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Abstract Simple and eco-friendly biosynthesis approach
was developed to synthesize silver nanoparticles (SNPs)
and gold nanoparticles (GNPs) using Ficus racemosa latex
as reducing agent. The presence of sunlight is utilized with
latex and achieved the nanoparticles whose average size
was in the range of 50—120 nm for SNPs and 20-50 nm for
GNPs. The synthesized nanoparticles were characterized
by UV/Visible absorption spectroscopy, X-ray diffraction,
and field emission—scanning electron microscopy tech-
niques toget understand the obtained nanoparticles. The
pH-dependent binding studies of SNPs and GNPs with four
amino acids, namely L-lysine, L-arginine, L-glutamine and
glycin have been reported.
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Introduction

There is an increasing commercial demand for the nanopar-
ticles due to their wide applicability in various areas such
as electronics, catalysis, chemistry, energy, and medicine
(Basavegowda et al. 2013). Metallic nanoparticles are tra-
ditionally synthesized by wet chemical techniques, where
the chemicals used are quite often toxic and flammable
(Justin Packia Jacob et al. 2012). Currently, development
of the environmentally benign nanoparticles synthesis pro-
cesses is gaining importance as these processes does not
use the toxic chemicals in the synthesis protocol (Thakkar
et al. 2010). Moreover, green synthesis of different metal-
lic nanoparticles using plant materials has successfully
made an important contribution to green nanotechnology
as it implements novel green chemistry approach with
added advantages over chemical and physical methods:
as it is environment-friendly, does not need high pressure
or high temperature, and no toxic chemicals are needed
in biological methods (Das and Brar 2013; Mittal et al.
2014). Medical industry uses silver and SNPs for different
purposes such as topical ointments and creams to prevent
infection of burns and open wounds, medical devices and
implants prepared with silver-impregnated polymers (Song
and Kim 2009). In addition, SNPs have found applications
in various fields including electronic devices, chemical/
biological sensing, and surface-enhanced Raman spectros-
copy, drug delivery, and gene delivery, catalyst, antimicro-
bial agents, conductive coating, and sensors (Christensen
et al. 2011; Dong et al. 2014; Bryaskova et al. 2010).
GNPs also have become prominent for their promising
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biomedical applications such as X-ray contrast agent, Can-
cer Nanotechnology, catalysis, biolabeling, nonlinear opti-
cal devices, and optical recording media (Cai et al. 2008;
Alric et al. 2008; De et al. 2012).

Recently, several researchers reported the different bio-
synthesis route for precious element nanoparticles. The
formation of SNPs and GNPs by living plants opened new
and exciting ways to fabricate nanoparticles (Gardea-Tor-
resdey et al. 2002, 2003). Recently, physiologically stable,
bio-compatible SNPs have been synthesized by mixing
the silver solution with leaf extract of Azadirachta indica
without using any surfactant or external energy (Nazerud-
din et al. 2014). Synthesis of small-sized SNPs with nar-
row distribution from 3 to 17 nm has been also reported
(Dong et al. 2014). Moreover, SNPs were synthesized
using hot water olive leaf extracts as reducing and stabi-
lizing agent and evaluated for antibacterial activity against
drug-resistant bacterial isolates (Khalil et al. 2013). Aque-
ous extract of Lakshmi tulasi (Ocimum sanctum) leaf as a
reducing and stabilizing agent for synthesis of SNPs has
been reported (Rao et al. 2013). The synthesis and charac-
terization of SNPs using Iresine herbstii and evaluation of
their antibacterial, antioxidant, and cytotoxic activity has
been reported (Dipankar and Murugan 2012). The biologi-
cal method for the synthesis of SNPs using Annona squa-
mosa leaf extract and its cytotoxicity against MCF-7 cells
has been reported (Vivek et al. 2012). SNPs with average
size of 26 nm have been also synthesized by exposing
aqueous silver ions to Coriandrum sativum leaf extract as
reducing agent (Sathyavathi et al. 2010). Many plants such
as Tridax procumbens, Jatropha curcas, Solanum melon-
gena, Datura metel, and Citrus aurantium have been also
reported for synthesis of SNPs and GNPs (Reddy et al.
2010). Leaf extracts of two plants, Magnolia kobus and
Diopyros kaki, have been used for extracellular synthesis
of GNPs (Song et al. 2009). GNPs in the size range of 6.75
to 57.91 nm have been prepared by exposing aqueous gold
to coriander leaf extract (Narayanan and Sakthivel 2008).
SNPs ranging from 55 to 80 nm in size and GNPs with
triangular or spherical shape were fabricated by reacting
the novel sundried biomass of Cinnamomum camphora
leaf with aqueous silver or gold precursors at ambient tem-
perature (Huang et al. 2007). SNPs have been synthesized
using Capsicum annuum L. extract and recognition-reduc-
tion-limited nucleation and growth model was suggested to
explain the possible formation mechanism (Li et al. 2007).
Biomimetic synthesis of SNPs using crude black pepper
(Piper nigrum) extract at room temperature has been also
reported (Shukla et al. 2010). Oat (Avena sativa) biomass
was studied as an alternative to recover Au(IIl) ions from
aqueous solutions and for its capacity to reduce Au(IIl) to
Au(0) forming GNPs (Armendariz et al. 2004). Synthesis
of gold nanotriangle and SNPs using purified phyllanthin
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Fig. 1 a Plant image and color changes for b SNPs and ¢ GNPs

extract at ambient conditions has been reported (Kasthuri
et al. 2009). SNPs and GNPs have been synthesized by
reducing the aqueous solution of AgNO; and AuCl, with
clove extract (Singh et al. 2010). The fungus Penicillium
was also used for rapid extra-/intracellular biosynthesis
of GNPs (Du et al. 2011). The extracellular production
of SNPs and GNPs has been carried out from the leaves
of the plants, Tridax procumbens L. (Coat buttons), Jat-
ropa curcas L. (Barbados nut), Calotropis gigantea L.
(Calotropis), Solanum melongena L. (Eggplant), Datura
metel L. (Datura), Carica papaya L. (Papaya), and Cit-
rus aurantium L. (Bitter orange) by the sunlight exposure
method (Rajasekharreddy et al. 2010).
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Biologically active molecules such as amino acids, pep-
tides, and proteins can be attached to nanoparticles to
improve their bio-specificity and different applications in the
field of biological and medical sciences (Mihailescu et al.
2007). It is increasingly being recognized that amine groups
can bind to nanoparticles quite strongly (Zare et al. 2010).

In this study, a simple, environmentally friendly biosyn-
thetic approach was investigated for the preparation of SNPs
and GNPs with Ficus racemosa latex. Nanoparticles were
synthesized by mixing an aqueous solution of silver nitrate
and chloroauric acid with an aqueous solution of Ficus rac-
emosa latex. This complies with the green-chemistry princi-
ples of using safe synthesis. The obtained nanoparticles were
comprehensively characterized via X-ray diffraction (XRD),
UV/Vis spectroscopy, field emission—scanning electron
microscopy (FE-SEM), and energy-dispersive X-ray spec-
troscopy (EDS). Prepared nanoparticles were studied for
evaluation of their binding constants with different amino
acids at different pH conditions using UV/Vis spectroscopy.

Materials
Reagents

e Choroauric acid (Gold(II) Chloride; http://www.loba-
chemie.com; Cat No. 02734 00001)

! CAUTION Choroauric acid is Corrosive. When handling

these chemicals, wear suitable protective clothing, gloves

and eye/face protection.

Cat

e Silver nitrate (http://www.merck.co.in; No.

61763600251730)

Reduction

+ e + H —————» A¢

Silver Nanoparticles

Reduction
2- — o AWCl + 2cr
AW+ AuCly
Gold Nanoparticles

! CAUTION Silver nitrate is Corrosive. When handling
these chemicals, wear protective gloves/protective clothing/
eye protection/face protection).

¢ L-Lysine monohydrochloride (http://www.avrasynthesis.
com; Cat. No. ASL1378)

e 1-Arginine (http://www.avrasynthesis.com; Cat. No.
ASL1382)

e L-Glutamine (http://www.avrasynthesis.com; Cat. No.
ASL.1494)

e Glycin (http://www.srlchem.com; Cat. No. 0747124)

Equipment

e X-ray diffraction (XRD) patterns were recorded in the
scanning angles of 20° to 80° with a Rigaku Rotalflex
RU-200B diffractometer using a Cu Ka (A = 1.5418 A)
(http://www.rigaku.com).

e Surface morphological studies were performed using
field emission-scanning electron microscopy (FE-
SEM) unit (S-4800 instrument from Hitachi, Japan)
operated at 10 kV and elemental analysis was per-
formed by EDS unit coupled with SEM unit (http://
www.hitachi.com).

e The optical absorption spectra were recorded (i.e., in
between 300 and 800 nm wavelength range) by UV/Vis
spectrophotometer (Shimadzu 2450) with 1.0 cm quartz
cell used for spectrophotometric measurements (http://
www.shimadzu.com).

e Prepared nanoparticles were separated from liquid
phase by centrifuge process using Laboratory Centri-
fuge Machine (REMI R4C) at 3,000 rpm for 1 h (http://
www.remilabworld.com).
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Fig. 3 XRD pattern for a SNPs and b GNPs

Procedure
Synthesis of silver and gold nanoparticles

Initially, 40 mL of 10 mM gold salt (HAuCl,) and silver salt
(AgNO;) solutions were diluted in 360 mL deionized water.
Ficus racemosa latex (0.5 mL) from natural source was dis-
solved in 5 mL of double-distilled water followed by filtering
through 0.45 . filter. Then filtrate was diluted to 10 mL from
which 1 mL latex extract was added to initially prepare gold
and silver solutions separately. Then Silver solution was kept
in dark and gold solution was kept in sunlight for appropri-
ate period (2 h). The color change of solutions from colorless
to brown or black for silver and from light yellow to purple
for gold indicated the synthesis of SNPs and GNPs, respec-
tively (Fig. 1). These nanoparticles were subjected to purifica-
tion by washing their aqueous colloidal solutions with 10 mL
methanol and then washed nanoparticles were separated by
centrifugation at 3,000 rpm for 1 h. This purification step was
repeated for 3—4 times to attain maximum purity of synthe-
sized nanoparticles and stored in methanol for further use.

Preparation for UV/Vis absorption measurements

Stock solutions with 107> M concentration of the follow-
ing amino acids were prepared in deionized water: L-lysine
monohydrochloride, L-arginine, L-glutamine, and glycin.
Appropriate amounts of nanoparticles were weighed and
transferred to distilled water separately. Then pH of this
colloidal nanoparticles was adjusted to different pH condi-
tions by the dropwise addition of 0.5 M HNO; or 0.5 M
NH; under vigorous stirring. Generally, the pH conditions
were set to alkaline (pH 8-9), neutral (pH 5.5-7), or acidic
(pH 2-3). These pH-adjusted colloidal nanoparticles were
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Fig. 4 FE-SEM images for a SNPs and b GNPs onto glass substrates

diluted up to the mark using distilled water with desired
pH to derive stock solutions of nanoparticles with concen-
trations 17.7 nM at different pH. Then for nanoparticles—
amino acid complex preparation, different amounts in wL
of the amino acids under investigation was added to the
3 mL aliquot of the nanoparticle solution at a given pH.
These freshly mixed solutions were immediately placed
into a 10-mm cuvette for the immediate reading of the UV/
Vis spectrum. Then association constants were determined
by the UV/Vis spectral changes using Benesi-Hildebrand
method (Benesi and Hildebrand 1949; Tayade et al. 2014).

Association between nanoparticles and amino acids can
be represented by Eq. (1).

NPs + amino acid — NPs - amino acid. D

The corresponding association constant K can be defined
by Eq. (2),

K = [NPs - amino acid]/[NPs][amino acid] )

and can be determined using the Benesi-Hildebrand equa-
tion which is shown in Eq. (3):

1/AA = (1/(eK)) (1/[G]) + (1/e), A3)

where [G] is the total of donor (amino acid),

AA is the absorbance difference between absorbance of
initial nanoparticle solution and absorbance after formation of
NPs-amino acid compex at maximum wavelength A in nm,
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Ficus racemosa is one of the important herbs due to its use
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Fig. 7 UV/Vis spectra for different nanoparticle and amino acid
complex formation at different pH conditions. Concentration of nano-
particles used for formation of complex = 17.7 nM and concentra-
tion of amino acids used for formation of complex = 0.164 mM. a

aphrodisiac (Shiksharthi and Mittal 2011). Latex is applied
externally on chronic infected wounds to alleviate edema
and pain and to promote the healing (Paarakh 2009). In
spite of such extensive use of this plant in medicine, very
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GNPs and their complexes at acidic pH, b GNPs and their complexes
at neutral pH, ¢ GNPs and their complexes at basic pH, d SNPs and
their complexes at acidic pH, e SNPs and their complexes at neutral
pH and f SNPs and their complexes at basic pH

little phytochemical work has been carried out. Ficus rac-
emosa latex unusually contains thermo stable aspartic
protease enzymes containing prominently f-structures
(Devaraj et al. 2008). These enzymes are long single-chain
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Table 1 Association constant (K) for nanoparticles and four amino
acids at different pH conditions

Association constant (K) (M~}

L-Lysine L-Arginine L-Glutamine Glycin

GNPs

Acidic 4,410.7 5,764.2 5,498.7 1,691.6

Neutral 1,639.8 172.9 1,088.4 8,400.7

Basic 2,333.8 592.7 988.5 989.6
SNPs

Acidic 6,322.0 1,695.7 1,467.6 2,202.2

Neutral 3,774.9 1,821.0 8,152.2 10,769.5

Basic 2,823.8 115.1 1,754.3 1,989.6

amino acids, with ~5 % sequence identity between all
members of the family (Davies 1990). Aspartic protease
can undergo oxidative cleavage by different processes such
as radiolysis and metal-catalyzed oxidation which results in
transfer of electrons to electron-deficient centers (Stadtman
1993). Possible mechanism for formation of these nano-
particles has been shown in Fig. 2. In this case, oxidative
cleavage may be proceed through metal-catalyzed route
for silver and radiolysis for gold as SNPs does not required
any external energy and GNPs formed in presence of sun-
light. Both these processes lead to release of free electrons
which can be utilized for reduction of both silver and gold
ions to their metallic states resulting in the formation of
nanoparticles.

Structural studies

The typical powder XRD patterns of the prepared nanopar-
ticles are shown in Fig. 3a for silver and Fig. 3b for gold.
The data show diffraction peaks at 26 = 35.4°, 37.5°, and
40.2° which can be indexed to (100), (002), and (101)
planes for silver (PDF card no. 01-071-5025) which cor-
responds to hexagonal crystal structure, whereas Fig. 2b
data show diffraction peaks at 26 = 38.3°, 44.5°, and 64.8°
which can be indexed to (111), (200), and (220) planes for
gold (PDF card no. 00-002-1095) with cubic crystal struc-
ture. The average crystallite size of SNPs and GNPs was
calculated using the well-known Debye—Scherrer’s formula
and found to be 95.49 and 44.15 nm, respectively. It con-
firmed the formation of SNPs and GNPs by green chemis-
try approach at room temperature.

Surface morphology and elemental analysis

Figure 4 shows FE-SEM images obtained for synthesized
nanoparticles which are coated by dipping the glass sub-
strate in the solution of respective solution. It is observed
that the silver grains are in the size ranges of 50 to 120 nm

which is an agglomeration of small crystallites observed
as tiny dark and bright spots (Fig. 4a). On the other hand,
well-covered GNPs are seen with average grain diam-
eter ranging from 20 to 50 nm (Fig. 4b). EDX spectrum
(Fig. 5a, b) shows peaks for silver and gold, which reveals
the presence of SNPs and GNPs.

UV/Vis absorption studies

UV/Vis absorption spectra for SNPs and GNPs were
recorded after 2 h and are shown in Fig. 6. SNPs shows
broad absorption band over maximum visible range of 380
to 700 nm (Fig. 6a) with tiny absorption hump at 450 nm.
This indicates that SNPs are the combination of nanoparti-
cles of different sizes which was also observed in FE-SEM
analysis, whereas GNPs resulted in strong absorption peak
(Apax) at 550 nm which indicates less size distribution. The
GNPs gives absorption peak at 545 nm which lies in the
visible region of the solar spectrum (Fig. 6b).

UV/Vis spectra of colloidal nanoparticles before and
after addition of different amino acids at varying pH are
shown in Fig. 7; all spectra exhibit a distinctive absorp-
tion peak for both nanoparticles with small shifts in wave-
length depending on complex formation between nanopar-
ticles and amino acids. These shifts in absorption peaks are
size dependent of colloidal nanoparticles and occur due to
change in the nanoparticle’s dielectric environment, such as
molecules binding to the surface of nanoparticle or nano-
particle aggregation. The dependence of the complex for-
mation on pH values at acidic, neutral, and basic may be
attributed to the change in ionic strength of the colloidal
nanoparticle. Figure 7a shows decrease in absorption peak
values for all GNPs-amino acids complexes which may be
attributed to dilution effect, but for L-lysine and rL-arginine
new broad absorption peaks are observed at whole visible
region and higher values of association constant (K) as
compared to other pH conditions (Table 1) suggest good
binding between GNPs with all four amino acids under
study at acidic condition. Figure 7b, ¢ demonstrates the
binding of four amino acids with GNPs at neutral and basic
pH, and results show the increase in absorption values for
L-arginine, L-glutamine, and glycin due to complex forma-
tion with GNPs at neutral and basic pH. However, at same
pH conditions L-lysine does not show significant change in
absorption peaks over visible range. From Fig. 7d—f and
Table 1, it can be seen that SNPs shows good binding at
acidic and neutral conditions as compared to basic condi-
tions with all four amino acids. This is due to decrease in
stability of SNPs itself at basic conditions.

Figure 8 shows schematic diagram for association of
these four binding acids with nanoparticles at different pH
conditions. Amino acids arrange their charge with respect to
pH conditions which affects the binding of these amino acids
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with nanoparticles. At low (acidic) pH, COO™ group and
NH, groups are protonated to COOH and NH;". The asso-
ciation of amino acid and nanoparticles is faster at lower pH,
which is due to the effect of protonating the carboxyl and
amino groups. This is the good condition for both nanoparti-
cles to bind these amino acids through amine groups. At neu-
tral pH, amino acids generally present as zwitterions which
contain both positive and negative charges and due to this
amino acids assemble themselves in definite pattern and this
makes poor condition as compared to acidic condition for
binding with nanoparticles. However, at higher (basic) pH,
amino acids contain COO™ and NH, to which nanoparticles
cannot bind because of the negative charge of COO™ group.

Conclusion

The green chemistry approach through natural source
Ficus racemosa latex as a reducing agent to reduce silver
and gold cations to SNPs and GNPs, respectively, is suc-
cessfully demonstrated at room temperature. The use of
natural source without the use of toxic precursors as bio-
logical synthesis was shown to be rapid and produces parti-
cles of fairly uniform size and shape which can be applied
for large-scale applications. The binding studies of SNPs
and GNPs with four amino acids, namely L-lysine, L-argi-
nine, L-glutamine, and glycin have shown that this type of
binding is pH dependent. This complex formation study
between GNPs and SNPs at different pH will make it pos-
sible to design different nanostructures as biosensors.
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