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Exploring biomaterials/molecules as a reducing/capping agent for the synthesis of metal
nanoparticles has set a new trend in green nanotechnology with improved environmental safety. Herein,
a facile, one-pot, and green synthesis of silver nanoparticles (AgNPs) was achieved using Panax
ginseng root extract that was obtained from the root powder as a cost-effective and environment-
friendly biomaterial. Optical, functional, and morphological characteristics of the synthesized
AgNPs were determined using ultraviolet—visible (UV-vis), Fourier transform infrared (FTIR)
spectrophotometers, transmission electron microscopy (TEM), and atomic force microscopy (AFM).
The synthesized AgNPs were used for the detection of Hg?* by obtaining the absorption spectrum
of the compound as a function of Hg?*concentration, which resulted in a decrease in absorption
peak intensity with a slight blue shift. The AgNP solution decolored upon dissolution due to the
formation of an Ag—Hg amalgam. The sensing characteristics were found to be linear when tested
from 10 uM to 1 mM Hg?" concentration and the detection limit was estimated as 5 uM. To check
the selectivity of the sensor towards Hg?', the sensor response was measured for different heavy
metals such as K*, Na*, Cu?*, Ni?*, Ca?', Zn**, Mg?", and Mn?', at 10 mM concentrations.

1. Introduction

With parallel research on several materials including metals, metal oxides, biomaterials, and
polymers, metallic nanoparticles have been continuously investigated owing to their electronic,
optical, magnetic, catalytic, and other physical/chemical properties.> Owing to their unusual
properties, they have widespread applications as a simple and sensitive tool for the detection
of chemical species.® With recent technological advances in synthesis, the morphologies of
nanoparticles can be finely tailored/synthesized with suitable chemical compounds to be made
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suitable to designated applications,*” either by controlling the chemical or physical propeties/
synthesis methods. However, such methods use chemicals as reducing agents, which are toxic and
pose serious threats to the environment and biological systems.!'® To address such threats, the
green chemistry method has been found as a safe and widely accepted method, with features such
as simplicity, cost-effectiveness, environment-friendiness, and biocompatibility with biomedical
and pharmaceutical applications.®'? Silver, a known material for several applications, has been
synthesized in nanosize using several physical and chemical methods and well reported in the
literature. Similarly, the green or environment-friendly synthesis of silver nanoparticles (AgNPs)
has been reported using seed/plant extracts, microorganisms, plant latex, and biopolymers.(!'-'¥ The
quest for finding other effective and user-friendly route/source of green synthesis/material made
researchers find and explore other plants that have medicinal values.

Panax ginseng, also known as Asian or Korean ginseng, is a well-known and popular herbal
medicinal plant.(>'9 The ginseng roots’ active components are ginsenosides, which are found to
exhibit a variety of medicinal properties including anti-inflammatory, anticancer, and antioxidant
properties. They are also found to improve psychological well-being, immune functions, and
diabetic conditions.!® Applications of Panax ginseng root extract for the synthesis of metal
nanoparticles have been reported elsewhere.(”

Therefore, in this study, an attempt is made for the synthesis of highly stable colloidal AgNPs
using the root extract of Panax ginseng. To the best of our knowledge, this is the first report on
the hydrothermal synthesis of AgNPs using the root extract of Panax ginseng with the added
advantages of rapid synthesis, low particle size, and narrow size distribution.

Mercury, a heavy metal, is known as a toxic pollutant being emitted from coal-burning power
plants, fossil fuel emissions, incandescent lights, batteries, ritualistic practices using mercury, and
the incineration of medical waste.('¥ Mercury toxicity is a serious threat to living beings. It is a
highly toxic element and can affect the human nervous system and cause severe damage to the brain,
kidney, heart, lungs, and immune system.(#-29 Because of this, the development of efficient sensors
for the detection of mercury is of considerable interest. Several sensors based on electrochemical
measurements, color, and fluorescence detection have been reported.(#21-2® Sophisticated instruments
such as inductively coupled plasma mass spectrometer (ICP-MS),? inductively coupled plasma
optical emission spectrometer (ICP-OES),*> cold vapor atomic absorption spectrometer (CVAAS),?0
stripping voltammeter,?” and atomic fluorescence spectrometer (AFS)?® are being used for the
analysis of Hg?". Aside from their high sensitivity and selectivity for the detection of Hg?', these
instruments are highly expensive and nonportable, sample preparation is time-consuming, and
trained personnel are required for their operation. To overcome these limitations and to avoid
complicated instrumentation, several methods based on colorimetry and probes of noble metals
have been developed for the easy detection of Hg?*.(18.20.21.29,30)

In this study, the one-pot, simple, and rapid green synthesis of highly stable and colloidal
AgNPs has been achieved using Panax ginseng root extract as a reducing and capping agent. The
synthesized AgNPs were investigated for their structural and functional properties and used as a
material for the detection of Hg?" based on the dissolution of AgNPs and the formation of Ag—Hg
amalgam.
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2. Experimental Methods
2.1 Materials

Silver nitrate (AgNO;, AR grade) was procured from Sisco Res. Lab., India. Panax ginseng root
powder was purchased from BIO-FD&C Co., Ltd., Republic of Korea. The root powder was used
to obtain the extract and used as reducing agent. Deionized water was used for preparing all the
solutions required in the experiments.

2.2 Silver nanoparticles synthesis

For AgNP synthesis, 0.2 g of Panax ginseng root powder was added to 100 ml of deionized
water and boiled for 20 min. The solution was allowed to cool and filtered to remove insoluble
impurities. The above solution of Panax ginseng root powder and 1 mM AgNO; solution were
mixed in varying proportions (4:1, 3:1, 2:1, and 1:1 v/v) and the resultant reaction mixture was
autoclaved for 30 min (optimized) at 120 °C and a pressure of 15 psi. A schematic of the AgNP
synthesis process is shown in Fig. 1.

The effects of different parameters such as time, concentration of precursor, concentration of
reducing and capping agent, and pH of the extract have been studied as reported by us for the
other biomaterials.!? The effect of AgNO; concentration on AgNP synthesis was ascertained
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Fig. 1. (Color online) Schematic presentation of synthesis of AgNPs from Panax ginseng root powder.
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by conducting an autoclaved reaction at different amounts of AgNO; (1-5 mM) where the
concentration of Panax ginseng root extract was kept constant at 0.2% (w/v). The effect of various
concentrations of Panax ginseng root extract (0.04-0.2% w/v) on the synthesis of AgNPs was also
studied while keeping the AgNO, concentration fixed as 1 mM.

To study the effect of the pH of the Panax ginseng root extract on AgNP synthesis, the pH of
the Panax ginseng root extract solution was adjusted to 6, 8, 10, and 12 using 0.5 M HCl and 0.5 M
NaOH. Furthermore, a 5 ml solution prepared with 1 mM AgNO, was then added to 20 ml of the
Panax ginseng root extract solutions of different pH values and the reaction mixture was autoclaved
for 30 min at 120 °C and a pressure of 15 psi.

2.3 Characterization

Shimadzu’s 1800 UV spectrophotometer was used to obtain absorption spectra with a resolution
of 1 nm as a function of the reaction/synthesis time of AgNPs. For reference, the absorption
spectrum of only the AgNO, solution was also obtained without ginseng root extract. Structural
and morphological characterizations of the AgNPs were carried out by using TEM (Philips CM-
200 instrument, 200 kV). A carbon-coated copper grid of 200 mesh size was coated with a drop of
sample, air-dried, and then loaded in the TEM. AFM images were recorded using Nano Wizard®
3-AFM (JPK instruments) on a silicon substrate.

2.4 AgNP-based optical detection of Hg?*

For the colorimetric detection of Hg?", synthesized AgNPs were added to the different
concentrations of Hg?" in 1:1 (v/v) proportion. The resultant reaction mixture was mixed thoroughly
and the absorption spectra were recorded after 10 min of reaction. To carry out selectivity studies,
other possible contaminants were tested as above for each of 10 mM concentration and ultraviolet—
visible (UV—vis) absorption spectra were recorded.

3. Results and Discussion
3.1 Synthesis of AgNP

The appearance of a characteristic dark yellow color and a single surface plasmon band in the
form of a bell shape at 404 nm indicated the formation of AgNPs as the maximum absorbance is
reported to be at 404 nm. As a function of synthesis/reaction time, the absorbance was found to
increase and a maximum was observed after a reaction time of 30 min. Thus, the optimum reaction
time for the synthesis of AgNPs was found to be 30 min. Under the influence of high temperature
and pressure, the rate of reduction of Ag* increases and therefore the rapid synthesis of AgNPs
could be achieved."?

This is also because of the increased formation of AgNPs with the increase in the concentration
of the reducing and capping agent. The higher the concentration of the reducing agent, the more the
conversion of Ag* to Ag’, resulting in a concomitant increase in the absorption peak intensity at 404
nm. Such concentration-dependent behavior of AgNO; and reducing agent (ginseng in this case) in
relation to the synthesis of AgNPs is in good agreement with previous reports.(431:32
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The absorption spectra (UV—vis) of AgNPs, synthesized with 0.2% (w/v) Panax ginseng extract
and different concentrations of AgNO, (1-5 mM), are depicted in Fig. 2(a). The absorption is found
to increase with AgNO; concentration, owing to the efficient reduction of Ag" to Ag®, which was
found to be dependent on the AgNO; concentration. It is expected that a large number of Ag* would
be available for the ginseng extract to reduce Ag" into Ag® with increasing AgNO; concentration,
resulting in a higher yield of AgNPs, which is responsible for the increase in the absorption peak
intensity at 404 nm.

Panax ginseng root extract was found to show reducing as well as capping ability to form a
stable colloidal solution of AgNPs. The concentration of the reducing and capping agent is known
to affect the size and thus the properties of AgNPs. The effect of Panax ginseng root extract on the
synthesis of AgNPs has been studied by carrying out the reaction by varying the concentration of
the Panax ginseng root extract while keeping the concentration of AgNO, constant at 1| mM. Figure
2(b) shows a linear increase in the absorption peak intensity with increasing concentration of Panax
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Fig. 2. (Color online) UV—vis absorption spectra of AgNPs synthesized at (a) different concentrations of AgNO,
(1-5 mM), where the Panax ginseng root extract concentration was 0.2%, (b) different concentrations of Panax
ginseng root extract (0.04—2% w/v), keeping AgNO; concentration as 1 mM, and (c¢) varying proportions (v/v) of
root extract and AgNO;. (d) Effect of pH of Panax ginseng root extract on synthesis of AgNPs.
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ginseng root extract, which is again an indication of the increased synthesis/yield of AgNPs with
increasing concentration of reducing agent. Such concentration-dependent behavior of AgNO,
and the reducing agent (ginseng in this case) is in good agreement with previous reports.(43132 At
higher concentrations of the root extract, the rate of nanoparticle synthesis was found to be excellent
owing to the adequate availability of the reducing/capping agent for the efficient reduction of Ag* to
Ag’. Similar observations were noted for the other biomaterials that are acting both as a reducing
agent and a capping agent.(%19

Figure 2(c) shows the absorption spectra in the UV—vis range for AgNPs synthesized with
0.2% root extract and 1 mM AgNO; in different proportions (v/v). An increase in surface plasmon
absorption peak intensity with the increase in the proportion (v/v) of the root extract was observed
since the amount of root powder in the total volume of the reaction mixture increases.

For estimating the effect of the pH of the Panax ginseng root extract solution on the synthesis of
AgNPs, the AgNPs were synthesized with 0.2% Panax ginseng root extract of different pH values (6,
8, 10, and 12 adjusted with 1 M HCI/0.5 M NaOH) and 1 mM Ag NO,. At acidic pH, the reduction
of Ag* to Ag® is less favorable, as can be seen in Fig. 2(d). At alkaline pH, i.e., 8, 10, and 12, the
peak intensity increased owing to the increased formation of AgNPs. The yellowish color (at pH 6)
gradually changed to dark yellow and brown with increasing pH to 12, which is in agreement with
reported results.®>3% Even though a change in the color of the AgNP solution with the increase in
the pH of the ginseng powder solution is seen, a peak shift is not observed, which is attributed to
the variation in the dissociation constants (pKa) of functional groups on the biomass involved.>
In order to confirm the total conversion of Ag* to AgNPs (i.e., Ag’), a pinch of barium chloride
(BaCl,) was added to the synthesized AgNPs solution. Unreacted Ag* in the solution is expected
to form white precipitate with BaCl,; however, no precipitates were observed, indicating the total
conversion of Ag"to Ag’.

It is reported that at acidic pH, silver nucleation is less resulting in lesser yield.®» With the
increase in pH, the ion density increases resulting in an increased number of nucleation regions
owing to the larger availability of OH ions. The rate of conversion of Ag" to Ag® thus increases
following the kinetics of silver deposition as reported elsewhere.®® Alqadi ef al. reported the poor
balance between the nucleation and the growth of AgNPs at acidic pH and increased reduction rate
of Ag" to Ag® at alkaline pH, as can be evidenced by the increased absorption peak intensity with
the increase in pH.(¥ According to Birla et al., at alkaline pH, the rate of synthesis of AgNPs and
its stability are higher owing to the electrostatic repulsion arising from the adsorption of OH™ ions
on the surface of the AgNPs.G®

The morphologies of the AgNPs were investigated using AFM and TEM. Figure 3 shows 2D
AFM images of AgNPs at different magnification scales. The particle size of the AgNPs ranged
from 4 to 20 nm. The topographical image of the AgNPs in particular bright spots indicated distinct
nanoparticles mostly spherical in shape. TEM observation [Fig. 4(a)] showed spherical particles of
less than 20 nm. The bright circular rings seen in the SAED pattern are assigned to (111), (200), (220),
and (311), indicating a face-centered cubic (fcc) crystalline structure of the synthesized AgNPs [Fig.
4(b)].

The Fourier transform infrared (FTIR) spectra showed a strong peak at 3640 cm™!, which was
assigned to the stretching vibrations of the O—H group in ginseng. A broad O—H band was observed
for AgNPs synthesized with ginseng in comparison with that of ginseng (without AgNPs), which
can be attributed to the interaction of the AgNPs with the hydroxyl groups of the biomolecules
present in the ginseng root powder.¢’*® The FTIR spectra of the ginseng showed a peak at
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Fig. 3. (Color online) AFM analysis of AgNPs synthesized by autoclaving a reaction mixture containing 0.2%
Panax ginseng root extract and 1 mM AgNO; in 4:1 v/v proportion. (a)—(c) are AFM images analyzed at 500, 200,
and 100 nm magnification scales, respectively.
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Fig. 4. (Color online) (a) TEM analysis, (b) SAED pattern, and (c) FTIR analysis of AgNPs synthesized using 0.2%
Panax ginseng root extract and 1 mM AgNO; in 4:1 v/v proportion.

1740 cm™!, due to the carbonyl stretching vibrations of the aldehyde.(23” The decrease in peak
intensity at 1740 cm™' and the increase in peak intensity at 1640 and 1407 cm™!' (for symmetric
and asymmetric —COO stretching vibrations, respectively) of ginseng-stabilized AgNPs indicate
the significant role of —CHO in the reduction of Ag".(1>39 A peak at 2988 cm™' was assigned to the
stretching vibrations of C—H in methyl and methylene groups.G#4) 1065 cm™ was assigned to the
bending vibrations of C—C—O or C—C-OH.®® A shift of frequencies was observed for ginseng-
AgNPs as compared with ginseng, clearly indicating the potential role of ginseng root powder as a
reducing and capping agent for the synthesis of AgNPs.
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3.2 AgNP-based detection of Hg?*

Figure 5(a) shows the sensor response for varying concentrations of Hg?" where the absorption
peak intensity decreases with a slight blue shift because of the Hg?*-mediated oxidation of AgNPs,
which decolorized the AgNP colloidal solution. It has been reported that in the presence of the
AgNP colloidal solution, the radiolysis of Hg?" will lead to the mercury capping (reduced Hg’) on
the AgNP, with a moderate peak broadening and a blue shift of the band/peak.?" The variation of
peak intensity at 404 nm with respect to the concentration of Hg?* is shown in the inset of Fig. 5(b).
The AgNP-based sensor was found to show a linear response in the range of 10 pM to 1 mM Hg?"
concentration with the detection limit of 5 uM. The decrease in the characteristic absorption peak
intensity in the presence of Hg?" may be attributed to (a) the reduction of Hg?" to Hg’ via the partial
oxidation of Ag® and (b) the high affinity between Ag’ and Hg’. The reduced Hg® gets deposited
onto the Ag surface forming an alloy of Hg—Ag, which is reported as lumps in earlier reports
with the help of scanning electron microscopy observation.>#) The oxidation of AgNPs by Hg?"
therefore decreases the concentration of AgNPs, and decolors the solution resulting in decreased
absorption peak intensity.

In this redox reaction, Ag’is oxidized to Ag* with the concomitant reduction of Hg?" to Hg’.
Thus, the oxidation of AgNPs leads to the loss of its characteristic color and decrease in its UV—vis
absorption peak intensity [Fig. 5(a)]. Since the variation in the standard electrode potential value of
Ag'/Ag (E0=0.79 V) and Hg*/Hg (E0 = 0.85 V) is very small, the fast redox reaction between the
zero-valent Ag® and the divalent Hg>" would not be favorable. However, it is a well-established fact
that the physical and chemical properties at nanoscale are far different from those of the bulk owing
to the quantization effect.®*4142 It is known that the redox potential of the M**/M° couple is very
different from that of the corresponding M**/M,,,,, couple. In this redox reaction, such unexpected
rapid redox reaction between the zero-valent Ag’ and the divalent Hg?" occurs owing to the
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Fig. 5. (Color online) (a) UV—vis spectra of AgNPs with different concentrations of Hg>". (b) Plot of absorption
peak intensity at 404 nm as a function of Hg?* concentration.
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nanoscale nature of AgNPs, which heightens the effective variation between the Ag'/Ag nano and
Hg?*/Hg redox potentials and would favor the reduction of Hg?" to Hg® with the partial oxidation
of Agl.(18213943-45) Owing to the high affinity between Ag® and Hg?, the reduced Hg® gets deposited
onto the Ag surface, resulting in the formation of the Hg—Ag alloy.('821:4349 This further results in a
decreased intensity and blue shift.(18:21:43:44)

To evaluate the degree of degradation of AgNPs due to Hg?*, a sensitivity factor (SF) has been
decided and calculated and SF is calculated as

Ay~ A
%SF = °A L x 100, (1)

0

where 4, and A, are absorption peak intensities in the absence and presence of metal ions
respectively. This was estimated from the plot of the intensity and concentration of Hg?*, shown as
Fig. 6(a), which varies linearly with the increase in the Hg?* concentration.

To check the selectivity of the sensor towards Hg?*, the sensor response was measured for
different heavy metals such as K*, Na*, Cu?, Ni?*, Ca?, Zn*", Mg*, and Mn?>" each of 10 mM
concentration. Figure 6(b) shows the plot of the percent sensitivity factor for different metal ions.
No significant change in the %SF is shown for K*, Na*, Cu?", Ni**, Ca?, Zn?>*, Mg?, and Mn?" even
after 30 min of reaction, indicating the selectivity of the sensor towards Hg?". The inset of Fig. 6(b)
shows the color of the solution after the addition of different metal ions to the AgNP colloid. The
complete loss of the characteristic color of AgNPs was observed in the presence of Hg?*, whereas
no remarkable change in the color of AgNPs was noted in the presence of the other metal ions,
indicating the selectivity of Hg?>" towards AgNPs.
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Fig. 6. (Color online) (a) Change in percent sensitivity factor as a function of different concentrations of Hg?*
and (b) plot of %SF for different metal ions, each of 10 mM concentration. The inset of Fig. 6(b) shows changes in
the characteristic color of AgNPs in the presence of different metal ions.
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4. Conclusion

In the present study, the facile, one-pot, rapid, and environment-friendly benign hydrothermal
synthesis of AgNPs was achieved by using the extract of Panax ginseng root powder at various pH
values. Furthermore, the synthesized AgNPs were used as a selective tool for the detection of Hg?"
over a wide range. AgNPs with ginseng extract were found to show a linear response in the range
from 10 uM to 1 mM Hg?" with the minimum detection limit of 5 uM. This photometric detection
of Hg?" is simple, rapid, and can be miniaturized to have a portable system for the analysis of
samples for the presence of Hg?'.
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