodium citrate, sodium borohydride,
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trisodium citrates, N,N-dimethyl formamide, 2-mercaptobenzimidazole,
sodium hydroxide and sodium dodecyl sulfate [9,10]. Many of these
materials used during the synthesis are harmful to both human health
and the environment. In addition, these NPs are not suitable for
biomedical application [11]. Green nanotechnology which is
eco-friendly thus opens various opportunities for designing nano-
materials for biomedical application [12,13]. The green approach of
metal nanoparticle synthesis has various advantages compared to con-
ventional methods such as (i) biocompatibility and significant applica-
tion in biology and medicine, (ii) simplicity of the method, (iii) Use of
natural resources (microorganisms, algae, fungi, plants), (iv) non-toxic
method making the synthesized NPs suitable for pharmaceutical and
biomedical applications, (v) external capping or stabilizing agents are
not needed for synthesis of NPs, (vi) cost effective method because of
minimum or non-requirement of energy, (vii) simplicity in scaling up for
large-scale synthesis, (viii) reproducibility in production, (ix) well
defined morphology of synthesized NPs [1,14-19].

The phytoconstituents of plants such as flavonoids, phenolics,
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Table 1
Preliminary phytochemical screening of HSAE.

Chemical class HSAE

Alkaloids -
Glycosides
Carbohydrates
Saponins -
Phytosterols

Tannins and polyphenolics
Proteins

Amino acids

Gums and mucilage
Flavonoids

41

o

+, present; -, absent; HSAE, Hygrophila spinosa aqueous
extract.

carbohydrates and proteins have the capability of reducing the metals
from their higher oxidation to zero oxidation state [20,21]. The metallic
precursor converts into their respective NPs by the antioxidant potential
of the phytoconstituents which acts as reservoir of electrons and in turn
the NPs are synthesized without use of hazardous and toxic reducing
agents [22]. Plant mediated AuNPs have been extensively investigated
in biomedical fields including drug delivery, tissue imaging, identifica-
tion of clinical pathogens etc. The nanoparticles are synthesized by
simply mixing aqueous chloroauric acid solution and plant extract
where the phytoconstituents of the extract works as reducing and sta-
bilizing agent. AuNPs using plant extracts has been synthesized, char-
acterized and evaluated for various biological applications such as
anticancer, antimicrobial, antioxidant, analgesic, sedative activities, but
still a lot of research is in progress in this field owing to the diversity and
potential of plants to produce NPs of different shapes [3,5,6,23-26].

The medicinal plant, Hygrophila spinosa T. Anders (Acanthaceae)
commonly known as “Talmakhana” is listed in the Ayurvedic Pharma-
copoeia of India. Leaves, roots, seeds, and whole plant of H. spinosa are
traditionally used for management of a wide range of complications
[27]. The plant comprises of alkaloids, carbohydrates, flavonoids, tan-
nins and phenolics, steroids, proteins, organic acids and amino acids
[28]. These secondary metabolites are mainly responsible in the for-
mation of metal nanoparticles. The plant has been explored for different
pharmacological activities [28-39] and contains several bioactive con-
stituents [40-45].
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Taking into consideration the wide range of secondary metabolites of
the plant, in the present study, we report a simple, inexpensive and novel
eco-friendly approach for biosynthesis of gold nanoparticles (AuNPs)
using H. spinosa extract. Various reaction parameters such as plant
extract concentration, reaction time and temperature, gold salt con-
centration and pH were optimized for synthesis of AuNPs. The synthe-
sized AuNPs were characterized and evaluated for anticancer activity in
different types of cancer and antioxidant potential.

2. Experimental
2.1. Collection and preparation of plant material

Fresh plants of H. spinosa were collected from Bilaspur, Chhattisgarh,
India and authenticated through Indian Council of Agricultural
Research-National Bureau of Plant Genetic Resources (ICAR-NBPGR),
Regional Station, Phagli, Shimla, India (No.: NBPGR-565-569). The
plant materials were cut into small pieces and shade dried for 15 days.
The dried material was coarsely powdered and stored in air-tight
container till further use.

2.2. Preparation of extract

Coarse powder material (100 g) was extracted by soxhlation with
ethanol (95%, 300 mL). The ethanol extract was concentrated using
rotary evaporator, dried and preserved in airtight container until further
use. Five (5.0) g of the above extract was added to 100 mL of distilled
water, sonicated for 5min and filtered (Whatman filter paper, Sigma
Aldrich). Further, the filtrate was again filtered through 0.22 pm cellu-
lose acetate membrane filter (VWR International, USA) and the H. spi-
nosa aqueous extract (HSAE) was kept in airtight container at 4 °C until
further use.

2.3. Preliminary phytochemical screening (PPS)

The existence of different classes of chemical compounds like alka-
loids (Mayer’s test, Dragendorff’s test, Hager’s test and Wagner’s test),
glycosides (Keller Killiani test and Legal test), carbohydrates (Molisch’s
test), saponins (foam test), phytosterols and terpenoids (Libermann-
Burchard Test), tannins and polyphenolics (ferric chloride test), proteins
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Fig. 1. GC/MS chromatogram of H. spinosa aqueous extract (HSAE).
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Table 2
Different chemical constituents in H. spinosa aqueous extract by GC/MS.
Serial Peak Compound identified Molecular Chemical
No. RT formula nature
(min)
1. 7.29 Cyclotetrasiloxane, CgH2404Si4 Siloxane
octamethyl-
2. 9.85 Cyclopentasiloxane, C10H3005Sis Siloxane
decamethyl-
3. 12.39 Cyclohexasiloxane, C12H3606Sie Siloxane
dodecamethyl-
4. 14.66 Cycloheptasiloxane, C14H4205Si; Siloxane
tetradecamethyl-
5. 16.68 Cyclooctasiloxane, C16H4g04Sig Siloxane
hexadecamethyl-
6. 18.42 Cyclononasiloxane, C18H5400Sio Siloxane
22.71 octadecamethyl-
7. 19.19 Dibutyl phthalate C16H2204 Ester
8. 19.98 Cyclodecasiloxane, C20He0010Si10 Siloxane
21.42 eicosamethyl-
23.91
25.16
28.60
9. 24.36 Phthalic acid, di(2- Co4H3504 Ester
propylpentyl) ester
10. 25.77 Pentacyclo[19.3.1.1 C44Hs5604 Alcohol
(3,7).19,13).1(15,19)]
octacosa-1(25),3,5,7
(28),9,11,13(27),15, 17,19
(26),21,23-dodecaene-
25,26,27,28-tetrol,
5,11,17,23-tetrakis(1,1-
dimethylethyl)
11. 26.58 13-Docosenamide, (Z)- CyoHysNO Amide
12 27.23 Lupeol C30Hs00 Triterpenoid

(Million’s test), amino acids (Ninhydrin test), gums and mucilage
(swelling test), flavonoids (Shinoda test) in HSAE was confirmed by PPS
[46,47].

2.4. Determination of total phenolic and flavonoid content (TPC and
TFC)

TPC was analyzed using Folin-Ciocalteu method [48] by mixing the
dried HSAE in methanol (1.0 mg/mL). One hundred (100) pL of HSAE in
methanol, 125 pL of Folin-Ciocalteu reagent and 750 pL of sodium car-
bonate solution (15% w/v) were taken in a test tube and the final vol-
ume was adjusted to 5.0 mL with deionized water and mixed properly.
Absorbance of the above mixture was measured at 760 nm using a
spectrophotometer after incubating for 90 min in dark at room tem-
perature. TPC of the samples as milligrams of gallic acid equivalents per
gram of dry weight (mg of GAE/g of DW) was determined from a stan-
dard curve of gallic acid. All measurements were carried out in
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triplicate.

Aluminium chloride colorimetric assay was adapted for determining
TFC [48]. Briefly, 0.5 mL of HSAE in methanol, 0.1 mL of AlCl3 (10%),
0.1 mL of potassium acetate (1 M) and 1.5 mL of methanol (95%) were
taken in a test tube and the volume was adjusted to 5 mL with distilled
water and mixed thoroughly. The mixture was incubated for 60 min at
room temperature in dark and then the absorbance was measured at
415nm. TFC was expressed as mg of rutin equivalents per gram dry
weight (mg RE/g of DW) of the sample through a standard curve of rutin.

2.5. Gas chromatography mass spectrometry (GC/MS) analysis

One microlitre of HSAE solution in methanol was injected for anal-
ysis into GC/MS system consisting of GC (Thermo Tracer 1300) and MS
(Thermo TSQ 8000). GC and MS were connected with the following
operational conditions: TG 5MS column, electron impact mode at 70 eV,
helium as carrier gas with flow rate of 1 mL/min, S/SL injector, 250 °C
oven temperature, 280 °C MS transfer line temperature, oven tempera-
ture was set at 60 °C and gradually increased (10 °C/min), scan interval
of 0.5s with 50 m/z to 700 m/z as the complete mass scan range. Xca-
libur 2.2 SP1 data acquisition software was employed for data acquisi-
tion and interpretation was carried out using NIST software (NIST/EPA/
NIH mass spectral library version 2.0 g. NIST 11). The chemical name
and nature of the compounds was determined by comparison of the
spectrum with the spectrum of the components stored in the NIST
library.

2.6. Synthesis of gold nanoparticles (AuNPs)

AuNPs were synthesized by dissolving aqueous tetrachloroaurate-
(II1) hydrate (HAuCl4-3H20) (Alfa Aesar, MA, USA) solution (1, 2, 4, 6
and 8 mM) and HSAE (10, 30, 50, 70 and 90% v/v). For synthesis of the
NPs, the above reaction mixtures were heated at different temperatures
(room temperature, 40, 60, 80 and 100 °C) for varying time duration
(15, 30, 45 and 60 min). Optimum pH for synthesis of NPs was also
determined by adjusting different pH of reaction mixture (2, 4, 6, 8 and
12) using hydrochloric acid or sodium hydroxide solution. The opti-
mized synthesis reaction for formation of AuNPs was under the
following conditions: 10% (v/v) HSAE concentration, 1mM
HAuCl4-3H,0 concentration, 80 °C reaction temperature, pH of 2.0, and
45 min reaction time. The signatory color change because of surface
plasmon resonance was monitored visually, confirming the formation of
NPs. The reaction mixture was centrifuged at 10,000 rpm (Allegra™ 25R
Centrifuge, Beckman Coulter, Inc, Brea, CA, USA) for 10 min to remove
any large particles. Then the supernatant was collected and centrifuged
again at 14,000 rpm for 1 h. Finally, the AuNP pellet was suspended in
distilled water and lyophilized (FreeZone® Plus™, Labconco Corpora-
tion, MO, USA) overnight to get the powdered AuNPs [3,25].

Fig. 2. Color change of reaction mixture during synthesis of AuNPs. A: H. spinosa aqueous extract (HSAE); B, HAuCly solution; C, reaction mixture immediately after
mixing A and B; D, color change of reaction mixture after formation of AuNPs under optimum condition (10% HSAE, 1 mM HAuCly solution, pH 2.0, 80 °C reaction
temperature, and 45 min reaction time). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. UV-Vis spectra of H. spinosa aqueous extract (HSAE), HAuCl, solution (1 mM) and synthesized AuNPs under optimum condition.
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Fig. 4. Effect of pH in synthesis of AuNPs. (A) UV-Vis spectra of AuNPs synthesized at different pH values (2, 4, 6, 8 and 12) and (B) color change from left to right in
various pH values (2, 4, 6, 8 and 12) with 10% of H. spinosa extract, 1 mM HAuCl, solution, at 80 °C for 45 min. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

2.7. Characterization of AuNPs NY), X-ray diffraction (PANalytical X'Pert MPD diffractometer, PAN-
alytical Inc., Westborough, MA, USA), transmission electron microscopy

Characterization of AuNPs was carried out by UV-vis spectroscopy (TEM, JEOL USA, Inc., Peabody, MA), field emission gun scanning
(Varioskan Flash, Thermo Scientific, USA), Particle Size/Zeta Potential electron microscope (FEG-SEM, Carl Zeiss Microscopy, Thornwood,
analyzer (NanoBrook 90 Plus PALS, Brookhaven Instruments, Holtsville, NY), energy dispersive spectroscopy (EDS, Ametek-EDAX Mahwah, New
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Fig. 5. Effect of plant extract concentration in synthesis of AuNPs. (A) UV-Vis spectra of AuNPs synthesized at different concentrations of HSAE (10, 30, 50, 70 and
90% v/v) and (B) color change from left to right at different concentrations of HSAE (10, 30, 50, 70 and 90% v/v) with 1 mM HAuCl, concentration, pH 2, at 80 °C
for 45 min. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Jersey), and fourier transform infrared spectroscopy (FTIR, Nicolet iS10,
Thermo Scientific, USA). Biosynthesis of NPs at different reaction con-
ditions and their stability was analyzed using UV-vis spectrophotometry
in the range between 300 and 800 nm. Particle size, size distribution and
surface charge (zeta potential) were evaluated using Particle Size/Zeta
Potential analyzer. Surface morphology of the synthesized AuNPs was
determined by TEM and FEG-SEM. Elemental composition of AuNPs was
analyzed by EDS, involvement of various functional groups in NP syn-
thesis was investigated by FTIR and crystalline nature of synthesized
NPs was obtained by XRD.

2.8. Determination of total antioxidant capacity (TAC)

TAC of AuNPs and HSAE as pM copper reducing equivalents (CRE)
was determined by following the protocol mentioned in the product
manual of OxiSelect™ TAC Assay Kit (Cell Biolabs, Inc., San Diego, CA,
USA; Catalog Number: STA- 360) [49,50].

2.9. Cell lines and culture

MCF-7 and MDA-MB-231 (breast cancer), SKOV-3 (ovarian cancer),
NCI/ADR-RES (multi-drug resistant ovarian cancer) and U-87 (glio-
blastoma, brain cancer) cell lines were procured from ATCC (Manassas,
VA). DMEM (Mediatech, Manassas, VA) media was used for culture of
breast, ovarian and brain cancer cells, while RPMI 1640 media was used
for NCI/ADR-RES cells. Both the media were supplemented with 10%

fetal bovine serum (Mediatech, Manassas, VA) and 1% penicillin/
streptomycin (Mediatech, Manassas, VA). Cells were maintained in a
humidified environment of 5% carbon dioxide at 37 °C.

2.10. In vitro cytotoxicity study

All cancer cell lines (3000, 3000, 4000 and 2000 cells/well of breast,
ovarian, multi-drug resistant and brain cancer cell lines, respectively)
were seeded in 96-well tissue culture plates. The cells were allowed to
grow and attach in the 96-well plate for 24 h. After 24 h, the medium
was reinstated with fresh medium containing HSAE or AuNPs at
different concentrations (12.5-200 pg/mL). Control wells were also
maintained without addition of any drug/preparation and the cells were
incubated at 37 °C and 5% CO» for 72 h. The media was then taken out
and 50pL of MTT [3-(4,5-dimethylthiazol-2-y])-2,5-diphenylte-
trazolium bromide] solution (0.5 mg/mL) in media was added to each
well after washing the cells with sterile PBS. Further, the cells were
incubated in similar condition for another 4 h. Finally, the media was
removed and hundred microlitre of dimethylsulfoxide (DMSO) was
added to each well which dissolves the formazan crystal formed from
MTT. Cell viability was assessed by measuring absorbance at 570 nm on
a micro plate reader (Varioskan Flash, Thermo Scientific, USA) and
percentage cell viability in each treatment was calculated from the
following formula.
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Fig. 6. Effect of HAuCly concentration in synthesis of AuNPs. (A) UV-Vis spectra of AuNPs synthesized at different concentrations of HAuCl, (1, 2, 4, 6 and 8 mM)
and (B) color change from left to right at different concentrations of HAuCl4 (1, 2, 4, 6 and 8 mM) with 10% of HSAE, pH 2, at 80 °C for 45 min. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2.11. Statistical analysis

For antioxidant and anticancer activities, data were represented as
mean =+ standard error of mean (SEM). Microsoft Excel was used to ac-
cess statistical significance (p < 0.05) by Student’s two-tailed unpaired t-
test.

3. Results and discussion
3.1. Phytochemical analysis

In the synthesis of metal NPs, various plant secondary metabolites
which could cause reduction of metal salt, and work as capping and
stabilizing agents are phenolics, flavonoids, alkaloids, polysaccharides,
terpenoids along with amino acids, vitamins, proteins and organic acids
[51-53]. HSAE was found to contain different plant metabolites such as
carbohydrates, flavonoids, gums and mucilage, proteins, amino acids,
and tannins and phenolic compounds (Table 1) which might have sig-
nificant role in synthesis of gold NPs by reduction of the metal salt [3].
Further, the total phenolic content (TPC) and total flavonoid content
(TFC) of HSAE was 21.33 £+ 2.37 mg GAE/g DW and 33.22 4+ 3.39 mg
RE/g DW. Phenolics and flavonoids are well known as anticancer and
apoptosis inducing agents [54]. In addition, these are also powerful

antioxidants and free radical scavengers [55].

3.2. GC/MS analysis of HSAE

Twelve different chemical constituents were identified in HSAE
(Fig. 1; Table 2), which were of different chemical nature (alcohols,
amides, triterpenoids, esters, siloxane derivatives). The siloxane de-
rivatives are probably due to bleeding of the capillary column and
dibutyl phthalate may be a contamination from glassware. Lupeol (a
phytosterol and triterpene) found in the extract may be contributing for
biosynthesis of NPs and anticancer activity [56,57].

3.3. Biosynthesis of AuNPs and optimization of different reaction
parameters

The formation of AuNPs was observed visually through color change
to ruby red (Fig. 2) due to surface plasmon resonance (SPR). Fig. 3
indicated that no peak was observed at wavelength of 540 nm for
HAuCly solution and HSAE. However, the characteristic surface plasmon
resonance (SPR) peak was observed after the formation of AuNPs
(Fig. 3). Similar characteristic peak at 540 nm was also reported in
earlier studies for biosynthesis of AuNP with other plant extracts [58,
59]. The position of the SPR peak varies around 540 nm in the visible
spectrum of light depending on the shape and size of the nanoparticles
[3,5,25,59,60]. Previous studies [60-62] reported the SPR peaks only in
the visible spectrum but have not reported any absorption peak in the
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Fig. 7. Effect of reaction temperature in synthesis of AuNPs. (A) UV-Vis spectra of AuNPs synthesized at different reaction temperature (room temperature, 40, 60,
80 and 100 °C) and (B) color change from left to right at different reaction temperature (room temperature, 40, 60, 80 and 100 °C) with 10% HSAE, 1 mM HAuCl,
solution, pH of 2 for 45 min. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

320-340 nm. In this study, we are reporting the absorption spectrum
from 300 to 800 nm. The peak in 320-360 nm region may be due to
some of the phytoconstituents in the HSAE (Fig. 3).

The initial pH of metal salt solution plays significant role in forma-
tion of AuNPs. In case of AuNP synthesis the characteristic SPR peak was
obtained at pH 2 of HAuCl, solution with other parameters as 10% of
HSAE, 1 mM HAuCly solution, 80 °C reaction temperature and 45 min
reaction time. At pH 6.0 and 8.0 the absorption peak shifted towards
right. An increase in pH may have caused degradation of the NPs as
indicated from the color of the reaction mixture (see Fig. 4A and B).
Shifting of peak towards higher wavelength and broadening of peaks at
pH 6 and 8 might be due to secondary reduction of gold ions or for-
mation of larger nanoparticles [61]. The characteristic SPR peak at
540 nm could not be found at pH 12.0, but at this pH an intense band
around 370 nm was observed. The peak around ~370 nm at pH 12 may
be due to AuNPs of different size and morphology, or degradation
products from HSAE. The color of the reaction mixture changed to ruby
red within 5 min at pH 6, 8 and 12, but the final colors after 45 min were
deep blue (pH 6 and 8) and light greenish (pH 12). The color change
indicates that the reaction mixtures were unstable under these condi-
tions and may have formed different size and type of NPs. The reaction
rate was faster with weak acidic (pH 6) and alkaline (pH 8 and 12)
treatment compared to acidic (pH 2 and 4) treatment. The peak at pH 6
& 8 are broader indicating the presence of different sizes and mor-
phologies of AuNPs [61]. In case of pH 2 & 4 the bands were narrow. The
maximum SPR peak intensity was observed at pH 2 indicating presence
of AuNPs of smaller size and spherical shape. Further, the peak at pH 2
was highly symmetrical, which may be due to uniform distribution of
the AuNPs. Our observation of broadening of peak at higher pH and
stability of synthesized AuNPs at lower pH agree with the earlier reports
[25,63]. From the observations, pH 2 was selected as optimum pH for

further synthesis of AuNPs.

The characteristic SPR peak (520-560 nm range) and desired color
change (ruby red) in synthesis of AuNPs was obtained only with 10% of
HSAE (see Fig. 5A and B). The results indicate that the extract contains
enough reducing agents and 10% HSAE is required for biosynthesis of
AuNPs. Excess amount of some phytochemicals and protons in HSAE
(30, 50, 70 and 90%) may have affected the nucleation of AuNPs or kept
the chloroauric acid in molecular form preventing the reduction of Au
(III) to Au(0) as shown below [61].

HAuCl4 — AuCl 4 + H" m
AuCl 4 - AuCl — Au(0) (2)

Previous studies with other plant extracts demonstrated a wide range
of concentrations (7-70%) of plant extracts in synthesis of AuNPs [3,5,9,
17,25]. The peak(s) around ~330 nm with HSAE (30, 50, 70 and 90%)
may be due to different sized NPs or the degraded products of NPs or
degradation products from HSAE. The intensity of the peak(s) increases
with higher concentration of HSAE.

Fig. 6A and B shows the effect of different concentrations of chlor-
oauric acid (HAuCly) on synthesis of NPs. NPs were synthesized with
10% of HSAE, pH 2, at 80 °C reaction temperature for 45 min. Charac-
teristic SPR peak (520-560nm range) was observed with 1-4 mM
HAuCly concentrations. The NPs were agglomerated with increase in
particle size (more than 1000 nm) with 2mM HAuCl4 concentration.
The appearance of the suspension with 2mM HAuCl, concentration
indicated particle precipitation or aggregation, and instability. The in-
tensity of the SPR peak at ~540 decreased with HAuCl4 concentration
more than 2 mM. The excessive Au(III) ions in the reaction mixture may
have exhausted most of the reducing agents in HSAE and the remaining
phytoconstituents were not adequate to work as reducing and stabilizing
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Fig. 8. Effect of reaction time in synthesis of AuNPs. (A) UV-Vis spectra of AuNPs synthesized at different reaction times (15, 30, 45 and 60 min) and (B) color
change from left to right after reaction for different reaction times (15, 30, 45 and 60 min) with 10% HSAE, 1 mM HAuCly solution, pH of 2 at 80 °C. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10. Zeta potential of AuNPs synthesized with HSAE (10% HSAE, 1 mM
HAuCly solution, pH of 2, and 45 min reaction time at 80 °C).

Fig. 9. Particle size of AuNPs synthesized with HSAE (10% HSAE, 1 mM agents for formation of AuNPs. Broader peak at 500-640 nm range with
HAuCly solution, pH of 2, and 45 min reaction time at 80 °C). 4 mM HAuCly concentration indicated that the synthesized AuNPs had
different morphology and larger size. Formation of AuNP in lower salt
concentration and broadening of peaks in higher concentration was also
reported by Markus et al. [25]. At higher concentrations of HAuCly, the



S. Satpathy et al.

Counts

Physica E: Low-dimensional Systems and Nanostructures 121 (2020) 113830

_[Minimal Sample ManoParticlefGold_2

10000

60

70 80

Puosition [*2Theta] (Cobalt (Co))

Fig. 11. XRD pattern of AuNPs synthesized using HSAE (10% HSAE, 1 mM HAuCl, solution, pH of 2, and 45 min reaction time at 80 °C).
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Fig. 12. SEM images of AuNPs synthesized using HSAE (10% HSAE, 1 mM HAuCl, solution, pH of 2, and 45 min reaction time at 80 °C).

intensity of the peak at around 320 nm increased. The peak around
320 nm with higher concentration of HAuCl4 may be due to formation of
different size and morphology of AuNPs, or degradation products from
HSAE. For further synthesis of AuNPs, 1 mM HAuCly concentration was
selected as the optimum salt concentration.

Biosynthesis of AuNPs was also performed at different temperature
(room temperature, 40, 60, 80 and 100 °C) with 10% (v/v) HSAE, 1 mM
HAuCl, concentration, pH 2 and reaction time for 45 min. At room
temperature, the characteristic SPR peak was too broad confirming the
large size of synthesized AuNPs. The maximum peak intensity was
observed at 80 °C with smaller particle size and uniform distribution of
the NPs. The absorption peaks were broadened and lowered at 40, 60
and 100°C demonstrating incomplete formation of AuNPs at lower
temperature and aggregation of the AuNPs at temperature above 80 °C.
Further, degradation of the plant secondary metabolites at higher tem-
perature also broadens the absorption peak [25]. Fig. 7A and B shows
the absorption peaks and color change of reaction mixture at different
reaction temperatures.

Fig. 8A, B shows the effect of duration of reaction time on the for-
mation of AuNPs [at 10% (v/v) HSAE, 1 mM HAuCl, solution, pH 2 and
reaction temperature 80 °C]. Highest absorbance and symmetrical SPR
peak at around 540 nm were observed at 45 min of reaction time. This
confirms the smaller and uniform sizes of the AuNPs. With increase in
the reaction time, the peak intensity of AuNPs decreased. The absorption
peak with 60 min reaction time was broader indicating the existence of
larger and higher polydisperse sizes of the NPs. The ruby red color in-
tensity increased up to 45min of reaction time and at 60 min, the
presence of particulate matters was observed. The size of the AuNPs was
more than 600 nm and the polydispersity index were around 0.8 with
the 60 min of reaction time.

3.3.1. Stability of biosynthesized nanoparticles

The stability of the freshly biosynthesized AuNPs at room tempera-
ture was confirmed by UV-Vis analysis over a period of 10 days. Similar
absorption spectrum was demonstrated by the reaction mixture at
various time intervals. Further, there was no significant alteration of
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Fig. 13. TEM images of AuNPs synthesized using HSAE (10% HSAE, 1 mM HAuCl, solution, pH of 2, and 45 min reaction time at 80 °C).
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Fig. 14. EDS spectrum of AuNPs synthesized using HSAE (10% HSAE, 1 mM HAuCl, solution, pH of 2, and 45 min reaction time at 80 °C).
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Fig. 15. FTIR spectrum of AuNPs synthesized using HSAE (10% HSAE, 1 mM HAuCl, solution, pH of 2, and 45 min reaction time at 80 °C).
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Fig. 16. Total antioxidant capacity of H. spinosa aqueous extract (HSEA) and
synthesized AuNPs (10% HSAE, 1 mM HAuCly solution, pH of 2, 45 min reac-
tion time at 80 °C). Values are mean + SEM (n = 3); ***p < 0.001 vs HSAE at
the same dose, AuNP, gold nanoparticles synthesized with HSEA; CRE, copper
reducing equivalent. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

particle size signifying the stability of the synthesized AuNPs.

3.4. Particle size and zeta potential

The particle size and polydispersity index (PDI) of biosynthesized
AuNPs at optimized condition (10% HSAE, 1 mM HAuCly solution, pH of
2, 45min reaction time at 80°C) were 68.4440.30nm and
0.283 +0.012, respectively (Fig. 9). Particle size (by DLS analysis) in
this study was smaller compared to gold nanoparticles synthesized with
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extracts of Musa paradisiacal [3], ginseng [5,58] and Angelica pubescens
[25]. The PDI of AuNPs was found to be moderate. Various plant me-
tabolites of HSAE (sugars, phenolics, flavonoids and proteins) may
probably protect the agglomeration of AuNPs by forming capping layer
around the synthesized AuNPs [64]. Zeta potential of the biosynthesized
AuNPs was found to —27.78 +0.66 mV (Fig. 10). Zeta potential is a
determinant of the stability of the NPs and high surface charge prevents
aggregation of NPs by electrostatic repulsion between the NPs [65].

3.5. XRD analysis

Crystalline structure and phase identification of the synthesized
AuNPs was confirmed by XRD analysis. XRD analysis of AuNPs showed
several diffraction peaks. The four peaks at 40.25, 44.65, 68.45 and
76.85 (Fig. 11) confirm the crystalline nature of the AuNPs and are
characteristic diffraction peaks for face center cubic (FCC) structure of
the AuNPs [3,25].

3.6. TEM and SEM analyses

Surface morphology of NPs in nanometer to micrometer range could
be determined by SEM and TEM analysis [6]. TEM and SEM analysis of
AuNPs showed spherical, polygonal, rod and triangular shaped particles
(Figs. 12 and 13). Various shaped NPs are commonly formed in the same
batch during green synthesis of gold nanoparticles [3,66,67]. The size
variation of NPs could be due to the presence of different secondary
metabolites (reducing agent) in HSAE [68]. The particle size of AuNPs
by DLS method was slightly larger compared to TEM and SEM analysis.
Similar results were also reported in earlier studies [5,25].

3.7. Energy dispersive spectroscopy

Presence of different elements and their proportion in a sample is
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Fig. 17. In vitro cytotoxicity of H. spinosa aqueous extract (HSEA) and synthesized AuNPs in MCF-7, MDA-MB-231, SKOV-3, U-87 and NCI/ADR-RES cells after 72 h

of incubation by MTT assay. Values are mean + SEM (n = 3); *p < 0.01, **p < 0.01,

***P < 0.001 versus HSEA treatment at the same concentration; AuNP, gold

nanoparticles synthesized with HSEA; Digits in blue color indicates the IC50 value of AuNP against the respective cancer cell line. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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confirmed by EDS analysis [2,5]. The EDS spectrum of the AuNPs
showed the presence strong signals of Au with some other signals of O,
Cu, and Al (Fig. 14).

3.8. Fourier transform infrared spectroscopy

FTIR was performed for ascertaining the probable biomolecules
responsible for formation of metal NPs by reduction of the metal ions.
FTIR spectrum of biosynthesized AuNPs showed peaks at 3263.22,
2926.83, 1716.98, 1019.41, 814.33 and 774.02 (Fig. 15). Peak at
3263.22 may be assigned to O-H stretching of phenolic and/or alcoholic
groups and suggests the involvement of flavonoids, tannins and phenolic
compounds in reducing the metal ions. Peak at 2926.83 corresponds to
C-H stretching of methylene, methyl, and methoxy groups. The peak at
1716.98 represents C—=0 stretching of fatty acids, esters and ketones.
The intense band at 1019.41 corresponds to the (C-O) bond stretching of
ester, carbohydrate and Si-O-Si asymmetric stretching of siloxanes.
Absorption peaks at 814.33 and 774.02 are affiliated to stretching of
glycosidic linkage in carbohydrates.

The different classes of chemical compounds confirmed by pre-
liminary phytochemical screening in HSAE were carbohydrates, tannins
and phenolics, proteins, amino acids, gums and mucilage, flavonoids
and organic acids. HSAE demonstrated alcohols, amides, triterpenoids
and esters by GC/MS analysis. The results corroborate the stabilization
of biosynthesized metal NPs by the free functional groups of different
chemical constituents present in the extract [3,25].

3.9. Antioxidant activity

Total antioxidant capacity (TAC) of both HSAE and AuNPs was
determined and represented as copper reducing equivalent (CRE)
(Fig. 16). AuNPs exhibited dose dependent antioxidant activity, but the
potency is less than the extract. Determination of TAC is frequently used
to evaluate the antioxidant response of biological samples against free
radicals generated during various disease conditions [69]. Antioxidant
status of a sample is directly proportional to its TAC. The findings sug-
gest that the antioxidant activity of biosynthesized AuNPs could be
attributed to the secondary metabolites (phenolic compounds) of the
extract which forms the capping layer [25]. Many nanoparticles induce
production of reactive oxygen species (ROS) and may cause cell death
[70,71]. These side effect or toxicity due to ROS could be ameliorated by
antioxidants. In addition, antioxidants play major role in management of
various diseases including cancer [72,73]. The green synthesized AuNPs
in the present study with antioxidant property could be a better option
for prevention of diseases.

3.10. In vitro anticancer activity

Invitro cytotoxicity of the synthesized AuNPs and HSAE against MCF-
7 and MDA-MB-231 (breast), SKOV-3 (ovarian), NCI/ADR-RES (multi-
drug resistant ovarian) and U-87 (brain) cancer cell lines was deter-
mined at concentrations ranging from 12.5 to 200 pg/mL by MTT assay
(Fig. 17). AuNPs exhibited dose dependent cytotoxicity against all the
cancer cell lines. The percentage cell viability by synthesized AuNPs at
200 pg/mL against MCF-7, MDA-MB-231, SKOV-3, NCI/ADR-RES and
U-87 cell lines was 43.78, 39.34, 21.45, 31.48 and 27.89%, respectively.
Synthesized AuNPs showed more cytotoxicity in ovarian cancer cell line
than breast, brain and multi-drug resistant ovarian cancer cell lines.
Biosynthesized AuNPs demonstrated significantly higher anticancer
activities compared to HSAE which may be attributed to increased
cellular uptake and retention of the NPs. In addition, the NPs are not
substrates for the P-glycoprotein efflux pump [74].

4. Conclusion

H. spinosa aqueous extract (HSAE) has been used for green synthesis
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of gold nanoparticles (AuNPs). Visual color change and UV-Vis analysis
corroborated that 10% HSAE, 1 mM HAuCly solution, pH of 2, 80°C
reaction temperature and 45 min reaction time were the optimized
conditions for AuNP synthesis. The AuNPs have small particle size
(68.44 +£0.30nm) and zeta potential of —27.78 mV. Phytochemical
screening and GC/MS analysis showed the different secondary metab-
olites (proteins, flavonoids, phenolics, carbohydrates and terpenoids)
that helped for reduction and capping process in the synthesis of AuNPs.
FTIR spectrum of biosynthesized AuNPs indicated the involvement of
different functional groups during the formation of AuNPs. AuNPs at
higher concentrations (100 and 200 pug/mL) exhibited significantly
enhanced in vitro cytotoxicity against various tested cancer cell lines
(breast, ovarian, multi-drug resistant ovarian and brain) than HSAE. The
green synthesized AuNPs with combined antioxidant and cytotoxicity
properties could be a better approach for nanomedicine. The AuNPs
synthesized in this eco-friendly manner could be further investigated as
theranostic (therapeutic and diagnostic) tool for treatment of cancer.
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