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Abstract

Plants possess unique bioactive principles justifying their multifunctional properties. In this work silver nanoparticles
(AgNPs) were prepared via a photo-mediated green approach for enhanced antimicrobial and anticancer activity. The aque-
ous rhizome extract of Curcuma zanthorrhiza Roxb. (Cz) was employed as a source of reducing and capping agent for the
synthesis of colloidal Cz-AgNPs. The materialization of Cz-AgNPs was identified from the surface plasmon resonance
observed at 416 nm using UV—Visible spectrophotometer. The FTIR analysis of both Cz-AgNPs and plant rhizome extract
revealed the as-synthesized Cz-AgNPs were capped with plant derived phytoconstituents. The crystallinity, surface mor-
phology, hydrodynamic size and surface area of Cz-AgNPs were characterized by PXRD, HR-TEM, FESEM, DLS and
BET analysis. The as-synthesized Cz-AgNPs exhibited strong antimicrobial activities against bacterial strains and plant
pathogenic fungi in a dose-dependent manner. The antimicrobial activity of Cz-AgNPs was assessed using standard disc
diffusion, broth microdilution assay for bacterial strains and poisoned food technique for fungal strains. The Cz-AgNPs were
inhibitory to all the microbes even at the lowest concentration. The biocompatible nature of Cz-AgNPs was analyzed for
hemolytic properties with human erythrocytes and promising results were observed. In addition, the cytotoxicity activity
(Trypan Blue Exclusion Method) on the cell lines of Dalton’s Lymphoma Ascites (DLA) and Ehrlich Ascites Carcinoma
(EAC) showed Cz-AgNPs exhibited potential anticancer activity with concentration as low as 1.67 ug/mL and 1.84 ug/mL
respectively (ICs, value). This work attempted at optimizing a safe dosage of silver nanoparticles using hemolysis assay and
thus for application in therapy.
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1 Introduction

Nanoparticles (NPs) have revolutionized the fields of materi-
als science and medicine. They are exploited in the realms of
catalysis [1], sensor technology [2], site specific drug deliv-
ery [3], imaging and cancer treatments [4]. Unfortunately,
the majority of physicochemical techniques employed for the
synthesis of metallic nanoparticles require the use of toxic
solvents. The by-products from these processes pose a seri-
ous threat to the environment [5]. Therefore, in recent times,
synthesis of metal nanoparticles using natural materials such
as microbes, parasites, yeast, seaweeds and plants [6] has
gained considerable interest among researchers.

Natural products derived from plants have contributed
enormously in the treatment of ailments. The natural prod-
ucts obtained from plants possess bioactive principles.
They are unique to each plant which justifies their role in
therapeutics as analgesic, anticancer, anti-inflammatory,
antihyperglycemic and lipolytic agents. Hence, they con-
tinue to be a critical source of contemporary drugs [7].
Phytoconstituents have the potential to interact with vari-
ous other compounds through a variety of chemical reac-
tions [8]. Apart from the medicinal properties, the chelat-
ing and antibacterial capabilities of different plants and
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phytoplanktons are used to treat wastewater [9]. In addi-
tion, the tanning activity of plant polyphenols have been
exploited in the leather industry [8]. On the other hand,
their potency is inhibited due to their low hydrophilicity
and stability. The natural products are mostly regarded as
vulnerable drug candidates because of their requirements
in high dosages and repeated administrations [10]. Despite
the advantages of the biomolecules, the exploitation of the
plant resources remains in a nascent stage.
Consequently, during the recent years, synthesis of
plant-based functional nanoparticles has emerged as an
area of investigation among the scientific community [11].
Besides, the minimal efforts involved in synthesis, the
plant material integrated nanoparticles show biocompat-
ibility and biodegradability [12]. Therefore, the green syn-
thesized nanoparticles have been explored in the field of
nanomedicine as well. They are used in bioimaging [13],
cancer theranostics [12, 14], as anti-cancerous agents [15],
antibacterial [6, 16], antifungal [17], antiviral, anti-inflam-
matory, [14], antidiabetic [18], antioxidant [19] agents and
also in wound dressing [20]. In this context, synthesis and
utilization of Ag and AgNP-based materials has gained
interest due to its morphology, biophysical properties and
stability [21]. The green synthesized silver nanoparticles
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also find its application in the degradation of pesticides
[22], toxic dyes [23], as environmental sensors [24], in
heavy metal removal [25-27] and mosquito control [28].

However, the properties of the green synthesized nano-
particles not only depend on the phytoconstituents present
in the plant but also the reaction conditions employed dur-
ing the synthesis. The synthesis of metallic nanoparticles
utilizing plant’s concentrates has been accounted for dif-
ferent plants, such as Rheum palmatum [29], Ficus his-
pida [30], Cinnamomum vernum [23], Combretum eryth-
rophyllum [31], Morus indica [32], Eriobotrya japonica
[33], Zingiber officianale [34], Sesbania grandiflora [35],
Taraxacum officianale [36], Aspilia pluriseta [37], Cae-
salpinia pulcherrima [38], Sansevieria roxburghiana
[39]. But there is still a wide spectrum of plant metabo-
lites which are yet to be investigated. For instance, the rhi-
zomes of Curcuma zanthorrhiza Roxb. (Cz) which are rich
in phenols, alkaloids, flavonoids, tannins, curcuminoids,
terpenoids and xanthorhizol [40], have not been exploited
so far in the synthesis of AgNPs. The presence of these
secondary metabolites accounts for its medicinal proper-
ties such as diuretic, anticancer, antioxidant, antibacterial,
antifungal, anti-inflammatory and hepatoprotective effects
[41, 42]. Besides, C. zanthorrhiza is used as a cosmetic
herb in South Asia [43].

Based on the above considerations, an attempt has
been made in this paper to synthesize silver nanoparticles
for the first time using the aqueous rhizome extract of C.
zanthorrhiza Roxb. Further, to characterize the as-syn-
thesized nanoparticles using different spectroscopic and
electron microscopic techniques. The in vitro antibacte-
rial, antifungal, hemolytic and cytotoxic potential of the
as-synthesized silver nanoparticles (Cz-AgNPs) has also
been investigated. The novelty of the present work lies in
the usage of rhizome extracts of C. zanthorrhiza, which
is a cheap, renewable and easily available resource. The
results suggest the utilization of Cz-AgNPs as a promising
chemotherapeutic drug.

Fig. 1 a Fresh rhizomes of C.
zanthorrhiza, b 10% aqueous
rhizome extract of C. zanthor-
rhiza (Yellow colour), ¢ Cz-
AgNPs suspension formed after
the addition of 1 mM AgNO;
solution to the plant rhizome
extract (Reddish brown colour),
exposed to sunlight for 1 h
(Color figure online)

2 Materials and Methods
2.1 Preparation of Rhizome Extract

Curcuma zanthorrhiza rhizomes (Fig. 1a) were collected
from the germplasm of Regional station of National Bureau
of Plant Genetic Resources (NBPGR), Thrissur, Kerala,
India. Rhizomes were washed with distilled water, dried
in shade, and ground into fine powder. Subsequently, 10%
(w/v) aqueous rhizome extract was prepared by boiling 10 g
rhizome powder in 100 mL deionized water for 30 min.
Thereafter, the aqueous rhizome extract was filtered using
Whatman no.1 filter paper and the filtrate was centrifuged at
5000 rpm. The supernatant thus obtained was stored at 4 °C
for subsequent experiments.

2.2 Green Synthesis of Silver Nanoparticles
(Cz-AgNPs)

The aqueous solution of C. zanthorrhiza rhizome extract was
taken in Erlenmeyer flask and 1 mM silver nitrate (Sigma
Aldrich) solution was added to it (in the ratio 1:10 by vol-
ume). The flask was kept under stirring in sunlight for 1 h.
After an hour of stirring, silver nanoparticles (Cz-AgNPs)
were obtained. The nanoparticles were separated from the
solution by repeated centrifugation at 12,000 rpm (Eppen-
dorf 5430R). Finally, they were washed with deionized water
to remove the water soluble biomoieties and the nanoparticle
suspension was lyophilized. The lyophilized nanoparticle
suspension was used for all the further experiments.

2.3 Characterization of Cz-AgNPs

The formation of Cz-AgNPs using the aqueous plant rhi-
zome extract as reducing agent was monitored by record-
ing the UV-Visible spectra of the solution using UV-Vis-
ible spectrophotometer (Shimadzu UV probe 1800), at a
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resolution of 1 nm in the scanning range 600-300 nm. The
infra-red spectra of both the plant rhizome extract and Cz-
AgNPs were analyzed to understand the specific functional
groups in the phytochemicals which are responsible for the
reduction and stabilization of nanoparticles. The Fourier
Transform Infra-Red (FTIR) spectra were recorded using
Thermo Nicolet, Avatar 370 FTIR spectrophotometer in the
spectral range of 4000—500 cm™! and resolution of 4 cm™".
Powder X-ray diffraction (XRD) pattern of the Cz-AgNPs
was collected on a Malvern Panalytical Aeris diffractometer
using Ni-filtered CuKa radiation. The data was collected
with a step size of 0.02° and count time of 2 s per step
over the range 10° <20< 80°. The average crystallite size
of Cz-AgNPs was calculated using the Scherrer equation,
where, D = kA/f1/2 cos @ where, D =average crystallite
size, k =Scherrer’s constant (0.94), A= X-ray wavelength,
f,,, =pure diffraction broadening peak at half height and
6 = diffraction angle. High-Resolution Transmission Elec-
tron Microscope (HR—TEM, Tecnai G2, F30) operated
at 300 kV was used to examine the size, diffraction ring
pattern (SAED), lattice fringes and d spacing of the as-
synthesized silver nanoparticles. Further, the topography
of the Cz-AgNPs was observed using Karl Zeiss FESEM
Supra 55 Field Emission Scanning Electron Microscope
(FESEM) operated at an accelerating voltage of 20 kV. The
hydrodynamic particle size of the Cz-AgNPs was measured
using Dynamic Light Scattering (DLS) technique (Horiba
Scientific SZ-100). The measurement parameters included
633 nm wavelength, scattering angle of 90°, temperature
of 25 °C, and dispersion medium viscosity of 0.894 mPa s.
The specific area of the Cz-AgNPs was determined using
the surface area and porosity analyzer (BET), Belsorp Mini
11, BEL Japan. The porosity was measured using a nitrogen
adsorbent isotherm at 77 °C. Total pore volume and pore
size were estimated by BJH method.

2.4 Antibacterial Activity of Cz-AgNPs
2.4.1 Disc Diffusion Method

Antibacterial activity of silver nanoparticles was analyzed
using Kirby—Bauer disc-diffusion method [44] against
selected bacterial strains, Staphylococcus aureus (MTCC96)
and Escherichia coli (MTCC40). The pure cultures obtained
from Institute of Microbial Technology, Chandigarh, India
were used for the experiment. Initially, a prepared nutrient
agar (Sigma-Aldrich, 28 g/L)) was poured on sterile petri-
plates and allowed to solidify. Agar surface of each plate was
then smeared with a sterile cotton swab of the selected bac-
terial strain. Subsequently, the sterile discs impregnated with
20 uL of various concentrations (10, 25, 50, 75, and 100 pg/
mL) of Cz-AgNPs were allowed to dry in sterile conditions.
Later it was placed on solidified agar plates at equal distance
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along with control. Vancomycin disc (Sigma-Aldrich) was
used as the positive control and a disc with deionised water
served as the negative control. In addition, discs with 20 uL
of 1 mM silver nitrate solution and 0.1 g/mL plant rhizome
extract were also maintained. The plates (in triplicate) were
then incubated at 37 °C, and the zone of inhibition (ZOI) was
measured in mm after 24 h.

2.4.2 Broth Microdilution Assay

Six serial dilutions (107!, 1072, 1073, 107, 107, 10 mL) of
clinical isolates of E. coli and S. aureus were made using
the Luria Bertani (LB) broth (Sigma-Aldrich). Thereafter
1 mL each of bacterial suspension from 10~ dilution was
transferred to the sterile petriplates and molten nutrient agar
was added to it. The petriplates were incubated overnight,
after thorough rotation. Subsequently, 4 to 5 colonies from
the nutrient agar plate were inoculated into the LB broth.
The culture was read at 600 nm to adjust the final inoculum
to 5x 10° cfu/mL.

For the broth microdilution test, 50 pL of each bacterial
suspension (E. coli, S. aureus) in LB broth was added to
the wells of a sterile 96-well microtitre plate which already
contained 50 pL of two-fold serially diluted antibiotic
(Ampicillin), Cz-AgNPs, plant rhizome extract and silver
nitrate solution in LB broth medium respectively. The high-
est concentration of antibiotic and Cz-AgNPs was 10 mg/L.
10 mg/L solution was further diluted to 512, 256, 128, 64,
32,16, 8,4, 2 and 1 pg/mL and the end volume in each well
was maintained at 100 pL. The wells 11 and 12 served as the
growth control and sterile control, respectively. The contents
of each well were mixed up and down using micropipettes
before incubation for 24 h. The MIC (Minimum Inhibitory
Concentration) was the lowest concentration of inoculum
where no growth was observed after 24 h incubation with
test solutions [45]. The respiratory activity was determined
by adding 10 pL/well of TTC (2,3,5- triphenyl tetrazolium
chloride, Sigma-Aldrich) dissolved in water (TTC 20 mg/
mL) and incubated for 30 min in the dark [46]. The plates
were read with a microplate reader (BIO-Base) at 600 nm.
The wells with bacterial suspension in an appropriate growth
medium served as positive control. The wells with growth
medium containing plant rhizome extract served as negative
control. All measurements of MIC values were repeated in
triplicates.

2.5 Antifungal Activity of Cz-AgNPs

For evaluating the antifungal activity of Cz-AgNPs, poi-
soned food technique [47] was followed. The Potato Dex-
trose Agar (PDA) was prepared (HiMedia—39 g/L) and kept
in molten state at 70—-80 °C. One third of the petriplates were
filled with this molten agar. The various concentrations of
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Cz-AgNP solution (10, 25, 50, 75 and 100 pg/mL) were
prepared. 2 mL of CzAgNP solution was pipetted into each
plate, mixed well and allowed to solidify. A PDA plate with
2 mL each of sterile distilled water and fluconazole (100 pg/
mL) served as negative and positive control respectively.
Additionally, PDA plates with 2 mL of 1 mM silver nitrate
solution and plant rhizome extract (0.1 g/mL) were also
maintained. Inoculum discs were cut with a potato borer
(4 mm diameter) from a pure culture plate of Aspergillus
niger, obtained from Pathology division, Kerala Agricultural
University, Thrissur, Kerala, India. The plug of A. niger with
the mycelial surface facing downwards was inoculated in
the centre of each agar plate. The plates were incubated at
37 °C in dark condition for 7 days and the colony diameter
was measured in mm. Three replicates were maintained. The
fungi toxicity of the Cz-AgNP solution in terms of percent-
age of inhibition of mycelial growth was calculated using
the formula.

Percentage of inhibition = C — T/C x 100

where, C = Average increase in mycelial growth in the con-
trol plate (negative control). T = Average increase in the
mycelial growth in the treatment plate.

2.6 Hemolysis Assay of Cz-AgNPs

Hemolysis experiments have been performed according to
the method of Lin and Haynes, 2010 [48]. The fresh human

No. of dead cells

2.7 In Vitro Cytotoxicity Assay of Cz-AgNPs

The Dalton’s Lymphoma Ascites (DLA) and Ehrlich
Ascites Carcinoma (EAC) cell lines collected from the
peritoneal cavity of mice were washed with Phosphate
Buffer Saline (PBS). It was centrifuged at 1500 rpm for
3 min to remove the traces of blood. The DLA and EAC
cell pellets were re-suspended in PBS to get a concentra-
tion of 1 x 107 cells/mL and used for cytotoxicity analysis.
Trypan Blue Exclusion method was performed to evalu-
ate the in vitro cytotoxicity assay. Approximately 1 x 10°
DLA cells were distributed into test tubes containing dif-
ferent concentrations of Cz-AgNPs (0.2, 0.6, 0.8, 1, 1.6
and 2.5 pg/mL), plant rhizome extract (10, 25, 55, 75,
100 pg/mL) and silver nitrate solution (0.2, 0.4, 0.5, 0.6,
0.8, 1 pg/mL) in 1 mL PBS. Various concentrations of
Cz-AgNPs (1, 1.6, 1.8, 2, 2.5 and 3 ug/mL), plant rhizome
extract (10, 25, 55, 75, 100 pg/mL) and silver nitrate solu-
tion (0.2, 0.4, 0.5, 0.6, 0.8, 1 ug/mL) were added to test
tubes with 1x 10% EAC cells and were made upto 1 mL
with PBS. The test tubes with cancer cell lines and vari-
ous drugs were incubated for 3 h at 37 °C. After the incu-
bation period, 100 puL of 1% trypan blue was added to
the test tubes and allowed to stand for 2 min. The live
(unstained) and dead (stained) cells were counted using
haemocytometer to determine the percentage of toxicity
and the IC, values. The percentage of toxicity was cal-
culated using the formula,

Percentage of cytotoxicity =

% 100.

No. of live cells + No. of dead cells

blood samples used for the experiments were collected
from (healthy, non-smoker) volunteers. Initially, 2 mL of
the whole blood sample was added to 4 mL phosphate-
buffered saline (PBS), centrifuged at 7800 rpm for 5 min
at 4 °C to isolate red blood cells (RBCs). The isolated
RBCs were further washed, re-suspended in 10 mL PBS
and finally diluted to 20 mL with PBS. RBC suspension of
0.4 mL was exposed to 1.6 mL of varied concentrations (2,
10, 50, 100, 200 pg/mL) of Cz-AgNPs suspension in PBS
(test group), 1 mM silver nitrate solution (test group), 1%
saline Triton X—100 (positive control), and PBS (nega-
tive control). The samples were incubated at 37 °C. After
2, 4 and 6 h, the samples were centrifuged at 1600 rpm
for 5 min and absorbance of the supernatant was read at
577 nm. The hemolytic degree was calculated using the
following formula:

2.8 Statistical Analysis

The experimental data is expressed as mean =+ standard devia-
tion (n=13) for each sample using SPSS (version 21) software.
The graphs were plotted using Sigma Plot 12.3 software.

3 Results and Discussions
3.1 Green Synthesis of Cz-AgNPs

Upon addition of rhizome extract of C. zanthorrhiza to
1 mM silver nitrate solution, an immediate change in the
color of the solution was observed. A color change from
yellow to light brown and to dark brown was observed as
the reaction progressed under sunlight for 1 h (Fig. 1b, c).

Hemolysis percentage = (Absorbance([est)— Absorbance cgaive comrol)) /

(Absorbance(positive control) Absorbance(negative control) ) %100 %
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The color change indicated the formation of silver nanopar-
ticles at pH=5.65. The change in color could be attributed
to the excitation of surface vibration plasmon in the silver
nanoparticles [49]. A preview of literature suggested that
the formation of nanoparticles often depends upon the reac-
tion conditions. In general, the formation of silver nano-
particles required thermal decomposition and incubation of
the reaction mixtures at room temperature for 180 min and
15 h respectively [50, 51]. However, in the present study,
the formation of AgNPs was observed in 60 min indicating
the significance of the plant rhizome extract in the facile and
rapid synthesis of Cz-AgNPs.

3.2 Characterization of Cz-AgNPs
3.2.1 UV-Visible Spectroscopy

The formation of silver nanoparticles was analyzed by
UV-Visible spectroscopy. From the UV—Visible spectrum,
the surface plasmon resonance (SPR) peak of the silver
nanoparticles was observed at 416 nm (Fig. 2a) [52, 53].
The broadening of peak in the UV-Visible spectrum indi-
cated the polydisperse nature of the silver nanoparticles in
the aqueous suspension [54]. The dark brown color of the
solution could be attributed to the SPR of the solution which
is generated due to the interaction of electromagnetic field
with free conduction electrons [55].

3.2.2 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analysis was performed to identify the various
functional groups of plant extract attached to the silver

012

nanoparticles which were responsible for the synthesis and
stabilization of the nanoparticles. The FTIR spectra of both
the plant rhizome extract and the Cz-AgNPs are displayed
in Fig. 2b. The IR spectrum of the plant rhizome extract
showed absorption bands at 3467.55 em~!, 2075.13 ecm™!,
1643.13 cm™, 1074.20 cm™" and 557.25 cm™". These bands
could be assigned to phenolic OH group, C=O0 stretching
vibrations, NH bond of amine group, CO stretching, and
CH bending of alkynes respectively [31, 56, 57]. The char-
acteristic absorption bands of Cz-AgNPs were observed at
3448.27 cm™', 2057.78 cm ™', 1637.35 cm ™, 1049.14 cm™
and 541.92 cm™!. The large shift observed in the absorption
bands of the Cz-AgNPs indicated the capping of phytocon-
stituents in the plant rhizome extract onto the as-synthesized
silver nanoparticles. The capping of active molecules on the
nanoparticles masks the extreme toxicity found in synthetic
nanoparticles. It also enhances the synergistic activity of
plant derived secondary metabolites and nanoparticles.
The stability of the silver nanoparticles in aqueous medium
was probably due to the amide linkage of proteins with Cz-
AgNPs [58].

3.2.3 X- Ray Diffraction (XRD) Analysis

The XRD pattern of Cz-AgNPs is depicted in Fig. 3. The
well-defined characteristic Bragg’s reflection peaks of
face centred cubic structure of the metallic silver were
observed at 26 values38.14°, 46.19°, 64.53° and 77.44°
corresponding to the Miller Indices of (111), (200), (222)
and (311) planes respectively [59]. The obtained results
were found to be in good agreement with JCPDS No.
00-004-0783 indicating the formation of face centred
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Fig.2 a UV-Visible absorption spectra of Cz-AgNPs with A ., =416 nm at pH 5.65, b FTIR spectrum of the plant rhizome extract (Cz) and

synthesized Cz-AgNPs
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Fig.3 PXRD pattern of Cz-AgNPs with well characterized Bragg’s
Reflection peaks at (111), (200), (220) and (311) planes attributing to
fce structure with average crystallite size 17.278 nm
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cubic silver. In contrast to the other planes, the intense
peak at (111) plane could specify the direction of growth
of the synthesized silver nanoparticles [30]. The crystal-
lite size of the silver nanoparticles was determined using
Scherrer equation and the average crystallite size of the
Cz-AgNPs was found to be 17.278 nm. In addition, four
weak peaks corresponding to the silver oxide nanoparti-
cles were observed at 32.23°, 46.10°, 54.57° and 57.39°
(JCPDS No. 76-1393). Another peak at 27.82° could be
correlated to the silver chloride nanoparticle (JCPDS No.
31-1238).

3.2.4 Electron Microscopy

The size and morphology of the as-synthesized nanoparticles
were determined by HR- TEM and FESEM. The HR-TEM
images revealed that the Cz-AgNPs were spherical and crys-
talline in nature. The d-spacing of 0.236 nm was observed

(311)
(220)

(200)
(111)

@ Dal=14.1nm g
. ’
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Da3=12.9nm
** Dbi=131n0m’

T L

g DaZ=11.8nm %5 . W
- -

Fig.4 a HR-TEM image revealing the spherical nature of Cz-AgNPs,
b SAED pattern of Cz-AgNPs indicating polycrystalline nature with
planes coherent to PXRD pattern, ¢ HR-TEM image with lattice

fringes (d- spacing), d FESEM micrograph depicting the spherical
morphology of Cz-AgNPs
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for (111) orientation. The value was in good agreement
with that reported for free silver centers (d;;; =0.2359 nm)
(Fig. 4a). The value is hardly distinguishable from Soman
and Ray [59] who have obtained a d-spacing value of
0.235 nm for the silver nanoparticles synthesized in this
regard. Further the polycrystalline nature of the Cz-AgNPs
was revealed from the bright circular spots in the SAED
pattern indicating the (111), (200) and (220) planes which
were consistent with the obtained XRD pattern (Fig. 4b, c).
Moreover, the FESEM micrographs also revealed the spheri-
cal morphology of the as-synthesized Cz-AgNPs (Fig. 4d).
The average particle size of the Cz-AgNPs was found to be
ranging from 10.6 to 15.31 nm.

3.2.5 Dynamic Light Scattering (DLS) Analysis

The DLS results obtained for Cz-AgNPs are shown in Fig. 5.
It is observed that the size distribution of Cz-AgNPs ranges
from 20 to 145 nm with a Z-average of 111.2 nm and a
polydispersity index of 0.348. The size of the Cz-AgNPs
obtained from DLS is larger compared to the electron micro-
scopic analysis. The difference in the size of the as-syn-
thesized nanoparticles is due to the influence of Brownian
motion [60]. Moreover, this disparity in size could be pos-
sibly due to the capping of plant metabolites and adsorption
of water on to the as-synthesized silver nanoparticles [33].

3.2.6 BET Surface Analysis

The Nitrogen adsorption—desorption isotherm of Cz-
AgNPs were measured using volumetric gas adsorption
analyzer. The Nitrogen sorption isotherm of Cz-AgNPs is
depicted in Fig. 6. It shows the as-synthesized nanoparti-
cle presents typical IV adsorption. It can be seen from the
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Fig.6 Nitrogen adsorption—desorption isotherms of Cz-AgNPs

figure, at relative low pressure, the isotherm are flat, which
describes the adsorption of Cz-AgNPs mostly occurs in the
mesopores. The rapid increase in isotherms and formation
of lag loop at relatively high pressure is due to capillary
agglomeration phenomenon [61].

From the multipoint BET equation, the calculated spe-
cific surface are of Cz-AgNP is 2.683 m*/g and monolayer
adsorption volume is 0.614 cm®/g (Fig. 7). The cumulative
pore volume and pore diameter from the BJH size distribu-
tion were found to be 2.634 cm® and 39.213 nm respectively.
The results ascertained that the as-synthesized nanoparticles
are porous with mesoporous nature.
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Fig.7 BET plots of as-synthesized silver nanoparticles at 77 °C

Table 1 Zone of inhibition of various test solutions against bacterial
strains (disc diffusion method)

Drug (concentration) Zone of inhibition (mm)

E. coli S. aureus

Vancomycin (30 mcg) 9.5+0.5 14.9+0.1
Distilled water (control) Nil Nil

Cz-AgNPs (100 pg/mL) 8.95+0.05 7.00+0.1
Cz-AgNPs (75 pg/mL) 7.96+0.05 3.9+0.1
Cz-AgNPs (50 pg/mL) 8.00+0 3.83+0.12
Cz-AgNPs (25 pg/mL) 5.93+0.05 3.03+0.15
Cz-AgNPs (10 pg/mL) 4.90+0.1 2.10+0.1
AgNO; solution (1 mM) 2.00+0.1 1.33+0.15
Plant rhizome extract (0.1 g/mL) Nil 1.00+0.10

Values are expressed as Mean+SD; n=3

3.3 Antimicrobial Activity of Cz-AgNPs
3.3.1 Disc Diffusion Method

In disc diffusion assay, the as-synthesized Cz-AgNPs dis-
played an efficient inhibitory activity against E. coli and S.
aureus. The highest ZOI at 100 pg/mL concentration of Cz-
AgNPs was 8.95+0.05 mm and 7 +0.1 mm respectively for
E. coli and S. aureus. However, concentration in the range
of 10 pg/mL to 75 pg/mL also showed slight inhibition in
bacterial growth. The silver nitrate solution and plant rhi-
zome extract alone exhibited negligible activity against the
selected bacterial strains. The vancomycin disc exhibited
9.5+0.5 mm and 14.9 +0.1 mm ZOI against E. coli and S.
aureus respectively (Table 1).

3.3.2 Broth Microdilution Assay

The Broth microdilution assay explains the MIC of the as-
synthesized Cz-AgNPs against two strains of bacteria. After
24 h of incubation, the wells with no color change were
scored for the MIC value and the wells stained with dark red
color showed the presence of bacteria. The MIC was found
to be 4 ug/mL and 32 pug/mL respectively for ampicillin and
Cz-AgNPs against S. aureus. In the case of E. coli, the MIC
was 16 pg/mL and 64 pg/mL for the antibiotic ampicillin and
Cz-AgNPs. The plant rhizome extract showed the least activ-
ity against both the bacterial strains in which the MIC was
512 pg/mL. The MIC of silver nitrate solution was 64 pg/
mL for both the bacterial isolates (Fig. 8).

The possible mechanism of antibacterial activity can be
attributed to the ultra-small size. And the increased surface
to the volume ratio of the nanoparticles which can destroy
the membrane, cross the body of the microbe. It can result
in ROS generation and finally intracellular damage [62]. It
has been observed that size, concentration and shape of the
silver nanoparticle can affect its anti-microbial activity. It
was found that E. coli responded best to triangular-shaped
nanoparticles compared to spherical and rod-shaped ones
as the triangular shape provides more positive charge to the
nanoparticles, ensuring greater antibacterial activity [63].
Therefore, almost equal ZOI exhibited by the Cz-AgNPs and
vancomycin for E. coli could be attributed to the spherical
nature of the as-synthesized nanoparticles rather than trian-
gular nature and also the less surface area of the nanoparti-
cles which was ascertained from nitrogen physisorption. The
decrease in ZOI exhibited by Cz-AgNPs in gram-positive
bacteria S. aureus is perhaps due to the complexity in the
composition of the cell wall, which hinders the anchoring
of silver nanoparticles onto the bacterial cell wall, thereby
obstructing the antibacterial activity [62]. Several research-
ers have reported the potential of biosynthesized AgNPs as
efficient microbicides against various clinical isolates [15,
16]. Novel reports ascertain the resistance of certain bacte-
rial strains to biosynthesized silver nanoparticles. A study
by Aina et al. has reported that the efficacy of biosynthesized
silver nanoparticles against S. aureus and E. coli was low
even at a concentration 100 pg/mL [28]. This resistance in
bacterial strains was due to the repeated exposure of silver
nanoparticles buds from the production of flagellin. Flagel-
lin is an adhesive protein, which triggers the agglomeration
of nanoparticle, reduces their stability and thereby bring
down the efficacy of silver nanoparticles as bactericides
[64]. However, the results indicated that the Cz-AgNPs were
relatively effective against E. coli than to S. aureus.
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Table 2 Percentage of mycelial

I R Drug Mycelial growth (mm) Percentage
growth m%nbmon by various (concentration) of inhibition
drugs against fungal pathogen —C—

A. niger T/C x 100
(%)

Flucanazole (100 pug/mL) 16.50+0.50 80.96
Distilled water (control) 86.66+0.57 0

Cz-AgNPs (100 ug/mL) 11.83+0.76 86.34
Cz-AgNPs (75 ng/mL) 30.00+1.73 65.38
Cz-AgNPs (50 ug/mL) 34.00+1.00 60.76
Cz-AgNPs (25 ug/mL) 35.66+2.08 58.85
AgNOj; solution (1 mM) 47.66+1.15 45.00
Plant rhizome extract (0.1 g/mL) 65.33+3.78 24.61

Values are expressed as mean+SD; n=3

3.4 Antifungal Activity of Cz-AgNPs

The antifungal activity of various concentrations of Cz-
AgNPs against A. niger is presented in Table 2. The rate of
fungal growth inhibition was proportional to the concentra-
tion of Cz-AgNPs. The standard drug, fluconazole, inhib-
ited 80.96% of fungal growth. The inhibition percentage of
silver nitrate solution and plant rhizome extract against A.

@ Springer

niger was 45% and 24.61% respectively, whereas Cz-AgNPs
showed 86.34% inhibition at a concentration of 100 pg/mL.
Hence, the proliferation of A. niger was largely suppressed
at a concentration of 100 ug/mL Cz-AgNPs, while the sil-
ver nitrate solution and the plant rhizome extract showed
very low inhibition rate under the same concentration,
demonstrating the antifungal activity of as-synthesized sil-
ver nanoparticles. The control group did not show any zone
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Table 3 Hemolysis percentage of Cz-AgNPs and silver nitrate solu-
tion in the blood stream

Drug (concentration) Percentage of hemolysis (%)

2h 4h 6h
Incubation Incubation Incubation
Cz-AgNPs
2 pg/ml 0.02 0.09 0.15
10 pg/ml 0.06 0.20 0.39
50 pg/ml 0.10 0.24 0.52
100 pg/ml 0.12 0.38 0.81
200 pg/ml 0.20 0.52 1.22
AgNO; solution (1 mM) 89 92 96

Hemolysis percentage = (Absorbance(lem— Absorbance pegative comrol)) /

(Absorbance(pnsilive control) _Absorbance(negalive control) ) x100 %

of inhibition. However, the antifungal activity of the metal
nanoparticles depends on the size of the nanoparticles as
well as on the type of fungus and the deformation of the
fungal hyphae may be due to the membrane disintegrity
[65]. Nevertheless, the as-synthesized silver nanoparticles
have caused detrimental effects to the infectious filamentous
fungi A. niger manifesting its efficacy in the development of
potent antifungal agent. This might be due to the synergistic
activity of the Cz-AgNPs formed by the capping of plant
rhizome extract.

3.5 Hemolysis Assay of Cz-AgNPs

Nanomaterials should be biocompatible for them to be used
for pharmaceutical purposes. One of the accepted methods
to study biocompatibility is the hemolysis assay [66]. The
biocompatibility of Cz-AgNPs was assessed in human RBCs

Graph 1 Representation of
hemolysis assay of green syn-
thesized Cz-AgNPs
1.4

1.2

0.8

0.6

Percentage of hemolysis (%)

0.4
0.2
0 ‘ l = = hec
2 10 50 100

collected from healthy volunteers. The hemolytic activity
was evaluated after 2 h, 4 h and 6 h of incubation. It was
found that rate of hemolysis depends on concentration of
test solution and the time of incubation (Table 3; Graph 1
and Fig. 9).

The results indicated that less than 1.5% hemolysis
occurred in Cz-AgNPs treated groups even after 6 h of
incubation, which was very close to PBS (negative con-
trol), whereas silver nitrate solution and Triton X (positive
control) treated group exhibited 96% and 100% hemolysis
respectively. According to ASTME2524-08 standard, the
acceptable blood damage criterion is below 5% [67]. Earlier
research reports have shown that under optimal conditions
green synthesized nanoparticles were biocompatible [58,
59]. The smallest sized silver nanoparticles displayed greater
ability to induce membrane damage due to the direct inter-
action between RBC and nanoparticles. It results in stress
and afterwards hemolysis [68]. Though, the present results
stand well within the standard limits of biocompatibility,
further studies are required before using the as-synthesized
Cz-AgNPs for bioimaging and drug delivery.

3.6 In Vitro Cytotoxicity Assay of Cz-AgNPs

The short term in vitro cytotoxicity of Cz-AgNPs was
compared with plant rhizome extract and silver nitrate
solution using trypan blue exclusion method in DLA and
EAC cell lines. The transparent viable cells and stained
dead cells were counted using hemocytometer. The per-
centage cytotoxicity exhibited by the Cz-AgNPs, plant
rhizome extract and silver nitrate solution on DLA and
EAC cell lines are presented in Tables 4, 5. The plant rhi-
zome extract, Cz-AgNPs and silver nitrate solution exhib-
ited a dose-dependent cell death in both DLA and EAC
cell lines. The IC 50 value of the plant rhizome extract,

Hemolysis assay of Cz-AgNPs

B Percentage of hemolysis 2 h
Incubation

B Percentage of hemolysis 4 h
incubation

[ Percentage of hemolysis 6 h
incubation

200

Concentration of Cz-AgNPs (ug/ml)
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Fig.9 Hemolysis activity a PBS, b Triton-X, ¢ 2 pg/ml, d-g Cz-
AgNPs at 10 pg/ml, 50 pg/ml, 100 pg/ml, 200 pg/ml concentrations
respectively and h AgNOj; solution

Table 4 Comparison of percentage cytotoxicity of Cz-AgNPs, plant
rhizome extract and silver nitrate solution against DLA cell lines

Drug Concentration ~ Percentage ICs value
(pg/mL) cytotoxicity (pg/mL)
(%)
Cz-AgNPs 0.2 2.42 1.67
0.6 6.95
0.8 13.65
1.0 18.74
1.6 34.17
2.5 93.75
AgNO; solution 0.2 6.91 0.494
0.4 13.34
0.5 53.94
0.6 76.74
0.8 83.2
1 95.68
Plant rhizome extract 10 4.42 90.13
25 7.62
35 19.41
55 21.15
75 42.35
100 62.5

No. of dead cells 100
No. of live cells+No. of dead cells

Percentage of cytotoxicity =

@ Springer

Table 5 Comparison of percentage cytotoxicity of Cz-AgNPs, plant
rhizome extract and silver nitrate solution against EAC cell lines

Drug Concentration ~ Percentage ICy, value
(pg/mL) cytotoxicity (pg/mL)
(%)
Cz-AgNPs 1.0 14.39 1.84
1.6 23.48
1.8 35.28
2.0 53.30
2.5 83.87
3.0 91.4
AgNO; solution 0.2 7.66 0.513
0.4 49.40
0.5 63.10
0.6 70.46
0.8 78.85
1 80.34
Plant rhizome extract 10 17.17 50.23
25 15.42
35 33.78
55 41.24
75 79.3
100 96.34
Percentage of cytotoxicity = No. of dead cells X 100

No. of live cells+No. of dead cells

Cz-AgNPs and silver nitrate solution in DLA cells was
determined to be 90.13 ug/mL, 1.67 ug/mL and 0.494 pg/
mL respectively. In EAC cell lines the IC 50 value was
observed to be 50.23 ug/mL, 1.84 pg/mL and 0.513 pug/mL
for the plant rhizome extract, Cz-AgNPs and silver nitrate
solution respectively. It has been reported that 200 ug/mL
of silver nanoparticles synthesized using F. hispida leaf
extracts, Colpomenia sinuosa and Halymenia poryphy-
roides completely inhibits DLA and EAC cells [55, 69].
Kanagamani et al. [70] reported that 50 ug/mL of standard
drug curcumin is required for 98.07% of inhibition of DLA
cells. Interestingly, in our study 2.5 ug/mL and 3 pug/mL of
silver nanoparticles synthesized using rhizome extract of
C. zanthorrhiza inhibited 97.99% of DLA cells and 91.4%
of EAC cells respectively. This finding validates that low
doses of Cz-AgNPs can effectively inhibit the viability and
proliferation of DLA and EAC cell lines.

The silver nanoparticles were found to inhibit the cell
cycle by generating ROS resulting in the death of the can-
cer cells [71]. Many reports show that silver nanoparticles
are effective against various cancer cell lines like MCF 7
(breast cancer) cells [72], Hep G2 cell lines of liver cancer
[73]. However, in vivo experiments are to be performed
before clinical trials and the development of new formula-
tions of silver nanoparticles against tumor cell lines.
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4 Conclusion

The green synthesis of AgNPs using C. zanthorrhiza aque-
ous rhizome extract has been reported the first time via
photo-mediated process. The synthesis of Cz-AgNPs was
confirmed using UV-Visible Spectroscopy with a Surface
Plasmon Resonance band at 416 nm. PXRD pattern revealed
the face centred cubic crystal structure of Cz-AgNPs with
an average crystallite size of 17 nm. FTIR analysis demon-
strated the efficient capping of plant derived phytoconstitu-
ents onto the Cz-AgNPs. HR-TEM and FESEM micrographs
showed the spherical crystalline nature of Cz-AgNPs. The
BET analaysis revealed mesoporous nature of Cz-AgNPs.
The results indicated that Cz-AgNPs can be used as antimi-
crobial agents against human pathogenic bacteria and plant
pathogenic fungi. The present study also revealed the effects
of as-synthesized Cz-AgNPs on anticancer activities by
effectively inhibiting the viability and proliferation of DLA
and EAC cell lines. The biocompatible nature of Cz-AgNPs
was investigated by the hemolysis assay of human erythro-
cytes. The results are promising as they can contribute to the
upgraded utilization of Cz-AgNPs for drug delivery and for
therapeutic drug development.
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Abstract

The study focuses on a non-stringent, rapid and sustainable way for the synthesis of silver oxide nanoparticles (Ag,ONPs)
using aqueous rhizome extract of Curcuma zanthorrhiza Roxb. (Cz). High resolution liquid chromatography mass spec-
troscopy (HR-LCMS) was used for the simultaneous identification of bioactive molecules in the aqueous rhizome extract
and its biosynthesized nanoparticles. The presence of eleven bioactive molecules in the rhizome extract acts as reducing
and capping agents during the synthesis of Ag;ONPs. The molecules coated to Ag,ONPs were identified to be majorly
sesquiterpenoids and lipid molecules. The analytical techniques used for the nanoparticle characterization included UV—
Visible spectrum, which showed SPR band at 409 nm; FTIR spectrum depicted the bioactive molecules involved in
capping and reduction of silver ions to silver oxide nanoparticles; XRD pattern attributed to fcc structure of CzAg,ONPs
with an average size of 39.7 nm; HR-TEM and FESEM confirmed the size and morphology of CzAg,ONPs. The chemical
nature of the bioactive molecules bound to Ag,ONPs revealed by HR-LCMS was in agreement with FTIR spectral data.
The CzAg,ONPs exhibited efficient photocatalytic activity in the degradation of the toxic dye malachite green (MG) as
revealed by the absorption spectra. The degraded product was subjected to HR-LCMS and found to be non-toxic. The
results revealed the promising potential of bioactive molecules coated Ag,ONPs for environmental cleanup.

Keywords Aqueous extract - Harminine - Coumarins - Photocatalyst - Benzophenone

Introduction

The tremendous increase in environmental pollution over
the years can be attributed to the broad application of dyes
in various industries and the imperfections in their removal.
Currently, the commercial dyes have become an unavoid-
able substance in various industries and their management
is of global concern. The highest discharge of dye effluents
to the aqueous ecosystem, against the acceptable ecological
norms are from the textile industry [1]. Residual dyes on
reaching water bodies interfere with the sunlight penetra-
tion affecting photosynthesis, which eventually disturbs the
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ecosystem. Moreover, these effluents are potent toxins and
carcinogens [2]. Due to the stability and persistence of the
toxic pollutants in the environment, the development of
appropriate treatments for the degradation of dye is nec-
essary. The physicochemical techniques involved in the
removal of dye from effluents are often very costly and the
disposal of concentrated sludge creates a problem [3]. Time
consumption and difficulty in degrading complicated dyes
are the drawbacks of biological methods. Despite these
challenges, the promising potential of nanotechnology
enables the exploitation of nanoparticles and nanomaterials
in environmental remediation.

Nanotechnology refers to the wide range of technologies
and applications that involve the use of particles ranging
from a few nanometers to hundreds of nanometers in
diameter. Nanoparticles (NPs) have revolutionized the
fields of environmental remediation, medicine, material
science, chemistry and engineering. They have been
exploited in catalysis, sensor technology, imaging, cancer
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treatments and site specific drug delivery because of their
characteristic high surface to volume ratio compared to
their bulk counterparts [4-8]. But the physicochemical
processes involved in the synthesis of metallic nanoparti-
cles involves the use of toxic solvents, posing a serious
threat to the environment [9]. Therefore, in recent times,
the use of natural materials such as microbes, parasites,
yeast, seaweeds and plants as basic hotspot for the syn-
thesis of metal nanoparticles has gained considerable
interest among researchers[10, 11].

Plants are enriched with bioactive molecules which are
unique in structure and function justifying their role in
pharmaceutical, biomedical, nutraceutical, cosmeceutical,
and chemical industries [12, 13]. Hence, the plants con-
tinue to be a critical source of present-day drugs [14-16].
The bioactive molecules have the potential to interact with
various other compounds through a variety of chemical
reactions. Apart from the pharmaceutical aspects, the tan-
ning activity of plant polyphenols have been exploited in
the leather industry [17]. In addition, the antibacterial and
chelating capabilities of various plants and phytoplanktons
have been used in the treatment of wastewater [18].
Despite the advantages of the biomolecules, the exploita-
tion of the plant resources remains in a nascent stage.
Consequently, during the recent years, synthesis of plant-
based functional nanoparticles has evolved as a potential
area of investigation among the scientific community [19].
Besides, the minimal efforts involved in synthesis, the
plant material integrated nanoparticles do not have toxic
materials on their surface and also show biocompatibility
and biodegradability [20]. Moreover, the bioactive mole-
cules act as reducing and stabilizing agents in the formation
of metal nanoparticles [21, 22]. Therefore, the green syn-
thesized nanoparticles have been explored in the field of
nanoremediation. The green synthesized silver nanoparti-
cles find its application in the degradation of pesticides,
toxic dyes, as environmental sensors and mosquito control
along with biological activities [23-31]. In this context,
synthesis and application of silver and silver nanoparticle
based materials has gained interest due to its morphology,
biophysical properties and stability [32, 33].

However, the properties of the green synthesized
nanoparticles not only depend on the phytoconstituents
present in the plant but also the reaction conditions
employed during the synthesis. Although synthesis of
metallic nanoparticles utilizing plant’s concentrates has
been accounted for different plants, such as Berberis vul-
garis, Carica papaya, Ficus hispida, Ricinus communis
var. carmencita, Combretum erythrophyllum, Morus
indica, Mimusops coriacea, Zingiber officianale, Aspilia
pluriseta, Caesalpinia pulcherrima, Sansevieria rox-
burghiana, there is still a wide spectrum of plant metabo-
lites yet to be investigated [34—43]. For instance, the

@ Springer

rhizomes of Curcuma zanthorrhiza Roxb. (Cz) which are
rich in curcuminoids, terpenoids, alkaloids, flavonoids,
tannins, phenols and xanthorhizol, [44], have not yet been
exploited in the synthesis of Ag,ONPs. Moreover, the
presence of these bioactive molecules accounts for its
medicinal properties such as diuretic, anticancer, antioxi-
dant, antibacterial, antifungal, anti-inflammatory and hep-
atoprotective effects [45-47].

Based on the above considerations, an attempt has been
made to synthesize bioactive molecule coated silver oxide
nanoparticles using the aqueous rhizome extract of Cur-
cuma zanthorrhiza Roxb. The simultaneous identification
of the plant derived biological molecules in the rhizome
extract of Cz and the biosynthesized nanoparticles were
examined using high resolution liquid chromatography
mass spectroscopy (HR-LCMS). Different spectroscopic
and electron microscopic techniques were used to charac-
terize the physicochemical properties of the as-synthesized
nanoparticles. Moreover, the photocatalytic efficiency of
CzAg,0ONPs in the degradation of toxic dye malachite
green (MG) was ascertained and the degradation products
were subjected to HR-LCMS analysis.

Materials and Methods

Preparation of Plant Extract and Identification
of Bioactive Molecules by HR-LCMS

Curcuma zanthorrhiza rhizomes (Fig. 1a) were multiplied
from the original germplasm collection from the Regional
station of National Bureau of Plant Genetic Resources
(NBPGR), Thrissur, Kerala, India. It was cleaned, shade
dried, powdered and stored. 10 g of this powder was boiled
in 100 mL of deionised water for 30 min and filtered using
Whatman No. 1 paper. The filtrate was further centrifuged
at 5000 rpm and the supernatant was stored at 4 °C for
future experiments.

The aqueous rhizome extract was subjected to bioactive
molecule analysis by using high resolution liquid chro-
matograph mass spectrometer coupled to QTOF (HR-
LCMS, Aligent Technologies, USA, 1290 Infinity UPHLC
System, 6550 iFunnel QTOFs). The liquid chromato-
graphic conditions employed in the bioactive molecule
analysis are listed in Table 1. Mass spectra were generated
in positive electrospray ionization mode (ESI).

Biosynthesis of Silver Oxide Nanoparticles
(CzAg,ONPs)

The aqueous rhizome extract was added to 1 mM silver
nitrate solution, followed by irradiation of sunlight with
continuous stirring for 30 min in Erlenmeyer flask. The

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Fig. 1 a Curcuma zanthorrhiza
rhizomes, b color change in
reaction mixture from yellow to
reddish brown indicated
formation of Ag,ONPs—

(i) aqueous rhizome extract
(yellow); (ii) biosynthesized
CzAg,ONP suspension (reddish
brown) and ¢ HR-LCMS
chromatogram of the aqueous
rhizome extract of C
zanthorrhiza. The peaks
corresponds to bioactive
molecules namely, norcotinine
(peak 1, m/z = 185.0672), N-(1-

b(i) b(ii)

deoxy-1-fructosyl) Valine (peak
2, m/z = 262.1308), ethyl
3-methyl-9H-carbazole-9-
carboxylic acid (peak 3,

m/z = 276.1463), feruperine
(peak 4, m/z = 310.1306),
gibberellic acid 19 (peak 5,
m/z = 367.1526), harmanine
(peak 6, m/z = 181.0779),
gibberellic acid 3 (peak 7,

m/z = 369.1358), obliquin
(peak 8, m/z = 254.0829),
pteryxin (peak 9,

m/z = 369.1359),
glechomafuran (peak 10,

m/z = 231.14) and
sinapoylspermine (peak 11,
391.2872) (Color figure online)

6

x10 8 | *ESI BPC Scen Freg=175.0V CZPEQ
1

1 2 3 4 5 8 7 8 9 10 11 12 13 14 15 16 17 18 190 20 21 22 23 24 25 20 27 28 20

Table 1 Conditions employed

during HR-LCMS measurement Parameter

Condition

Column

Eluent types

Flow rate (mL min~")
Injection volume (L)
Nebulizer pressure (psi)
Column temperature (°C)
Dry gas flow rate (L min~")
Dry temperature (°C)
Vaporize temperature (°C)

Ion source

Hypersil gold 3 micron, 100*2.1 mm (Aligent 1290 Infinity UHPLC)
90% Acetonitrile/10% water and 0.1% FA

0.3

3

35

25

13

250

300

Positive ESI

ratio of rhizome extract to AgNO; was 1:10 by volume.
The synthesized CzAg,ONPs were purified by repeated
centrifugation at 12,000 rpm (Eppendorf 5430R) for
20 min followed by dispersion of pellet in deionized water
to remove water-soluble biomolecules. The water

suspended nanoparticles were oven dried and were used for
all the further studies.
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Characterization of Biosynthesized CzAg,ONPs

The bioreduction of silver ions in the solution was moni-
tored by measuring the UV-Visible spectra of the solution
using UV-Visible spectrophotometer (Shimadzu UV probe
1800), at a resolution of 1 nm in the scanning range
600-300 nm using quartz cuvette of path length 1 cm. The
X-ray diffraction (XRD) measurements were carried out on
a PANalytical X-ray diffractometer at a scanning rate of
20 min~" with an operating voltage of 40 kV and a current
of 15 mA with Cu Ko radiation 1.5405 A monochromatic
filter in the angle range 20 = 10°-80°. Ultra-thin film of
CzAg,ONPs was prepared by dropping CzAg,ONP sus-
pension on carbon coated copper grid. It was subsequently
analyzed wusing high-resolution transmission electron
microscope (HR-TEM, Tecnai G2, F30) operated at
300 kV was used to analyze the size and morphology of the
nanoparticles. The topography of the nanoparticles as well
as the elemental composition was studied by field emission
scanning electron microscope-energy dispersive analysis of
X rays (FESEM EDAX-Supra 55, Karl Zeiss) with an
accelerating voltage of 20 kV. The bioactive molecules
responsible for the reduction and stabilization of silver ions
in the aqueous medium was investigated using FTIR
Spectrophotometer (Thermo Nicolet, Avatar 370) with
spectral range 4000-400 cm ™', resolution 4 cm™"' and KBr
pellets. Further, HR-LCMS spectra of the nanoparticle
aqueous suspension was taken and compared against the
HR-LCMS spectra of aqueous plant extract to ascertain the
bound bioactive molecules in the synthesized
nanoparticles.

Photocatalytic Degradation of Malachite Green
(MG)

The photocatalytic activity of CzAg,ONPs in the degra-
dation of MG in aqueous solution was evaluated as a model
system for investigating nanoparticle efficiency in remov-
ing cationic dyes [1]. The aqueous solution of MG
(10 mg L™ was treated with 100 pg L™ of CZAg,ONPs
and kept in dark for 30 min with continuous stirring prior
to irradiation. The light source used for the irradiation was
sunlight (600-800 pE m 2 s~ ') and UV lamp (30 W,
253 nm, Philips Holland) for duration of 4 h and 24 h,
respectively in two sets of experimental conditions. At
regular time intervals, 5 mL suspensions were taken from
the two irradiation trials, centrifuged and the absorbance
spectra were recorded using UV-Visible spectrophotome-
ter [48]. The percentage of degradation was calculated
using,

@ Springer

Percentage degradation = (Cy — C)/C, x 100, Cgy is
the concentration of dye prior to the reaction, C is the
concentration of dye after the reaction.

MG solution (10 mg L") was exposed to same physical
conditions to serve as control in the experiment. The
degraded products were further analyzed by HR-LCMS,
with specified chromatographic conditions (Table 1).

Results and Discussions

Bioactive Molecules Analysis of Aqueous
Rhizome Extract

The HR-LCMS analysis revealed the presence of eleven
bioactive molecules in the aqueous rhizome extract of CZ
(Fig. 1c). The bioactive molecules were identified based
upon the spectral similarity with the MS library (NIST MS
Search 2.0) and the Human Metabolome Database. The
spectrometric data of the bioactive molecules including
retention time, molecular mass, molecular formula, adduct
ions formed in ion source and peak area percentage are
listed in Table 2. The bioactive molecules identified by
HR-LCMS analysis were norcotinine (peak 1,
m/z = 185.0672), N-(1-deoxy-1-fructosyl) Valine (peak 2,
m/z = 262.1308), ethyl 3-methyl-9H-carbazole-9-car-
boxylic acid (peak 3, m/z = 276.1463), feruperine (peak 4,
m/z = 310.1306), gibberellic acid 19 (peak 5,
m/z = 367.1526), harmanine (peak 6, m/z = 181.0779),
gibberellic acid 3 (peak 7, m/z = 369.1358), obliquin (peak
8, m/z = 254.0829), pteryxin (peak 9, m/z = 369.1359),
glechomafuran (peak 10, m/z = 231.14) and sinapoylsper-
mine (peak 11, 391.2872) which belonged to the organic
class of compounds namely, pyridine derivatives, fructose
aminoacids, carbozoles, methoxy phenols, plant hormone,
B carboline alkaloids, plant hormone, coumarins, germa-
crane furano sesquiterpenoids and hydroxycinnamic acid
derivatives respectively. The germacrane type of
sesquiterpenes are widely reported in the genus Curcuma
[49]. The peak with m/z 231.14 corresponds to gle-
chomafuran, a germacrane furano sesquiterpenoid, and this
type of terpenoid has been reported in the rhizomes of C.
zedoaria [50]. Hydroxycinnamic acid derivatives were also
identified in the rhizomes of C. domestica [51]. However,
the peak with m/z 391.287 was identified to be
sinapoylspermine, a polyamine conjugated hydroxycin-
namic acid [52].

The highest peak was identified to be of harminine, a
carboline alkaloid with a peak area of 35.33%, followed by
obliquin, glechomafuran, ethyl 3-methyl-9H-carbazole-9-
carboxylic acid, pteryxin, N-(1-deoxy-1-fructosyl) Valine,
gibberellic acid 3, feruperine, sinapoylspermine, gibberel-
lic acid 19 with peak area of 20%, 8.57%, 6.78%, 5.33%,
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Table 2 Bioactive macromolecules in the aqueous rhizome extract of Curcuma zanthorrhiza identified from the HR-LCMS chromatogram

presented in Fig. Ic

Peak  Retention Molecular mass m/z Formula Adduct Compound name Peak area
No. time (g/mol) percentage (%)
1 0.762 162.0772 185.0672 CoH;(N,O (M + Na) Norcotinine (pyridine and derivatives) 0.37
2 1.147 279.134 262.1308 C;;H;;NO; (M + H- N-(1-deoxy-1-fructosyl)Valine (fructose 3.67
H,0) aminoacid)
3 1.537 253.1571 276.1463 C;¢H;sNO, (M + Na)  Ethyl 3-methyl-9H-carbazole-9- 6.78
carboxylic acid (alkaloid)
1.896 287.1414 310.1306 C;7H,;NO3 (M + Na) Feruperine (methoxyphenols) 3.13
5 2.997 362.1739 367.1526 Cy0Hz606 (M + Na-  Gibberellic acid 19 (hormone) 0.77
H,0)
6 3.227 198.0812 181.0779 C;,H;(N,O (M + H- Harmanine (alkaloid) 35.33
H,0)
7 8.818 346.1472 369.1358 C9H5,04 M + Na Gibberellic acid 3 (hormone) 3.44
11.256 244.0757 245.0829 C4H 5,04 M+ H Obliquin (coumarins) 20.00
11.703 386.1393 369.1359 C,1H,,04 M + H- Pteryxin (coumarins) 5.33
H,0
10 12.705 248.1433 231.14 CoH003 M + H- Glechomafuran (germacrane 8.57
H,O sesquiterpenoids)
11 19.626 408.2905 391.2872 C,1Hje M + + H- Sinapoylspermine (hydroxycinnamic 1.10
N4O, H,0 acid derivatives)

3.67%, 3.44%, 3.13%, 1.1% and 0.77% respectively.
Norcotinine, a pyrimidine derivative was quantified to be
the least component present in the aqueous rhizome extract
with an intensity of 0.37%. Moreover, harminine (m/
z = 181.0779) was reported to be effective in the synthesis
of silver nanoparticles and in pest management [53]. Major
properties of bioactive compounds are given in Table 4.
Furthermore, the coumarins, obliquin and pteryxin were
identified for the first time in the aqueous rhizome extract
of C. zanthorrhiza.

Biosynthesis of CzAg,0ONPs

Synthesis of CzAg,ONPs was observed by the addition of
aqueous rhizome extract of Curcuma zanthorrhiza to
1 mM AgNOs;, kept under sunlight for 30 min. The color
of the reaction mixture changed from pale yellow to red-
dish-brown color after 30 min irradiation, which indicated
the formation of Ag,ONPs at pH 5.65 (Fig. 1b). The
excitation of surface vibration plasmon in the silver
nanoparticles results in the change in color. A study by
Hosseinpour et al., reported the requirement of 180 min for
the formation of silver nanoparticles by thermal decom-
position method [54]. However, in our study, the formation
of Ag,ONPs occurred more rapidly, where the whole
reaction was completed within 30 min in an ambient
condition.

Characterization of Biosynthesized CZAg,ONPs
UV-Visible Spectroscopy

The formation of CzAg,ONPs was primarily characterized
by UV-Visible Spectroscopy. In the UV spectrum, the
broadening of peak indicated the particles are polydis-
persed in aqueous suspension [55]. According to Mie’s
theory, the absorption spectra of spherical nanoparticles
show only a single Surface Plasmon Resonance (SPR)
band. In the present study, the formed Ag,ONPs was
confirmed by UV-Visible spectrophotometer analysis. The
UV-Visible spectra showed maximum absorption at
409 nm, with a single SPR band (Fig. 3a) revealing the
spherical shape of Ag,ONPs [56, 57]. The A max of the
aqueous rhizome extract was at 272.5 nm (Fig. 2).

X-ray Diffraction (XRD) Analysis

The XRD technique was used to determine and confirm the
crystalline structure of Ag,ONPs. Well defined character-
istic diffraction peaks at 32.2, 38.1, 46.2, 54.63, 57.24,
64.98 and 76.54 corresponding to (111), (200), (211),
(220), (221), (222) and (311) planes, respectively were
identified, attributing to face-centred (fcc) crystal structure
of metallic Ag,ONPs (Fig. 3b). The XRD pattern of the
biosynthesized CzAg,ONPs matched with the standard
JCPDS file (No. 76-1393). Dhoondia and Chakraborty
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Fig. 2 The UV-Vis absorption spectrum of aqueous rhizome extract
of C. zanthorrhiza (272.5 nm)

reported a similar finding on the formation of Ag,ONPs
using Lactobacillus [58]. In the present study, the average
crystallite size calculated using the Scherrer equation for
the biosynthesized CzAg,ONPs were found to be 39.7 nm.
L
" BeosO

where D is the average crystallite size, k = 0.94, A is the X
ray wavelength, B is the full width at half maxima
(FWHM) and 0 is the diffraction angle.

Electron Microscopy (HR-TEM and FESEM)

The HR-TEM micrographs revealed the spherical nature of
the biosynthesized CzAg,ONPs, which was in agreement
with the UV data. The SAED pattern with bright circular
spots indicated (111), (211), (220) and (311) planes and

Fig. 3 a The UV-Vis
absorption spectrum of
CzAg,0ONPs (409 nm) 0204
synthesized with 0.1% (w/v)
aqueous rhizome extract 018+
containing 1 mM AgNO;
irradiated under sunlight for
30 min and b XRD pattern of
CzAg,ONPs synthesized from
the aqueous rhizome extract
attributed to fcc structure of
metallic Ag,ONPs with an
average crystallite size 39.7 nm 008

0224

0164
014+
0124

0104

Absorbance (OD)

\L_ & 409nm

revealed the polycrystalline nature of nanoparticles, which
was consistent with the XRD results obtained (Fig. 4b, c).
The d spacing value of 0.276 nm observed is in agreement
with the (111) lattice spacing of fcc silver (d;;; = 0.2748)
which further follows the standard JCPDS file (No.
76-1393). Further insight on the surface morphology of
CzAg,0ONPs was obtained from FESEM micrographs. In
agreement with the XRD results, the TEM and FESEM
micrographs (Fig. 4a) also revealed the synthesized Ag,.
ONPs were spherical in shape with a diameter ranging
from 17.98 to 46.73 nm.

Energy Dispersive Analysis of X-rays (EDAX)

The EDAX assists in finding out the elemental composition
of the synthesized nanoparticles (Fig. 4d). The EDAX
spectrum displayed the presence of elemental oxygen, sil-
ver with weight percentage 25.2%, 64.24%, respectively
and the absence of elemental nitrogen confirming the
reduction of silver nitrate to silver oxide nanoparticles. The
presence of sharp and intense band peak at 3 keV is typical
of the existence of metallic silver. Presence of signals for
carbon in the spectrum is because of the biomolecules
found in the rhizome extract that had been related with the
synthesis of CZAg,ONPs.

Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectroscopic peaks showed the bioactive
molecules in the aqueous rhizome extract responsible for
the reduction of silver ions to metallic silver oxide
nanoparticles, with prominent peaks at 3467.654,
2075.133, 1631.563, and 561.2115 cm™' (Fig. 5). The
spectrum showed the intense and broad absorption peak at
3467.654 denoting O-H stretching [29]. A strong and sharp

2 ; b
[—CzAg ONP (1)

Intensity (Counts)

300 380 400 450

Wavelength (nm)
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Fig. 4 a FESEM image of
CzAg,0ONPs biosynthesized
from the aqueous rhizome
extract denoting the spherical
nature of the nanoparticles,

b HR-TEM image of
biosynthesized CzAg,ONPs
revealed its spherical nature
with size ranging from 17.98 to
46.73 nm, ¢ SAED pattern
attributing to the polycrystalline
nature of CzAg,ONPs and

d EDAX image of CzAg,ONPs
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Fig. 5 FTIR spectra of the aqueous rhizome extract (CZ) and
biosynthesized CzAg,ONPs with spectral range 4000-400 cm ™'

absorption band at 1631.563 cm ™' can be assigned to the
stretching vibration of (NH) C = O group. Mariselvam
et al. reported a similar finding which indicated the for-
mation silver nanoparticles capped with biomoeties from
the absorption band at 1638 cm™! [59]. Furthermore, the
peaks at 2075.133 and 561.2115 indicated the alkyne group
in rhizome extract and C-Br stretching, respectively. For
the biosynthesized CzAg,ONPs, the characteristic bands
were at 3442.483, 2051.99, 1643.135 cm ™~ 'and absence of

Signal A = InLens
Mag = 100.55 K X

Date 78 Sep 2018
Time 17:48:13

S £ e
] 1 2 3 4
‘ol Scale 3605 cts Cursor: 2368 (165 cis)

band around 500 cm ™. There was a large shift in the peaks
observed in CzAg,ONPs, 3467.654 to 3442.483 cm”
2075.133 to 2051.99 cm™', 1631.563 to 1643.135 cm™
which indicated the involvement of hydroxyl groups, car-
boxyl amines, amino acid residues and alkyne derivatives
which corresponds to carbohydrates, proteins and phenols,
respectively. The bioactive molecules identified in the
aqueous rhizome extract are listed in Table 2. However,
from the IR spectrum results, it can be attributed that some
of these bioactive molecules are involved in the reduction
of silver nitrate to silver oxide nanoparticles [60, 61]. It is
also reported that the biomolecules play a major role in
reduction of gold chloride and capping with polymers
improve their properties [62]. The amide linkage of pro-
teins could be likely to form a coat over the CzAg,ONPs,
stabilizing them in the aqueous medium [63].

High Resolution Liquid Chromatography Mass spectroscopy
(HR-LCMS)

The presence of six bioactive molecules were ascertained
in the CzAg,ONP aqueous suspensions using the HR-
LCMS analysis (Fig. 6) and these compounds were com-
parable with the HR-LCMS data of the aqueous rhizome
extract (Fig. 1c). The bioactive molecules bound to Ag,.
ONPs were zedorone (peak 2, m/z = 229.1244), gle-
chomafuran (peak 4, m/z = 231.1398) which belonged to

@ Springer
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(peak 3, m/z = 313.2763), 28
glechomafuran (peak 4, 2.4
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1
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o
germacrene sesquiterpenoids, an aminoalcohol dihy-

drosphingosine (peak 5, m/z = 284.2973), two lipid mole-
cules namely palmitoyl glycerol (1-hexadecanoyl-sn-
glycerol) (peak 3, m/z = 313.2763), stearoyl glycerol (1-
octadecanoyl-rac-glycerol) (peak 6, m/z = 341.3073) and
tripeptide Val-His—Arg (peak 1, m/z = 415.217) and were
quantified to 15.04%, 8.79%, 8.17%, 10.55%, 14.28% and
3.51%, respectively. The retention time, adduct ions
formed in ion source, molecular mass, molecular formula
and peak area percentage of the bioactive molecules are
listed in Table 3. This result ascertains the presence of

Counta ve, Acquisition Timo (min)

bound bioactive molecules in the biosynthesized CzAg,.
ONPs which corroborates with the FTIR results.

Photocatalytic Degradation of MG

The drop in the characteristic absorption peak of MG at
615 nm was used as an indicator for examining the
degradation of the dye catalyzed by CzAg,ONPs. There
was a gradual decrease in the main absorption peak of MG
with the increase in exposure time to sunlight and UV light
(Fig. 7a, b). The sunlight exposed dye-nanoparticle

Table 3 Bioactive macromolecules coated on CzAg,ONPs identified from the HR-LCMS Chromatogram presented in Fig. 6

Peak  Retention = Molecular mass m/z Formula Adduct Compound name Peak area

No time (g/mol) percentage (%)

1 11.8 410.236 415.217 Cy7H30NgO4 (M + Na-  Val-His—Arg (tripeptide) 3.51
H>0)

2 12.245 246.129 229.124 C;sH;g0;5 M + H- Zedorone (Germacrane 15.04
H,0) sesquiterpenoids)

3 17.332 330.279 313.276  C9H3304 M + H- 1-hexadecanoyl-sn-glycerol 10.55
H,0)

4 17.734 248.143 248.297 CysHy005 M + H- Glechomafuran (Germacrane 8.79
H,0) sesquiterpenoids)

5 18.641 301.300 284.297 C;gH39NO, (M + H- Dihydrosphingosine (aminoalcohol) 8.17
H,0)

6 18.82 358.310 341.307 C,1Hg04 M + H- 1-octadecanoyl-rac-glycerol 14.28
H,0)

The phytoconstituents were identified based upon spectral similarity with the MS library (NIST MS Search 2.0) and the Human Metabolome

Database
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suspension had quick de-colorization (4 h) compared to  degradation of MG was 94.7% under sunlight and 22.83%
UV light (24 h) exposed suspension. The percentage of  upon UV irradiation.

—CONTROL
35+ — 15 MIN

—1 HA
w— HRS
197 — OVERNIGHT

Fig. 7 UV-Visible spectra of
decomposition of MG dye using
CzAg,0ONPs as photocatalysts:
a under sunlight (94.7%
degradation) b under UV light
(22.83% degradation), ¢ HR-
LCMS chromatogram of MG
treated with CzAg,ONPs after
irradiation with sunlight and

d its degradation products—(1)
4-amino benzoic acid (m/z
137.04, 1.08%), (2)
phenylacetic acid (m/z 192.09,
7.99%), (3) N,N’ diacetyl 1,4
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Table 4 Bioactive compounds and their properties

Bioactive Compounds Properties References
Norcotinine Neuropharmalogical property [68]
Feruperine Antioxidant activity [69]
Harmanine Insecticidal property [53]
Obliquin Anti-depressive activity [70]
Pteryxin Vasorelaxant, hepatoprotective, treatment of Alzheimer’s disease [71]
Glechomafuran Antioxidant, anticancer activity [72]
Sinapoylspermine Anti-inflammatory, neuroprotective, antioxidant, anticancer, antimicrobial, cosmetic [73]
Zedorone Antioxidant, anticancer, antimicrobial, carminative, analgesic, insecticide [74]

The degradation product when subjected to HR-LCMS
analysis displayed the possible intermediates formed dur-
ing the breakdown of MG. The retention time of the control
dye MG is at 11.585, which was different from the reten-
tion time of all the degraded products in the range of
1.02-11.447 (Fig. 7c). The HR-LCMS analysis of MG and
degradation products confirmed the efficacy of bioactive
molecule coated CzAg,ONPs as good photocatalysts in the
effective removal of the model dye. The reaction showed
no progress in the absence of nanocatalysts (control). The
HR-LCMS analysis of reaction product of MG-nanoparti-
cle suspension showed the presence of compounds with
molecular weights 137.04, 136.03, 192.09, 166.07, 151.06,
212.09, 197.08 and 254.18 m/z which could be interpreted
as structures of 4-aminobenzoic acid, phenylacetic acid, N,
N’ diacetyl 1,4 phenylene diamine, methyl 3,4 di
aminobenzoate, 4-methyl aminobenzoic acid, 4,4’ diamino
benzophenone, 4-amino benzophenone and 4,4’ methylene
bis (N,N’dimethyl) benzamine, respectively (Fig. 7d),
whereas the molecular weight of MG dye is 330.20 m/z.
Out of the eight intermediates formed during the break-
down of MG, N,N’ diacetyl 1,4 phenylene diamine was
quantified to be the most abundant degradation product
(11.46%), followed by 4-methyl aminobenzoic acid
(11.43%), 4,4 methylene bis (N,N’ dimethyl) benzamine
(11.09%), phenylacetic acid (7.99%), 4,4’ diamino ben-
zophenone (4.85%), 4-aminobenzoic acid (1.08%) and
4-amino benzophenone (0.75%).

The formation of benzophenone derivatives by
N-demethylation of MG have been reported as one of the
major reaction involved in photo-oxidative process [64].
This is in agreement with our obtained results, since most
of the products identified after degradation was derivatives
of benzophenone. The possible mechanism of degradation
may be due to the generation of hydroxyl radicals by the
highly energetic electrons released when the photons struck
the valence electrons of the molecule capped CzAg,ONPs
[65]. These low molecular weight structures being mostly

@ Springer

benzene derivatives may further be decomposed to form
small organic molecules which eventually breaks down
into CO, and H,O [66]. Moreover, the formation of highly
toxic leucomalachite green, a reduced form of MG was not
detected in our study ascertaining the non-toxic dye
removal process by bioactive molecule coated CzAg,.
ONPs, rendering unhazardous products to the environment
[67] (Table 4).

Conclusion

The promising potential of the aqueous rhizome extract of
Curcuma zanthorrhiza was for the first time exploited in a
non-stringent and sustainable way for the synthesis of
bioactive molecule coated silver oxide nanoparticles. The
bioactive molecules present in the aqueous rhizome extract
were identified by HR-LCMS analysis. The analytical
capabilities of different spectroscopic techniques like UV-
Visible Spectroscopy, FTIR, XRD and HR-LCMS were
used to detect, identify, quantify and characterize the
nanoparticles. The size and morphology of the nanoparti-
cles were ascertained by HR-TEM and FESEM-EDAX.
Among the different available analytical tools used for the
characterization of biosynthesized nanoparticles, HR-
LCMS offers remarkable capacities for the identification
and quantification of associated molecules in the
nanoparticles. The CzAg,ONPs proved outstanding pho-
tocatalytic efficacy in the debasement of toxic dye, MG.
HR-LCMS analysis indicated degradation of MG after the
CzAg,ONP treatment, whereas no change of MG was
found in the control. By integrating HR-LCMS with the
UV-Visible Spectroscopy, conclusive evidences were
achieved for the photocatalytic degradation of MG, ulti-
mately formulating a bioremediation protocol. Therefore,
the results proved promising potential of Curcuma zanth-
orrhiza derived bioactive molecule coated Ag,ONPs in the
degradation of MG. Further, we could also develop a

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Bioactive Molecules Coated Silver Oxide Nanoparticle Synthesis from Curcuma zanthorrhiza and...

simple and sensitive HR-LCMS mediated protocol for the
detection and quantification of molecules in the nanopar-
ticles and its degradation products.
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Abstract

The aqueous seed extract of Annona squamosa L. was used as a reducing and stabilizing agent for the synthesis of silver
nanoparticles (AgNPs). The formation of AgNPs in aqueous silver nitrate solution after the addition of the extract was
indicated by a colour change from pale yellow to dark brown corresponding to a A, at 430 nm. The phytochemicals in
the extract, responsible for efficient capping and stabilization of the nanoparticles, were identified by FTIR. Powder XRD
pattern demonstrated the polycrystalline nature of the AgNPs. TEM image confirmed that AgNPs were spherical in shape
and the average particle size was found to be 22 nm. Further, the nanoparticles exhibited good catalytic activity towards
the degradation of coomassie brilliant blue dye and demonstrated significant antibacterial activity. Their larvicidal activity
against mosquito larvae showed a LCs;, value 22.44 ug/mL against III instars. In addition, AgNPs positively influenced the

germination of chickpea seeds.

Graphic abstract

*Synthesis of AgNP using A. Squamosa
*Size of AgNPs in the range 14-28 nm
*Antibacterial and larvicidal activity
*Catalyst for dye degradation
*Enhances seed germination

Keywords Silver nanoparticles - Annona squamosa L. - Photocatalysis - Bioactivity

Introduction

Nanoparticles are made up of atomic aggregations which
are spherical or quasi-spherical structures with 1-100 nm
in diameter. When compared to conventional physical or
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chemical processes for the preparation of nanoparticles,
green methods have a greater number of benefits. Their main
advantage is the lack of impact on the environment, as the
methods are in line with the principles of green chemis-
try and the process is cost-effective. Another advantage is
the easy transfer of the process to an industrial scale. Due
to their medicinal and antimicrobial properties [1], silver
nanoparticles (AgNPs) are incorporated in many consumer
products and have become one of the most commercialised
nanoparticles [2].

Various plant species had been investigated for the syn-
thesis of AgNPs [3] and such nanoparticles possess promis-
ing antibacterial properties [4]. For instance, nanoparticles

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Bioprocess and Biosystems Engineering

of silver are effective in inhibiting the growth of both gram-
positive and gram-negative bacteria [5—7]. With the rise in
antibiotic resistance and the development of new antibiot-
ics, research has begun to focus on these antibacterial nano-
particles as potential new medical tools. Silver is generally
used in the nitrate form to induce an antimicrobial effect, but
when silver nanoparticles are used, there is a huge increase
in the surface area available for the microbe to be exposed
to. Bactericidal effects of silver nanoparticles have been
documented against bacterial strains such as Staphylococcus
aureus, Pseudomonas aeruginosa, Escherichia coli, Bacillus
cereus, Listeria innocua, Salmonella Choleraesuis [8—10].
Silver nanoparticles have also been used as optical sensors
for the formation of small-molecule adsorbates [11].

Excessive usage of conventional chemicals and pesticides
in land and water resources causes many risks to people
and the environment. Silver nanoparticles and their compos-
ites show improved catalytic activities in dye reduction and
removal [12] as documented for organic dyes using Trigo-
nella foenum-graecum seeds [13], methyl orange using Ulva
lactuca [14]. The colloidal solution of silver nanoparticles
was found to exhibit mosquito larvicidal activity against den-
gue and filariasis vector [15]. Larvicidal activity of AgNPs
has been studied using Leucas aspera [16], Belosynapsis
kewensis [17], Excoecaria agalloch [18] and Ficus racemosa
[19]. Among the different metal nanoparticles, AgNPs are
known to be positively influencing seed-germinaton process.
To date, there are only a few reports on the impact of AgNPs
to promote the growth and seed germination [20].

Annona squamosa L., the sugar apple which belongs to
the Annonaceae family was selected for the present study.
Annonaceae, plant family commonly named as custard apple
family is marked for many medicinal properties such as anti-
ulcer, anti-convulsant and antibacterial activity. The plant
also possesses analgesic, anti-inflammatory, anti-microbial,
cytotoxic, anti-oxidant, anti-lipidimic, molluscicidal, geno-
toxic, vasorelaxant, anti-tumour, hepatoprotective, larvi-
cidal, insecticidal and anthelmintic properties [21]. The
roots, leaves and seeds of A. squamosa have several medici-
nal properties [22]. The active fraction isolated from A.
squamosa seed extract has strong antibacterial, antioxidant
and antitumor activities due to the presence of annonaceous
acetogenins, the expanding class of potential long-chain fatty
acid which were initially noticed only in this species [23].
Significant interest in the studies of its derivatives present
in the seeds of the plant also points to their remarkable anti-
tumour and pesticidal activities [24]. Biosynthesis of AgNPs
using the seed extract of A. squamosa, its characterization
and biological activity assay has been done in this study.
Present approach for the synthesis of AgNPs using a waste
part of the plant material has economic and environmen-
tal benefits compared to conventional chemical or physi-
cal methods of nanoparticle synthesis. As reported in other
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plant-mediated synthesis of silver nanopartilcles, the phyto-
chemicals act as capping and stabilizing agent, can enhance
the biological activity of the AgNPs [8].

Materials and methods
Sample preparation

The fruits of Annona squamosa L. were procured from
Thrissur, Kerala, India (Fig. 1). The plant was identified
with the help of Flora of the Presidency of Madras [25].
The seeds were separated from the fruit and oven dried.
Finely ground seeds of A. squamosa (20 g) were boiled with
200 mL of distilled water to prepare the aqueous extract. The
filtrate of the extract was further centrifuged at 2000 rpm for
10 min and the extract was stored in amber coloured reagent
bottles at 4 °C for further use.

Synthesis of silver nanoparticles

Silver nitrate solution (100 mL, 1 mmol) was added to a
beaker containing 10 mL of the seed extract and mixed well.
The reaction mixture was kept under different physical con-
ditions such as at room temperature, at 60 °C, sunlight and
ultraviolet lamp (30 W, 253 nm, Philips Holland). When
the solution was kept under sunlight for 30 min, the col-
our of the mixture changed to yellowish-brown and later to
reddish-brown.

Characterization of AgNPs

UV-Visible analysis

To monitor the complete bioreduction of AgNO; to
silver nanoparticles, 1 mL of the sample suspension

was diluted with 2 mL of distilled water and the spec-
trum of this sample was recorded using UV-Visible

Fig. 1 Fruit and seed of Annona squamosa L.
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spectrophotometer (Shimadzu UV probe 1800) in the scan-
ning range 200—700 nm having a resolution of 1 nm.

FT-IR analysis

The seed extract (10 mL) was added to 100 mL AgNO;
(1 mmol) and kept under sunlight with continuous stirring.
After 30 min exposure, it was centrifuged at 14,000 rpm
(High speed-refrigerated-centrifuge, Thermo Electron LED,
Germany) for 20 min. The pellet was suspended in distilled
water, centrifuged twice and allowed to dry in a hot air oven.
The AgNPs thus obtained were used for FT-IR and XRD
analysis.

FT-IR analysis of the dried AgNPs was carried out using
potassium bromide (KBr) pellet method. The spectrum was
recorded using Fourier transform infrared spectrometer (Par-
kin-Elmer Pvt Ltd.) equipped with JASCO IRT-7000 Intron
Infrared Microscope in transmittance mode operating at a
resolution of 4 cm™!.

XRD analysis

PANalytical X-ray diffractometer at a scanning rate of
20 min~! with an operating voltage of 40 kV, monochro-
matic filter in the 20 range 10-80, was used in the present
study. It was used to examine phase identification and char-
acterization of the crystal structure of the nanoparticles.

TEM analysis

Transmission electron microscopy (TEM) technique was
used to visualize the morphology and size of the synthe-
sized AgNPs. The 200 kV ultra-high resolution transmission
electron microscope (JEOL, JEM 2100 h with EELS) was
used. TEM grids were prepared by placing SpL of the as-
synthesized AgNP solutions on carbon-coated copper grids
and dried under the lamp.

Biological activity of AgNPs
Photocatalytic degradation of toxic dye

Coomassie Brilliant Blue (CBB) is a member of triphenyl-
methane dyes that were developed for use in the textile
industry but are now commonly used for staining proteins in
analytical biochemistry. A freshly prepared solution (1 mL)
containing silver nitrate and the plant extract (ratiol0:1)
was added to 5 mL of 1% CBB solution with stirring and
kept under sunlight. At specific time intervals (10, 20,
30 min), 2 mL of the solution was taken and the absorbance
(480-680 nm) was recorded.

Antibacterial assay

Nutrient agar media (25 mL, Hi-Media, Mumbai) was
poured into petriplates under sterile conditions and left to
solidify at room temperature. The culture suspensions from
pure cultures of Gram-positive bacteria Staphylococcus
aureus (MTCC96) and Gram-negative bacteria Klebsiella
pnuemoniae (MTCC109) were chosen based on their clinical
and pharmacological importance [26]. The bacterial strains
were obtained from the Institute of Microbial Technology,
Chandigarh, India. Antibacterial activities of AgNPs against
these two bacterial strains were investigated by agar disc
diffusion method [27]. The sterile filter paper discs (6 mm
diameter) were saturated with 30 uL each of 100 ug/mL of
AgNPs, 0.1 g/mL of the plant extract (negative control) and
tetracycline disc (positive control) with deminerised water
as solvent. The filter paper discs were placed equidistantly
on the inoculated media and diffusion of the solution was
allowed to occur for 30 min at room temperature. Plates
were then inverted and incubated at 37 °C for 24 h. Tripli-
cates were employed per treatment and the average zone of
inhibition was recorded. Significance levels of standard and
treatments were compared with one way ANOVA test using
SPSS 20.0 software.

Larvicidal bioassay

Anopheles stephensi mosquitos were reared in the vector
control laboratory, Kerala Veterinary and Animal Sci-
ences University, Thrissur, Kerala, India. The larvae were
fed on dog biscuits and yeast powder in 3:1 ratio. Adults
were fed blood through a parafilm. Mosquitoes were held at
28 +2 °C temperature and 70-85% relative humidity with a
12 h light/12 h dark photoperiod. Larvicidal activity of the
biogenic AgNPs was evaluated according to WHO protocol
[28]. Five replicates having 100 larvae each of late III and
early IV instar stages were used for bioassays. Five concen-
trations of AgNPs (12, 24, 36, 48 and 60 pg/mL) and water
control replicates were run simultaneously. The number of
dead and alive larvae in the replicates was recorded after
24 h and the results were expressed as percent mortality.
The lethal concentrations that kill 50 percent of the treated
larvae (LC 50) and 90 percent of the treated larvae (LC 90)
were calculated [29]. The average larval mortality data were
subjected to probit analysis for calculating LC 50 and LC
90 at 95% of upper confidence limit and lower confidence
limit. Chi-squared values were calculated using SPSS 20.0
software.

Phytotoxicity assay

Germination test was performed using chickpea (Cicer
arietinum) seeds. 50 surface-sterilized seeds were kept on
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moist filter papers soaked in the respective treatment solu-
tion (25%, 50%, 75% and 100% v/v of AgNP dispersions)
in sterilized petriplates and were incubated in dark at 25 °C.
Seeds with root tip 1 mm and higher were considered as
germinated. The length of root and shoot (in mm) obtained
following 72 h after the germination of seeds was observed
and percent germination was calculated thereafter.

Results and discussion
Synthesis of silver nanoparticles

Reduction of AgNO; to silver nanoparticles took place
when the aqueous seed extract of A. squamosa was added
to 1 mmol silver nitrate solution. Formation of AgNPs was
indicated by the colour change of the solution to deep red-
dish-brown when the solution was exposed to sunlight for
30 min (Fig. 2a). The solution kept at 30 °C (rt), 60 °C or
under UV lamp showed only light yellow colour even after
24 h of exposure. AgNPs appeared to be reddish-brown
in the aqueous medium as a result of surface plasmon
vibrations.

Characterization of AgNPs

Characterization of the AgNPs has been done using UV—Vis-
ible spectroscopy, Fourier transform infrared spectropho-
tometer, X-ray diffractometer, and Transmission electron
microscope. These techniques help to monitor the shape,
size, surface area, and crystalline structure of nanoparticles.

UV-Visible analysis

Absorption spectra of AgNPs formed in the reaction media
after 30 min from the initiation of the reaction have an
absorption maximum in the range 420-450 nm due to sur-
face plasmon resonance (SPR) of AgNPs (Fig. 2b) [30].
Secondary metabolites such as fatty acids and polyphenols
present in the seed extract is responsible for the reduction of
silver nitrate to silver nanoparticles. Previous studies have
reported that the seeds of A. squamosa can be used as a
potential candidate in pharmacological preparations due to
their bioactive secondary metabolites [31]. The broadening
of the peak also indicated the formation of polydispersed
nanoparticles [32].

FT-IR analysis
Prominent bands of absorbance in FT-IR spectra (Fig. 3)
were observed at 1096, 1232, 1319, 1386, 1636, 2208,

3400 cm™'. These peaks represent respectively ether linkage,
C-N, O-H bending, aliphatic and aromatic —-C =C—, amide,
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Fig.2 a Colour change during the formation of AgNPs. b UV-Vis
spectrum

alkynic and phenolic or alcoholic groups present in the phy-
tochemicals. The FT-IR analysis confirms the capping over
AgNPs with plant-derived secondary metabolites. These
capped AgNPs helped to enhance the stability of AgNPs
in colloidal solution by preventing aggregation of particles.
Since they are capped by biomolecules they may serve as
a better candidate for the drug delivery systems [33]. Syn-
thesis of nanoparticles using plant extracts can potentially
eliminate the problem of chemical agents for nanoparticle
capping, which may have adverse effects in its application,
thus making plant-derived nanoparticles more compatible.

XRD analysis

XRD pattern of the biosynthesized AgNPs showed two
intense peaks in the spectrum with 26 values ranging from
20 to 80 (Fig. 4). XRD spectra of pure crystalline silver
structures have been published by the Joint Committee on
Powder Diffraction Standards (File n0.04-0783). A com-
parison of the XRD spectrum with the standard confirmed
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Fig.3 IR spectrum of AgNPs
synthesised using Annona squa-
mosa L. seed extract
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Fig.4 XRD pattern of the silver nanoparticles

that the silver particles formed in our experiments were
in the crystalline phase. The peaks at 26 values 31.55°
and 45.63° can be indexed respectively as 111, 200 planes
of face-centred cubic silver. The Bragg reflections cor-
responding to (111) sets of lattice planes were observed
which may be indexed based on the face-centred cubic
structure of silver. The XRD pattern thus clearly indi-
cated that the silver nanoparticles were crystalline. The
other peaks having 20 values at 27.17°, 35.36°, 53.65° and
56.81° are due to the coexistence of organic compounds
accompanying crystalline AgNPs. Such unidentified crys-
talline peaks are apparent in many works in which the
XRD pattern includes the relevant 20 range [34].
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TEM analysis

Nanoparticle composition and size distribution could be
visualized through the Transmission electron microscope.
The TEM images of AgNPs obtained in the present study are
shown in Fig. 5. TEM image explained the size and shape of
the silver nanoparticles. The particle size of AgNPs showed
a size range 14-28 nm. The average particle size observed is
22 +5 nm. Furthermore, the analysis demonstrated that the
AgNPs were polycrystalline with irregular spherical shapes
and narrow size distribution. Energy-dispersive X-ray spec-
troscopy (EDAX) analysis of the AgNPs showed a high-
pitched absorption peak at 2.5 keV inferring the existence of
metallic silver (Fig. 5¢). Elements from the plant residue as
well as residual copper from copper grid account for the rest
of the peaks in the spectrum. AgNPs prepared using plant
extracts are stable in solution up to 4 weeks after its synthe-
sis due to the presence of a thin layer of organic material sur-
rounding the nanoparticles. This is one of the advantages of
nanoparticles synthesised using plant extract than the ones
which were synthesised using chemical methods.

Biological activity assay of AgNPs

The unique properties of silver nanoparticles have been
investigated for dye degradation, antimicrobial applications,
larvicidal activities and phytotoxicity assay.

Photocatalytic degradation of toxic dye

Silver nanoparticles and their composites showed greater
catalytic activity towards dye degradation and its removal.
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Fig.5 a TEM image b SAED pattern and c¢ particle size distribution histogram and d EDAX image of AgNPs

In the present study, the surface plasmon resonance (SPR)
band of CBB—-AgNPs solution was observed at 430 nm
which became apparent after 10 min of mixing CBB with
silver nitrate and the plant extract (ratio10:1). The absorp-
tion at 430 nm is due to the formation of metallic silver
nanoclusters and its intensity increases with time. This
hyperchromic shift is due to the increase in the number
of nanoparticles formed by the reduction of silver ions
present in the aqueous solution. The peak corresponding
to CBB observed around 580 nm disappeared completely
within 30 min indicating the photocatalytic degradation of
Coomassie Brilliant Blue (Fig. 6).

@ Springer

Antibacterial assay

Silver nanoparticles have been extensively studied in recent
years due to their antibacterial and therapeutic potential.
They can create reactive oxygen species which cause irre-
versible damage to bacteria and also have a strong affinity
in binding to DNA or RNA which interferes with the micro-
bial replication process [35]. In this study, the antimicrobial
property of AgNPs was investigated against Klebsiella pneu-
monia (Gram negative) and Staphylococcus aureus (Gram
positive) by disc diffusion method under sterilized condi-
tions using Tetracyclin as positive control (Fig. 7).
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Fig.6 UV-Vis spectra of CBB
dye degradation using the
AgNPs

~— CBB

——— CBB + AgNP-10min.
—— CBB + AgNP-20min.
~—— CBB + AgNP-30min.

Fig.7 Antibacterial study of
AgNPs

Triplicates were employed per treatment and the average
zone of inhibition was recorded. Significance levels of stand-
ard and treatments were compared by independent sample ¢
test using SPSS 20.0 software (Table 1).

From the table, it is clear that, in the case of S.aureus,
the area of the inhibition zone corresponding to AgNPs is
not significantly different from that of Tetracyclin; but it is
significantly different from that of the plant extract. Positive
value of the test statistic (9.35) indicates that the area cor-
responding to AgNPs is significantly larger than that of the
plant extract. Similarly, the area of the inhibition zone corre-
sponding to plant extract is significantly smaller than that of
Tetracyclin. In the case of K.pneumoniae, area of the inhibi-
tion zone corresponding to AgNPs is significantly different
from that of Tetracyclin and the plant extract. Positive values
of the test statistics (63.25 and 49.68) indicate that the area
corresponding to AgNPs is significantly larger than that of

Table 1 Inhibitory effects of AgNs against pathogenic microorgan-
isms

Bacterial isolate Treatments Mean* SD  Test statistic
S.aureus AgNPs 13 1.62 1.56
Tetracyclin (control) 11 0.81
AgNPs 18 0.12 9.35*
Plant extract 4 0.38
Plant extract 2 0.38 -14.23*
Tetracyclin (control) 11 0.81
K.pneumoniae ~ AgNPs 18 0.12 63.25%
Tetracyclin (control) 12 0.06
AgNPs 18 0.12  49.68*
Plant extract 4 0.38
Plant extract 4 0.38 -29.41*
Tetracyclin (control) 12 0.06

*Values corresponding to three replicates

Test statistic in bold indicate that the values are significant

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Bioprocess and Biosystems Engineering

Tetracyclin and the plant extract. As in the case of S.aureus,
area of the inhibition zone corresponding to plant extract is
significantly smaller than that of Tetracyclin. AgNPs pro-
duced a maximum zone of inhibition against both bacte-
rial strains when compared with positive control. Among
the gram strains, the highest zone of inhibition occurred in
gram-negative bacteria. This might be due to the presence
of a thin peptidoglycan layer in gram-negative strain, allow-
ing the easy penetration of silver nanoparticles, can bind to
the sulphur and phosphorous atom of deoxyribonucleic acid
[36, 37]. The antibacterial activity of AgNPs was found to
be efficient compared to commercial antibiotic tetracycline.

Larvicidal bioassay

Silver nanoparticles synthesized using seed extract of A.
squamosa were also tested for their activity against mosquito
larvae. Larvicidal bioassays were performed against III and
IV instars of Anopheles stephensi (Fig. 8).

Fig. 8 Effect of AgNPs against
IIT and IV instars of Anopheles
stephensi

Considerable mortality was evident after the treatment
of silver nanoparticle solution for the two important larval
stages of the vector mosquito, Anopheles stephensi. Mos-
quito larvae at III instar stage showed 100 percent mor-
tality in bioassays with AgNPs at 60 pg/mL. The LC50
and LCI0 of III instars were the lowest (LC50 22.44 pg/
mL and LC90 40.65 pg/mL), while that of IV instars
was highest (LC50 27.83 pg/mL and LC90 48.92 pg/
mL). The control showed nil mortality in the concurrent
assay. y* value was significant at p <0.05 level (Table 2).
Mechanism of the larvicidal activity of AgNPs can be
attributed to the penetration of AgNPs into the insect
gut wall followed by binding to phosphorous and sulfur
group of deoxyribonucleic acid which eventually affect
cellular function leading to cell death [38]. Routine use
of synthetic insecticidal products for mosquito controlling
disturbs the biological system and cause resurgences in
mosquito populations. The prospect of utilising plants for
synthesizing silver nanoparticles and testing their efficacy
in controlling mosquito larvae is an approach facilitating

Table 2 Dose-dependent larvicidal activity of silver nanoparticles synthesized from A. squamosa seed extract against 3rd and 4th instars of mos-

quito larvae

Larval stage Concentration ~ Mortality (%) +SD LCy, (ug/mL) LCL-UCL LCy (ug/mL) LCL-UCL Vs
(ng/mL)
3rd Instar 60 100+0.0 22.44 16.25-28.30 40.65 33.69-54.73 18.881*
48 84.2+0.6
36 66.7+1.5
24 452422
12 293+1.2
Control 0.0+£0.0
4th Instar 60 953+1.2 27.83 21.67-34.46 48.92 40.73-66.06 17.428%*
48 71.4+0.8
36 502+1.4
24 32.7+£0.2
12 235+1.5
Control 0.0+0.0

SD standard deviation, LCL lower confidence limit, UCL upper confidence limit, y chi-square test

“p<0.05, level of significance
Values are mean + SD of five replicates
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Table 3 Impact of AgNPs on shoot length of chickpea seeds

Concentration of AgNPs Length of shoot (Mean + SE) (mm)

(%)

After 48 h After 72 h
100 1.94+0.02 6.92+0.03
75 1.41+0.00 2.94+0.02
50 1.40+0.00 2.95+0.01
25 1.39+0.01 4.92+0.03
0 2.92+0.03 4.97+0.00

Table 4 Impact of AgNPs on root length of chickpea seeds

Concentration of AgNPs Length of root (Mean + SE) (mm)

(%)

After 24 h After 48 h
100 9.82+0.04 29.84+0.07
75 6.99+0.00 14.91+0.03
50 6.01+0.01 8.92+0.01
25 5.02+0.02 7.94+0.02
0 5.97+0.04 20.02+0.02

the development of a more potent and environmentally
safe biopesticide.

Phytotoxicity assay

Toxicity analysis of the AgNPs was carried out on Chick-
pea (Cissus arietinum) seeds and their resultant root and
shoot lengths were recorded. Seeds were considered to
have germinated by observing the emergence of radicles.
Results obtained varied significantly with each treatment.
Shoot length and root length of seedlings (Tables 3, 4;
Fig. 9b, c) increased significantly in a dose-dependent
manner, with a marked increase in seeds treated with
100% AgNP solution. The germination of chickpea seeds
treated with 100% AgNP solution was significantly higher
than those treated with a low concentration of AgNP solu-
tion and control (Table 5; Fig. 9a). The surface coating
of AgNPs, their aggregation state and the release of dis-
solved silver are related to the toxicity of AgNPs. Stud-
ies have reported that compared to PVP-coated AgNPs,
citrate-coated AgNPs were toxic to freshwater organisms
[39]. Hence the increased growth and germination of
chickpea seeds could be attributed to the biomolecules
of Annona squamosa seed extract coated over the syn-
thesized AgNPs. Therefore the biosynthesized AgNPs
showed low toxicity and improved plant growth.
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Fig.9 Impact of AgNPs on chickpea, a seed germination, b root
length and ¢ shoot length

Table 5 Imapct of AgNPs on chickpea seed germination

Concentration of AgNPs  Percentage of seed germination

(%) (Mean + SE) (%)

After 24 h After 48 h
100 23.6+0.02 70.18+0.04
75 13.9+0.00 41.00+0.01
50 17.37+0.01 48.62+0.03
25 13.91+0.00 58.4+0.01
0 15.28+0.01 48.67+0.01
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Conclusion

Green methods for nanoparticle synthesis are attractive due
to their importance in human health and environment. In the
present study, we demonstrated that Annona squamosa L.
seed extract can act as a reducing agent to generate AgNPs
via a green approach. The synthesis of AgNPs was con-
firmed using UV—Visible spectroscopy with an absorption
maximum at 430 nm. FT-IR spectrum revealed the pres-
ence of phytochemicals which is responsible for efficient
capping and stabilization of the nanoparticles. XRD pattern
demonstrated the polycrystalline nature of AgNPs. HR-TEM
image showed its size distribution in the range 14-28 nm
and spherical morphology. Moreover, biological assay indi-
cated that AgNPs could be used as antibacterial, larvicidal
and seed growth-promoting agent. The nanoparticles exhib-
ited good photocatalytic activity towards the degradation of
coomassie brilliant blue (CBB) dye ultimately formulating a
bioremediation protocol. Formulation of optimal dosage of
AgNP based herbal nanolarvicide for the control of vector
borne diseases is a need of the hour. The present study act
as a baseline for the preparation and application of valuable
nanomedicines in future.
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