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Eco-friendly biosynthetic approach for silver nanoparticles production using plant extracts is an exciting advancement in
bio-nanotechnology and has been successfully attempted in nearly 41 plant species. However, an established model plant
system for systematically unraveling the biochemical components required for silver nanoparticles production is lacking.
Here we used Arabidopsis thaliana as the model plant for silver nanoparticles biosynthesis in vitro. Employing biochemical, spectroscopic methods, selected mutants and over-expressor plants of Arabidopsis involved in pleotropic
functions and sugar homeostasis, we show that carbohydrates, polyphenolics and glyco-proteins are essential components
which stimulated silver nanoparticles synthesis. Using molecular genetics as a tool, our data enforces the requirement of
sugar conjugated proteins as essentials for AgNPs synthesis over protein alone. Additionally, a comparative analysis of
AgNPs synthesis using the aqueous extracts of some of the plant species found in a brackish water ecosystem (Gracilaria,
Potamogeton, Enteromorpha and Scendesmus) were explored. Plant extract of Potamogeton showed the highest potential
of nanoparticles production comparable to that of Arabidopsis among the species tested. Silver nanoparticles production in
the model plant Arabidopsis not only opens up a possibility of using molecular genetics tool to understand the biochemical
pathways and components in detail for its synthesis.
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1. Introduction
Nanoparticles synthesis using plant extracts containing different phytochemical agents have drawn more attention than
the existing physical, chemical and hybrid methods due to
their adaptability in surgical, pharmaceutical purposes and
reduced use of unsafe solvents that they offer (Abdel-Halim
et al. 2011). ‘Green nanotechnology’ can replace the need of
chemical synthesis and signiﬁcantly reduce the amount of
hazardous waste products (Singaravelu et al. 2007). The list
of biological agents used in ‘green’ synthesis of nanoparticles (NPs) includes different organisms such as plants, algae,
fungi, yeast, bacteria and their bioactive components (Sastry
et al. 2003; Sharma et al. 2009; Kumar et al. 2012; Chung
et al. 2016). The use of nanomaterial themselves as

therapeutic and immune-modulatory agents is prevalent as
seen in the application of silver NPs at surgical or ectopic
infection sites as antibacterial agents (Morones et al. 2005;
Tripathy et al. 2009). Silver as nanoparticles have received
special attention due to their striking characteristics such as
catalytic, anti-bacterial activity and chemical stability
(Sharma et al. 2009). Plant extracts from more than about 41
species speciﬁcally from leaves have been extensively
exploited for AgNPs synthesis (Shankar et al. 2003; Chandran et al. 2006; Chung et al. 2016). In most of the cases,
AgNPs were synthesized from leaf extracts, while in few
cases other plant parts such as stem, petals, rhizome, root,
fruit, seed, latex, bark, whole plant and see-weeds were also
used. The shapes of synthesized AgNPs ranged from circular, cubical, rectangle, optical, crystalline, poly-dispersed,
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triangular, cuboidal, while spherical being the most usual
shape. Size of the AgNPs ranged from 2 nm in the extracts
of Euphorbia helioscopia to 250 nm in the extracts of Carica
papaya (Chung et al. 2016).
It has been already shown that the secondary metabolites
of the plant extract such as phenolic, alkaloids, terpenoids
and ﬂavonoids are responsible for the reduction of ionic
metal into metallic nanoparticles (Chung et al. 2016). It has
also been documented that the ﬁrst bio-reduction of silver
occurs by trapping of the silver ions on the surface of the
proteins due to electrostatic interactions, leading to changes
in the secondary structure of the metal ion and formation of
silver nuclei (Li et al. 2007). Further, the aldehyde and
amide groups are known for the subsequent reduction of
silver ions at the silver nuclei leading to metallic AgNPs.
The functional group –C=O and C=N of the amides could
efﬁciently cap the ionic substances into metallic nanoparticles. Unique differences of intracellular pH of plant
extracts can regulate the size and shape of silver
nanoparticles, with lower pH is most often being co-related
with larger nanoparticles being synthesized (Mock et al.
2002). However, the exact mechanisms of involvement of
the different phytochemicals and pH in controlling the
variable shape and sizes of AgNPs are poorly understood
(Shameli et al. 2012). Properly controlled biological systems could work as efﬁcient ‘Nano-scale production factories’ to yield nanomaterial of desired characteristics.
However, this would require a greater understanding on the
precise mechanisms of its synthesis. Despite all these
excellent discoveries in this area, there has been no model
plant reported so far to our knowledge for dissecting out
systematically AgNPs synthesis using molecular genetics.
In this study, we have tried to establish Arabidopsis
thaliana (At) as the model system for understanding the
in vitro synthesis of AgNPs. Moreover, for the ﬁrst time
using genetically altered At plants we also show the already
established biochemical basis of AgNPs synthesis as a
proof of principle.

2. Materials and methods
2.1

Plant species and preparation of crude extract

The plant species Potamogeton pectinatus, Enteromorpha
intestinalis, Gracilaria verrucosa and Scenedesmus acuminatus were collected from the backwaters of ChilikaLake,
Odisha, India. Seeds of Arabidopsis thaliana Columbia
ecotype (Col-0), gigentia-100 (gi-100), spindly-5 (spy-5) and
35s:CONSTANSb (35s:COb) were surface sterilized and
grown under sterile conditions on MS media plates (Kumar
et al. 2018; Fornara et al. 2009) in the Percival plant growth
chambers (Model No- CU36L6; Perry) at 22 °C, relative
humidity of 70%, CO2 concentration of 400 ppm and illumination of * 135 lmol-2 s-1 from white ﬂuorescent tube
lights (Philips F17T8/TL741, 17 Watt). Two-week old

Arabidopsis seedlings were grown under 16 h light and 8 h
dark cycles were harvested and air dried. Nearly 1 g of dried
plant tissue was powdered using mortar and pestle, re-suspended in 10 mL double distilled Milli-Q water. The resultant mixture was autoclaved at 121 °C for 20 min and
ﬁltered using Whatman ﬁlter paper. The ﬁltrate was centrifuged at 10,000g for 5 min and the cell-free supernatant
was normalized with respect to the standard protein concentration using Bradford analysis and diluting appropriately
with distil water and used as source.

2.2

In vitro synthesis of AgNPs

For the synthesis of AgNPs, 5 ml of plant extract as prepared
in section 2.1, was mixed with 2.5 ml of 10 mM silver
nitrate aqueous solution and the volume was made up to
25 mL with Milli-Q water. The mixture was incubated at
room temperature (RT) (25 °C) and formation of AgNPs
was monitored as indicated by a color change to yellowish
brown. In order to obtain sugar capped NPs, the NPs suspension was mixed with 0.01 M glucose or maltose followed by stirring overnight with an end-to-end mixer at RT.

2.3

UV-Vis spectra analysis

The reduction of pure Ag? ions was monitored by measuring the UV-Vis absorbance spectrum of the suspension at
different time points after the induction of NPs synthesis.
The NPs containing solution was centrifuged at 10,000g for
10 min and the pellet was suspended in Milli-Q water and
the UV-Vis spectrum was measured using a Nano Drop 2000
Analyzer (Fischer Scientiﬁc Ltd.).

2.4

Raman spectroscopy

The spectrum were collected with EzRaman Reader V5.8.5
(EzRaman S/N 158270, max power output = 500 mW, maxi
wavelength = 785 nm,
Envaveoptronicsinc18271,
E.McDurmottste A-1 Irvine CA 29614, USA) using a frequency stabilized 785 nm narrow bandwidth laser source in
backscattering mode. For all the samples 400 mW of output
laser power was used through a permanently aligned single
ﬁber and the spectra were collected through a 200 lm collection ﬁber having numerical aperture of 0.22 and working
distance of 7 mm. The spectrometer has the spectral resolution of 6 cm-1 in the range of 250–2350 cm-1. High
sensitive linear CCD array having pixel size of 14 lm 9
200 lm (2048 pixels) in TEC cooled (* 15°C) detector
was used for collecting the data. The background was subtracted for a dark spectrum automatically through the inbuilt
Enwave Raman Reader software program. For intensity
comparison and good statistics, the integration time of 40 s
was kept constant for all the samples.
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2.5

Scanning electron microscopy

For Scanning electron microscopy (SEM) analysis thin
ﬁlms of the sample were prepared on a carbon coated
copper grid by adding a 5 lL sample on the grid. The
ﬁlm on the SEM grid was allowed to dry. The surface
morphology of the prepared samples was examined using
Field Emission Scanning Electron Microscopy (FE–SEM;
Neon 40 cross-beam system; M/S Carl Zeiss GmbH). The
sample solution was drop casted on Si substrate and
driedunder a mercury lamp for 5 min. The dries substrates
were loaded in to FESEM for measurement. Secondary
electron detector was used to collect the micrograph. All
the micrographs were recorded with 2 kV accelerating
voltage.

2.6

NMR and FTIR analysis

The plant extracts were dried by evaporation on a dry bath
at 60 °C and the residues were dissolved in 500 lL of D2O
(Heavy water). The 1HNMR of the solutions was performed using a 400 MHz NMR spectrometer (Model No:
BrukerArx 400 MHz). In order to pellet down the capped
AgNPs from the suspension, the mixture was centrifuged at
10,000g for 10 min. The resulting pellet was suspended in
of 1 mL Milli-Q water. The pelleted NPs were washed
thrice with Milli-Q water followed with centrifugation.
Thereafter, the puriﬁed pellet was dried to powder by
evaporation on a dry bath at 60 °C and used for FTIR
sample preparation (Kareru et al. 2007). The powder was
mixed with potassium bromide and made into a pellet
using a hydraulic pellet pressure. The pellet was analyzed
by FTIR spectroscopy.

2.7

Depletion of polyphenolics

Removal of polyphenolic compounds from the extract was
done according to (Lodhi et al. 1994). To the aqueous
extracts of total plant tissue, 4% (w/v) cross-linked polyvinyl
pyrrolidine (PVPP) suspension was added in 1:1 (v/v) ratio.
The mixture was incubated at 55 °C for 1 h, centrifuged at
10,000g for 10 min at RT. The polyphenols compounds
were precipitated along with PVPP and the supernatant
fraction devoid of phenolic compounds was used for NPs
synthesis.

2.8

Depletion of carbohydrate

Carbohydrates were depleted from the aqueous extract by
acetone precipitation according to (Ku et al. 2003). Brieﬂy,
four volumes of acetone were added to one volume of the
extract and the mixture was incubated overnight at 4 °C. It
was warmed to RT followed by centrifugation for 10 min at
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10,000g. The carbohydrate deﬁcient supernatant was used
for the synthesis of NPs.

2.9

Depletion of DNA, RNA and protein

DNase treatment was performed according to Guillemaut
and Marchal Drouard (1992). The 109 DNase I buffer (0.1
volume) and 2 units of recombinant DNase I were added to
the extract and mixed gently. The mixture was incubated at
37 °C for 30 min, 0.1 volume of 50 mM EDTA was added
and mixed well. After 2 min of incubation, the mixture was
centrifuged at 10,000 g for 10 min and the supernatant was
transferred into fresh tube and used for AgNPs synthesis.
RNase treatment was carried out as described in (Sambrook
et al. 1989) and the RNA deﬁcient fraction was used for
AgNPs synthesis. For obtaining protein deﬁcient fraction, 5
units of proteinase K was added in 50 mM Tris-Cl buffer
containing 5 mM CaCl2 and the depleted fraction was used
for AgNPs synthesis after inactivation of the proteinase K by
incubating the suspension at 95 °C for 10 min.

2.10 Estimation of polyphenolics, carbohydrates,
DNA, RNA and protein
The quantitative estimation of different biomolecules was
done spectrophotometrically. DNA and RNA concentrations
were determined by measuring the absorbance at 260 nm
using UV-Vis spectrophotometry. Protein concentrations
were determined by Bradford method (Bradford 1976). The
analysis of polyphenol content was performed using FolinCiocalteau method while carbohydrate estimation was done
by Nelson’s method (Miller 1952).

3. Results
3.1

In vitro synthesis of AgNPs using plant extracts

The in vitro synthesis of AgNPs was performed using plant
extracts of Enteromorpha intestinalis, Gracilaria verrucosa
and Scendesmus acuminatus, Potamogeton pectinatus from
the Chilika lagoon and the model plant Arabidopsis thaliana
as described in section 2.2. The UV-Vis spectra of the plant
extract solution containing AgNO3 after the reaction showed a
peak in 400–700 nm windows indicating the abundance of
AgNPs (ﬁgure 1A). The AgNPs synthesized with different
extracts although varied in their relative intensities, fall into
the range of similar absorption maxima (kmax) as visualized by
UV-Vis spectroscopy (ﬁgure 1B). The presence of elemental
silver was conﬁrmed from energy dispersive spectroscopy
(EDS) of AgNPs (ﬁgure 1C). The amount of AgNPs synthesis
was also found to be dependent on the individual extracts,
Potamogeton being the best among the four species tested
(ﬁgure 1D). However, the morphology of the particles was
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Figure 1. Synthesis of silver nanoparticles from plant extracts using silver nitrate (AgNO3) solution. (A) UV-Vis absorption spectrum of
silver nanoparticles synthesized from 10 mM AgNO3 using Potamogeton pectinatus extract, (B) UV-Vis spectra showing similar kmax for
AgNPs produced by Scenedesmus, Enteromorpha, Arabidopsis extracts, (A and B) intensity is presented in arbitrary unit, (C) Energy
dispersive spectrum (EDS) for biosynthesized AgNPs coated on Si plates, (D) Nanoparticles yield for different plant extracts. Nanoparticles
yield is represented as the function of absorbance at kmax, (E and F) SEM images of AgNPs produced using Arabidopsis and Potamogeton
extracts respectively, scale bar: 200 nm and 100 nm respectively (G) Digital images of (from left): Potamogeton aqueous extract, 10 mM
AgNO3 with Potamogeton extract after 1 h of incubation, and 10 mM AgNO3 without Potamogeton extract after 1 h of incubation,
(H) Particle size distribution of silver nanoparticles synthesized using Arabidopsis extracts.

similar for AgNPs synthesized using different extracts as
evident from SEM images. Results from SEM showed that
NPs were spherical or rhomboidal in shape having a polydispersive size distribution with a size of about 10 nm in
diameter (ﬁgure 1E and F). The biosynthesis of AgNPs using
extracts of Potamogeton could be easily visualized and correlated with a change of color of the solution from yellowish to
brown (ﬁgure 1G). The intensity of the brown color was
directly proportional to the increase in particle size of AgNPs.
To understand the mechanism of AgNPs synthesis, we
chose Arabidopsis thaliana, an excellent model dicot plant,

for its capability to synthesize AgNPs. The UV-Vis absorption spectrum of the suspension obtained after incubation of
silver nitrate with the Arabidopsis leaf extracts showed
absorption maxima between 450 and 470 nm (ﬁgure 2A).
The size distribution of the NPs that was obtained by reaction
of silver nitrate with the Arabidopsis leaf extract is shown in
the ﬁgure 1H. This demonstrated that whole plant extracts of
Arabidopsis is capable of synthesizing AgNPs.
The amount and size of AgNPs produced was dependent on
the initial concentration of AgNO3 (ﬁgure 2A). At higher
concentration of about of 5 mM AgNO3, aggregation started

Silver nanoparticle synthesis in Arabidopsis in vitro
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Figure 2. Raman and NMR spectra of silver nanoparticles (A) Raman spectra of silver nanoparticles (AgNPs) synthesized using different
concentrations of AgNO3. (B) Raman spectra of AgNPs synthesized during different time periods. The synthesized AgNPs enhance the
signal from the plant extract, (C–F) 1H NMR spectra of various plant extracts used for synthesizing silver nanoparticles. Peaks of Plant
extracts from Scendesmus, Enteromorpha, Potamogeton and Arabidopsis from left to right. Chemical shifts are shown increasing from right
to left (0–10 ppm). Similar chemical shifts can be observed in all the extracts in the range of 3–4 ppm suggesting presence of
oligosaccharides.

to occur asobserved by the extra Quadra polar resonance peak
(marked with an arrow) appearing at lower wavelengths in
UV–Vis spectra. The increase in average size of NPs was also
evident from Raman spectra of AgNPs with different AgNO3
concentrations (supplementary ﬁgure 1). AgNPs synthesis
was found to be saturated around 1 h post incubation reaching
marginally highest after around 2 h as evident from Raman
spectra of the AgNPs at different time periods (ﬁgure 2B).

3.2 Carbohydrates and polyphenolics in plant extracts
facilitate AgNPs synthesis
In order to identify the chemical nature of the substances that
facilitate AgNPs synthesis, depletion experiments were
performed with extracts of Scendesmus, Enteromorpha,

Potamogeton and Arabidopsis followed by analysis using
NMR spectroscopy. The results revealed chemical shifts in
the range of 3–4 ppm (encircled in ﬁgure 2C–F) as an
indication of carbohydrates. The intensity patterns of the
peaks in these regions correlated with the ability of the
extracts to synthesize agnostically 1H NMR chemical shifts
of carbohydrate ring protons which are 3–6 ppm (ﬁgure 2C–
F). Established oligosaccharide 1H NMR spectral data has
been shown to be in the region of the spectra from 3–4 ppm
(Jansson et al. 2006). These experimental evidences suggested that oligosaccharides most likely acted as reducing as
well as stabilizing agents for synthesis of NPs. They are
most likely in varying concentrations in different species as
evident from the intensity of the peaks which might be the
reason for variable sizes and amounts of NPs synthesized by
different extracts. Notably, in case of Arabidopsis and
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Figure 3. Potential role of different biomolecules in nanoparticles synthesis in Arabidopsis. (A) Absorbance of plant extracts of
Arabidopsis treated with DNase1, RNase A and Proteinase K was measured at 450 nm for detection of AgNPs. ‘ns’: non-signiﬁcant
difference; (B) Absorbance of plant extract of Arabidopsis depleted with polyphenols, carbohydrates or for both was measured at 450 nm.
***: signiﬁcant difference at p\0.0001; (C) 1H NMR spectra of aqueous extracts of Arabidopsis (upper panel) and fraction of the same
extract depleted of carbohydrates using acetone precipitation method (lower panel). The depleted fraction has decreased intensities in
characteristic carbohydrate regions (3–4 ppm, encircled red) but lacks the polyphenolic peak (encircled blue).

Potamogeton, NMR peaks were obtained in the aromatic
region around 6.8 suggestive of presence of the phenolics
(ﬁgure 2E and F, marked with arrow).
In order to understand the nature of the compound that is
required and sufﬁcient for AgNPs synthesis, we performed
depletion experiments. The depletion of the bio-chemicals in
the Arabidopsis plant extracts were performed as described
in method section and veriﬁed (supplementary ﬁgure 2). The
depletion of DNA, RNA and proteins did not alter the
AgNPs yield signiﬁcantly, while the removal of carbohydrate fraction lead to a sharp decline in the synthesis of
AgNPs (ﬁgure 3A and B). Arabidopsis extracts showed
nearly 80% decreased synthesis of AgNPs up on carbohydrate depletion (supplementary ﬁgure 3). In Arabidopsis and
Potamogeton, removal of polyphenolics also led to decline
in AgNPs biosynthesis suggesting a role of polyphenolics in
reduction of Ag? into the zero-valent NPs (supplementary
ﬁgure 3). However, it should be noted that in Arabidopsis,
depletion of carbohydrates by acetone precipitation not only
induced a decrease in intensity of peaks in the 3–4 ppm
region but also caused the peak in the polyphenolic region
7.27 ppm to disappear (ﬁgure 3C). Notwithstanding, we
noted that the total phenolic and carbohydrate content in the
plant species tested were different and their abundance
correlated with the extent of NPs’ synthesis (supplementary
ﬁgure 4).

3.3 Arabidopsis mutants altered in sugar accumulation
show differential degree of AgNPs biosynthesis
To validate our hypothesis that carbohydrates and conjugated sugars play a crucial role in the reduction of ionic
silver to metallic zero-valent AgNPs, we studied the in vitro
synthesis of AgNPs in the Arabidopsis Col-0 mutants and
over-expressor, aberrant in sugar homeostasis and conjugation. The mutants of GIGANTEA gene (gi) accumulate
different types and complex carbohydrates and also starch
(Mishra and Panigrahi 2015). GI acts antagonistic to
SPINDLY (SPY) (Mishra and Panigrahi 2015). A splice
form of CONSTANS (COb) was also used in this study
which showed higher amount of sugar accumulation (Gil
et al. 2017). The free sugar level in all these genotypes was
evaluated (supplementary ﬁgure 5). The effect of spy-5, gi100 mutation, in plants constitutively producing GI and COb
under the control of viral (35S) promoter for AgNPs
biosynthesis were investigated. Consistent with our
hypothesis, the spy-5 and 35S:GI extracts yielded lesser
amount of AgNPs, whereas gi-100 and COb over-expressor
yielded nearly two and three-fold higher as compared to Col0 plant extracts respectively (ﬁgure 4A). Here again, the
color intensity of the AgNPs formed in the plant extracts of
different genotypes correlated with the AgNP yield (gi-100
being highest and spy-5 being lowest, ﬁgure 4B.). Results of
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Figure 4. Silver nanoparticles synthesis in different mutants and overexpressor lines of At altered in sugar homeostasis (A) Differential
nanoparticles yield for Col-0, gi-100 mutant, over-expressor lines of 35S: GI, 35S: COb and spy-5 mutant of Arabidopsis thaliana. AgNPs
yield was estimated by measuring absorbance of the NPs solution at kmax. (B) Images of plant extracts showing variable colour intensity with
10 mM AgNO3 after 1 hr of incubation (from left): Col-0, gi-100, 35S:GI and 35S:COb (C) AgNPs yield in Arabidopsis spy-5 plant extracts in
a glucose dependent manner. Yield of AgNPs was measured as relative intensity after 6 hours of incubation with different concentration of
glucose. (C–F) SEM images AgNPs synthesized in plant extracts of Col-0 (C), gi-100 (D), 35S:GI (E) and 35S:Cob (F); AgNPs are marked
with Red arrows; scale bar: 100 nm. (G) FTIR spectra of Maltose-capped silver nanoparticles (red color) and pure D-maltose (blue color). The
shift in peaks of potential co-ordinate bond formation sites – OH (circles on the left side) and – C=O bonds (circles on the right) of maltose
indicate the capping of nanoparticles by maltose. The band seen at 1675 cm-1 corresponds to the C=O stretching frequency. In pure maltose,
maltose capped silver nanoparticles this band is shifted to 1653 cm-1 indicating conjugation of C=O bond with silver nanoparticles. Similarly,
the band observed at 3302.08 cm-1 corresponds to the –OH stretching frequency and in maltose capped silver nanoparticles, increased
transmittance to 3397.56 suggested decrease in free –OH group indicating that the hydroxyl group is involved in capping of nanoparticles.
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the SEM analysis for the AgNPs from the plant extracts of
Col-0 (ﬁgure 4C), gi-100 (ﬁgure 4D), 35S:GI (ﬁgure 4E)
and 35S:COb (ﬁgure 4F) could demonstrate that the AgNPs
synthesized had variable sizes with 35S:GI extracts containing the smallest and gi-100 being the largest. We estimated the carbohydrate content of the different mutant and
transgenic lines of Arabidopsis mentioned above and found
that, gi-100 as described earlier and 35S:COb plants reported
in this work contained highest amount of sugars compared to
its WT (supplementary ﬁgure 5). These results indeed conﬁrmed that the amount of the sugar accumulated in the
different genotypes positively correlated with the AgNPs
yield. Again it conﬁrmed that the color of the AgNPs formed
was due to the size of the AgNPs and not due to the concentration. In order to strengthen the observation of
involvement of oligosaccharides in the formation AgNPs
synthesis, maltose capping experiment was performed with
the Arabidopsis plant extract and evaluated using FTIR
spectroscopy. The –OH and C=O bond stretching in maltose
in FTIR spectra (ﬁgure 4G) indicated the successful ligand
capping of nanoparticles. With the successful ligand capping
modiﬁcations possible, we showed here that silver
nanoparticles obtained through biosynthesis using different
plants extracts could be stabilized.

4. Discussion
Here we showed that plant extracts could be used for synthesis of AgNPs in an eco-friendly manner. AgNPs were
synthesized using aqueous extracts of weed species from
Chilika lagoon, namely, Potamogeton pectinatus, Enteromorpha intestinalis, Gracilaria verrucosa and Scendesmus
acuminates as well as from Arabidopsis thaliana. Synthesis
of AgNPs from Enteromorpha ﬂexuosa and its antibacterial
properties was reported by Yousefzadi et al. (2014) that
served as positive control. The AgNPs synthesized in the
different species in our study varied in their intensity, but
the amount synthesized was highest from the Potamogeton
extracts. Similarity of the AgNPs properties from different
extracts raised a possibility of a common mechanism in
their synthesis. The UV-Vis spectra of the solution containing AgNPs showed peak in between 400–700 nm.
Plant extract in absence of silver showed absorption peaks
in the range of 200–350 nm and not in the spectral range
of 400–700 nm supported by the previous observation
(Kumar et al. 2012). Synthesis of AgNPs is favored by
increasing pH as documented in many reports earlier
(Alqadi et al. 2014; Singh et al. 2009). However, presently
the synthesis of AgNPs did not require any such pH
adjustment which is an advantage over the earlier reports,
as milder pH is safer to handle. The Potamogeton and
Arabidopsis extracts fell in to a different category compared to the other two, having enriched in both aromatic
compounds as well as carbohydrates, consistently showed
higher amount of AgNPs synthesis. This indicated that

these groups of compounds inﬂuences AgNPs synthesis.
Possibly, the decline in AgNPs synthesis upon carbohydrate removal by acetone is caused in part by the simultaneous depletion of polyphenolic compounds. The total
carbohydrate and polyphenolics differ in different plant
species and thus might be the reason of difference in the
amount and size of the AgNPs synthesized. It is known
that autoclaving the extract takes away most of the proteinaceous, enzymatic activity. Since, both autoclaving and
targeted protein depletion using protenase K did not affect
the NPs synthesis in our experimental conditions, we
conclude minimal role of protein in the synthesis process.
The supernatant of autoclaved or boiled plant extracts is
known to be enriched in hydrophilic proteins, LEA proteins and glyco-proteins (Panigrahi 1998, PhD thesis).
Also, the acetone precipitation has an ability to precipitate
proteins non-speciﬁcally along with carbohydrates therefore; acetone precipitation may have precipitated sugar
conjugated proteins or glycoproteins those might be the
important component of the autoclaved extracts that induce
AgNPs synthesis rather than free proteins.
We wished to test this hypothesis by using molecular
genetics tool. The GI gene of Arabidopsis has been shown to
play a role in regulating sugar homoeostasis (Tseng et al.
2004). SPINDLY (SPY) encodes an O-linked b-N-acetyl
glucosamine transferase involved in glycosylation of substrates including proteins and was shown to genetically
interact with GI that functions in an antagonistic manner
(Tseng et al. 2004). Since the absence of GI lead to an
increase in sugar content of Arabidospsis and the O-glucanactransferase activity by SPY is high in this mutant line,
it was expected that the extract of GI mutant would show a
higher level and size of AgNPs. This is exactly what we
observed in our experiment despite both gi-100 and
35S:COb lines contained comparable amount of carbohydrates (compare ﬁgure 4D with F and supplementary ﬁgure 5). Similarly, spy mutant or plants over-expressing of GI
lead to the least accumulation of AgNPs by a down-regulation of SPY function in both (ﬁgure 4A). We further
wanted to validate this observation by taking another
genetically modiﬁed line of Arabidopsis, published recently
that interact with photo-periodic pathway, biological clock
and therefore most possibly with GI. Both gi mutants and the
over expressor of COb form shows similar late ﬂowering
phenotype, alters diurnal rhythm and therefore might share
the same function (Gil et al. 2017). In the COb over-expressing line we did observed a higher AgNPs synthesis
comparable to that of gi-100. This is consistent with our
hypothesis however the size and shape of the nanoparticles
were different between the two suggesting additional differences in the presence or absence of speciﬁc macromolecules could lead to this.
From our study, we conclude that carbohydrate and
polyphenolic compounds in the extracts strongly inﬂuence
the effectiveness of AgNPs synthesis. Sugar conjugated
proteins are most likely important component over free-
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proteins and the bigger size and shape of nanoparticles are
irrespective of the sugar concentration of the extracts and
need further work. The results from NMR analysis, biochemical depletion and mutant studies that carbohydrates
and polyphenolics might be agents responsible for NPs
biosynthesis is an encouraging step towards unravelling the
mechanisms of AgNPs synthesis. While the ability of the
plant species from Chilika lagoons to synthesize AgNPs
sparked hope for its use in industry, production of AgNPs
using Arabidopsis extract offered its usage to dissect out the
pathways that control its synthesis through molecular
genetics.

Acknowledgements
This work was supported by Department of Biotechnology,
Ministry of Science and Technology, Grant Number: BT/
PR15236/BRB/10/916/2011. We thank Department of
Atomic Energy, India, and NISER for the experimental
facility offered at the institute. We also would like to thank
Prof. PV Satyam from the Institute of Physics, Bhubaneswar,
for their help in conducting the FESEM.

References
Abdel-Halim ES, El-Raﬁe MH and Al-Deyab SS 2011 Polyacrylamide/guar gum graft copolymer for preparation of silver
nanoparticles. Carbohydr. Polym. 85 692–697
Alqadi MK, Abo Noqtah OA, Alzoubi FY, Alzouby J and Aljarrah
K 2014 pH effect on the aggregation of silver nanoparticles
synthesized by chemical reduction. Mater. Sci- Poland. 32
107–111
Bradford MM 1976 A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of
protein-dye binding. Annu. Rev. Biochem. 72 248–254
Chandran SP, Chaudhary M, Pasricha R, Ahmad A and Sastry
M 2006 Synthesis of gold nanotriangles and silver nanoparticles using Aloe vera plant extract. Biotechnol. Prog. 22
577–583
Chung M, Park I, Seung-Hyun K, Thiruvengadam M and
Govindasamy R 2016 Plant-mediated synthesis of silver
nanoparticles: their characteristic properties and therapeutic
applications I. Nanoscale Res. Lett. 11 40–53
Fornara F, Panigrahi KCS, Gissot L, Sauerbrunn N, Ruhl M, Jarillo
JA and Coupland G 2009 Arabidopsis DOF transcription factors
act redundantly to reduce CONSTANS expression and are
essential for a photoperiodic ﬂowering response. Dev. Cell. 17
75–86
Gil KE, Park MJ, Lee HJ, Park YJ, Han SH, Kwon YJ, Seo PJ,
Jung JH and Park CM 2017 Alternative splicing provides a
proactive mechanism for the diurnal CONSTANS dynamics
in Arabidopsis photoperiodic ﬂowering. Plant J. 89(1)
128–140
Guillemaut P and Marchal Drouard L 1992 Isolation of plant DNA:
a fast, inexpensive, and reliable method. Plant Mol. Biol. Report.
10 60–65

Page 9 of 10 6

Jansson PE, Stenutz R and Widmalm G 2006 Sequence determination of oligosaccharides and regular polysaccharides using
NMR spectroscopy and a novel Web-based version of the
computer program CASPER. Carbohydr. Res. 341 1003–
1010
Kareru PG, Keriko JM, Gachanja AN and Kenji GM 2007 Direct
detection of triterpeno idsaponins in medicinal plants. Afr.
J. Tradit.Complement Altern. Med. 5 56–60
Ku Y, Jansen O, Oles CJ, Lazar EZ and Rader JI 2003 Precipitation
of insulins and oligo glucoses by ethanol and other solvents.
Food Chem. 81 125–132
Kumar A, Singh A, Panigrahy M, Sahoo PK and Panigrahi KCS
2018 Carbon nanoparticles inﬂuence photomorphogenesis and
ﬂowering time in Arabidopsis thaliana. Plant Cell Rep. https://
doi.org/10.1007/s00299-018-2277-6
Kumar AA, Meena VS, Chattopadhyay S and Panigrahi KC 2012
Novel immunomodulatory effect of Gracilariaverrucosa and
Potamogetonpectinatus extracts on in vitro activation of T cells.
Int. J. Life Sci. Pharma. Res. 2 233–239
Li S, Shen Y, Xie A, Yu X, Qiu L, Zhang L and Zhang Q 2007
Green synthesis of silver nanoparticles using Capsicum annuum
L. extract. Green Chem. 9 852–858
Lodhi MA, Ye GN, Weeden NF and Reisch BI 1994 A simple and
efﬁcient method for DNA extraction from grapevine cultivars
and Vitis species. Plant Mol. Bio. Rep. 12 6–13
Miller GL 1952 Use of dinitrosalicylic acid reagent for determination of reducing sugar. Annals Chem. 31 426–428
Mishra P and Panigrahi KC 2015 GIGANTEA—an emerging story.
Front. Plant Sci. 6 8–23
Mock JJ, Barbic M, Smith DR, Schultz DA and Schultz SJ 2002
Shape effect in palms resonance of individual colloidal silver
nanoparticles. J. Chem. Phys. 16 6755–6759
Morones JR, Elechiguerra JL, Camacho A, Holt K, Kouri JB,
Ramirez JT and Yacaman MJ 2005 The bactericidal effects on
silver nanoparticles. Nanotechnology 16 2346–2353
Panigrahi KC 1998 Auxin-binding and GTP-binding proteins in
plants. Ph.D. thesis awarded by University of Mumbai, India
Sambrook J, Fritsch EF and Maniatis T 1989 Current protocols in
molecular biology; in J Sambrook Molecular cloning: a
laboratory manual (Cold Spring Harbor Laboratory Press,
New York)
Sastry M, Ahmad A, Khan IM and Kumar R 2003 Biosynthesis of
metal nanoparticles using fungi and actinomycete. Curr. Sci.
85(2) 162–170
Shameli K, Ahmad M, Al-Mulla EAJ, Ibrahim NA, et al.
2012 Green biosynthesis of silver nanoparticles using
Callicarpamaingayi stem bark extraction. Molecules 17
8506–8517
Shankar SS, Ahmad A and Sastry M 2003 Geranium leaf assisted
biosynthesis of silver nanoparticles. Biotechnol. Prog. 19
1627–1631
Sharma VK, Yngard RA and Lin Y 2009 Silver nanoparticles green
synthesis and their antimicrobial activities. Adv. Colloid Interface Sci. 145 83–96
Singaravelu G, Arockiamary JS, Kumar VG and Govindaraju K
2007 A novel extracellular synthesis of mono disperse gold
nanoparticles using marine alga, Sargassum wightii Greville.
Colloids Surf. B Biointerface. 57 97–101
Singh M, Sinha I and Manda RK 2009 Role of pH in the green
synthesis of silver nanoparticles. Mater. Listy. 63 425–427

6 Page 10 of 10

Abhishek Kumar et al.

Tripathy A, Chandrasekaran N, Raichur AM and Mukherjee A
2009 Antibacterial applications of silver nanoparticles synthesized by aqueous extract of Azadirachta (Neem) leaves. J.
Biomed. Nanotechnol. 5 93–98
Tseng TS, Salome PA, McClung CR and Olszewski NE 2004
SPINDLY and GIGANTEA interact and act in Arabidopsis

Corresponding editor: BJ RAO

thaliana pathways involved in light responses, ﬂowering, and
rhythms in cotyledon movements. Plant Cell. 16 1550–1563
Yousefzadi M, Rahimi Z and Ghafori V 2014 The green synthesis,
characterization and antimicrobial activities of silver nanoparticles synthesized from green alga Enteromorpha ﬂexuosa
(wulfen) J. Agardh. Mater. Listy. 137 1–4

