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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.
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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
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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 rthizomes (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
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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)
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Table 1 Conditions employed

i P,
during HR-LCMS measurement arameter

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)
Ton 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 using 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 ug 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 uE m™%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,
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Percentage degradation = (Cy — C)/C, x 100, C, 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 B
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. lc

Peak  Retention Molecular mass m/z Formula Adduct Compound name Peak area
No. time (g/mol) percentage (%)
0.762 162.0772 185.0672 CoH;gQN,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;¢HsNO, (M + Na) Ethyl 3-methyl-9H-carbazole-9- 6.78
carboxylic acid (alkaloid)
1.896 287.1414 310.1306 C;7H;NO; (M + Na) Feruperine (methoxyphenols) 3.13
5 2.997 362.1739 367.1526  C,0H»606 (M + Na- Gibberellic acid 19 (hormone) 0.77
H,0)
6 3.227 198.0812 181.0779 C;,H{o(N,O (M + H- Harmanine (alkaloid) 35.33
H,0)
8.818 346.1472 369.1358 C9H»,04 M + Na Gibberellic acid 3 (hormone) 3.44
11.256 244.0757 245.0829 Ci4H,0, M+ H Obliquin (coumarins) 20.00
11.703 386.1393 369.1359 C,;H,0; M + H- Pteryxin (coumarins) 5.33
H,O
10 12.705 248.1433 231.14 C2H5005 M + H- Glechomafuran (germacrane 8.57
H,O sesquiterpenoids)
11 19.626 408.2905 391.2872 CyHse M + + H- Sinapoylspermine (hydroxycinnamic 1.10
N,O, H,O 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,ONPs

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,0ONPs
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.

kA
~ PcosO

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 0221 \}\ o 24090M
CzAg,ONPs (409 nm) 020
synthesized with 0.1% (w/v)

aqueous rhizome extract 018+
containing 1 mM AgNO; o
irradiated under sunlight for o 0161
30 min and b XRD pattern of 0 o144
CzAg,ONPs synthesized from 5

the aqueous rhizome extract o 0124
attributed to fcc structure of a
metallic Ag;ONPs with an g
average crystallite size 39.7 nm 008

0.06

0.04 4

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,ONPs 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
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Fig. 4 a FESEM image of
CzAg,ONPs 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

EHT =20.00 kV

WD = 5.9mm

2075.133

100 4

80

T

2051.99

60
1631.563

40 -

Transmittance (%)

1643.135
20

T
0+ 3442483

—
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)

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 :28 Sep 2018
Time :17:49:13

ul Scale 3605 cts Cursor. 2.368 (169 cts)

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
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Fig. 6 HR-LCMS x10 8 [+*ES1 BPC Scan Frag=175.0v C2-001.d
chromatogram of the sl
biosynthesized silver oxide a2
nanoparticle suspension. The »
bound bioactive molecules on aig
CzAg,0ONPs were tripeptide 56
Val-His-Arg (peak 1, aa
m/z = 415.217), zedorone (peak 32
2, m/z = 229.1244), N
1-hexadecanoyl-sn-glycerol 28
(peak 3, m/z = 313.2763), 26
glechomafuran (peak 4, 2.4
m/z = 231.1398), 2.2
dihydrosphingosine (peak 5, 2
m/z = 284.2973),and1- 1.8
octadecanoyl-rac-glycerol (peak 1.6
6, m/z = 341.3073) 14
1.2
1
0.8
0.8
|
I 4

A

12 3 4 5 68 7

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

Table 3 Bioactive macromolecules coated on CzAg,ONPs identified

8 & 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
Counts ve, Acquisition Time {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

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 415217 Cy7H30NgO4 (M + Na-  Val-His—Arg (tripeptide) 3.51
H,0)

2 12.245 246.129 229.124 C,;sH ;303 M + H- Zedorone (Germacrane 15.04
H,0) sesquiterpenoids)

3 17.332 330.279 313.276  C19H3504 M + H- 1-hexadecanoyl-sn-glycerol 10.55
H,0)

4 17.734 248.143 248.297 Cy5H,003 M + H- Glechomafuran (Germacrane 8.79
H,0) sesquiterpenoids)

5 18.641 301.300 284.297 C;gH3NO, (M + H- Dihydrosphingosine (aminoalcohol) 8.17
H0)

6 18.82 358.310 341.307 C,1H4,04 M + H- 1-octadecanoyl-rac-glycerol 14.28
H,0)

The phytoconstituents were identified based upon spectral similarity
Database
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with the MS library (NIST MS Search 2.0) and the Human Metabolome
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suspension had quick de-colorization (4 h) compared to
UV light (24 h) exposed suspension. The percentage of

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
phenylene diamine (m/z 192.09,
11.46%), (4) methyl 3,4 di
amino benzoate (m/z 166.07,
4.85%), (5) 4-methyl amino
benzoic acid (m/z 151.06,
11.43%), (6) 4,4’ diamino
benzophenone (m/z 212.09,
6.89%), (7) 4-amino
benzophenone (m/z 197.08,
0.75%) and (8) 4,4' methylene
bis (N,N’dimethyl) benzamine
(m/z 254.18, 11.09%)

degradation of MG was 94.7% under sunlight and 22.83%
upon UV irradiation.
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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
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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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