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Highly stable gold and silver nanoparticles were synthesized by use of an arabinoglucan from Lallemantia roy-
leana seeds without additional use of reducing or stabilizing agents. The mechanism involved the reduction
potential of the hemicellulose as verified by cyclic voltammetry. The arabinoglucan used was substantially free
from ferulic acid and phenolic content, suggesting the inherent reducing potential of arabinoglucan for gold and
silver ions. The synthesized nanoparticles exhibited surface plasmon resonance maxima at 515 nm (gold) and

397 nm (silver) corresponding to sizes of 10 nm and 8 nm, respectively. The zeta potential values were —24.1 mV
(gold) and —22.3 mV (silver). The silver nanoparticles showed potential for application in surface-enhanced
Raman spectroscopy. Gold nanoparticles were found to be non-toxic, whereas silver nanoparticles exhibited
dose-dependent biological activities and found to be cytotoxic against brine shrimps and HeLa cell lines and the
tumours caused by A. tumefaciens.

1. Introduction

Nanoparticles (NPs) of gold and silver are of great interest for
pharmaceutical and biomedical applications because of their resistance
to oxidation and unique optical properties [1-5]. Generally synthesis of
metal NPs involves the use of hazardous reducing agents such as hy-
drazine, sodium citrate and sodium borohydride [6-8]. Although, the
excess amount is washed out but this process does not rule out the
presence of residual amount of the toxic agents. For biomedical appli-
cations the particles need to be absolutely free from toxic materials. In
order to ensure this the use of toxic reducing and capping agents in the
synthesis of NPs must be eliminated. Therefore, nanochemists are in
search of biocompatible and biodegradable materials for use as reducing
and capping agents. Among several natural products, hemicelluloses
have been reported to be suitable for such applications [9-12].

Hemicelluloses are major class of polysaccharides and second most
abundant biomaterials in nature after cellulose. Glucans are
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hemicelluloses comprising of various combinations of glucose units with
other monosaccharides, depending on source and extraction process
used [13]. Most of the new work is focussing on use of natural renewable
materials for synthesis of metal NPs because of their abundant avail-
ability and benign nature.

Generally glucans are composed of glucose monomers linked
through p-(1-3) and p-(1-4) glycosidic bonds. The p-(1-3) linkages are
separated by 2 or 3 B-(1-4) linkages in varying ratios [14-16]. Keeping
in view the abundant availability (from renewable sources) and high
biocompatibility of hemicelluloses, we have reported the use of arabo-
noxylans and glucoxylans from food materials for synthesis of gold or
silver NPs [9,10,17]. In these and other studies it was postulated that
hemicelluloses hydrolyse to some extent into monosaccharaides which
in turn exist in cyclic and acyclic (aldehyde form) forms in equilibrium
in aqueous medium, [11,18] where the aldehyde group becomes avail-
able for the reduction of metal ions.

Based on the promising results of our previous studies we now report
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the use of arabinoglucan (Ara-Glc) from Lallementia roylena (LR) seeds
for the synthesis of gold and silver NPs without any additional reducing
and stabilizing agent. LR is a food material from renewable sources and
abundantly available in most parts of the world. The monosaccharide
composition of the hemicellulose isolated from seeds of LR is already
reported [19] as: glucose (63.90), arabinose (16.39), rhamose (10.97),
galactose (7.55) and xylose (1.19%). In order to practically verify the
mechanism of reduction process, experiments were carried out to
determine redox potentials of the (Ara-Glc) by cyclic voltammetry. The
other focus of the study was to look at the use of Ara-Glc stabilized gold
and silver NPs as probes for surface-enhanced Raman spectroscopy
(SERS). The hypothesis of research was that hemicelluloses possess
inherent reducing and stabilizing potential in synthesis of metal NPs.

2. Experimental
2.1. Materials

The materials used in this study were: HAuCly-3H,0, AgNO3, NaOH,
NayCOs, HNO3, HCl and Folin Reagent from E. Merck, Germany; carbon
coated copper grids (AGS160) from Agar Scientific and dialysis
Membrane-110, molecular weight cut off 12000-14000 Da, pore size:
2.4 nm from HiMedia laboratories India. Coomassie Brilliant Blue R-
250, neutral red, glacial acetic acid, disodium hydrogen phosphate,
dimethyl sulfoxide (DMSO), glycerol and sodium dodecyl sulfate (SDS)
were of analytical grade from sigma Aldrich (USA); HeLa cells (ATCC:
CCL 2) from Flow Labs (London, UK); fetal bovine serum (FBS), Dul-
becco's Modified Eagle Medium (DMEM) and penicillin-streptomycin
were from Gibco, USA. The neutral Ara-Glc from LR seeds (M,y 3.5 X
10%; consisting of glucose 63.90, arabinose 16.39, rhamose 10.97,
galactose 7.55, xylose 1.19; moisture 13.67 + 1.7%) was a gift from Ms.
Shumaila Rao [19]. All the chemicals were used without further puri-
fication. Nanopure® water was used throughout this work.

2.2. Determination of phenolic content

The Ara-Glc was analysed by Folin-Ciocalteu method [20] for any
phenolic content. For this the Ara-Glc (30 mg) was dispersed in water;
the mixture was filtered and final volume of the filtrate was made to 10
mL. To this 1.5 mL NaCOs3 solution (20% w/v) and 0.5 mL of Folin re-
agent were added. The solution was incubated for 1 h at 25 °C and
absorbance was recorded at 650 nm using water as the blank. The
calibration curve was constructed by using 0.1-20 mgL ™! solutions of
phenol. The measurements were performed in triplicate.

2.3. Determination of redox potentials of the Ara-Glc by cyclic
voltammetry

The redox potentials of the Ara-Glc under investigation were deter-
mined by cyclic voltammetry (CV). The measurements were performed
by using a three-electrode cell on potentiostat (eDAQ, Australia). Glassy
carbon (electrode area = 0.00785 cm?), platinum wire and Ag/AgCl
were used as the working (WE), counter (CE) and reference (RE) elec-
trodes respectively. NaOH (0.1 M) was used as the electrolyte. The
electrolyte solution was purged with argon for about 10 min to expel air
out and maintain an inert atmosphere. The cyclic voltammograms were
recorded at 20 mV s~ .

2.4. Synthesis of NPs

Solutions of HAuCl4-3H20 (1.0 mM) and AgNOs (1.0 mM) were
prepared, separately, in water and labelled as solution A. 0.2% w/v
solution of the Ara-Glc was prepared in water and labelled as B. To the
20 mL solution, varying amounts (2-20 mL) of solution B were added
under vigorous stirring at varying temperatures (25-80 °C) and pH
(3.5-12). The pH values of the mixtures after addition of the metal salts
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were 3.2 (HAuCly) and 4.3 (AgNO3), which were appropriately adjusted
by use of NaOH (0.1 M) solution. The NaOH solution did not show any
redox activity in a separate experiment. The total volume of the mixture
was made upto 40 mL by additional amount of water. The amount of
Ara-Glc, temperature and pH were optimized. A change in colour (yel-
low to purple/red in case of AuNPs; colourless to yellow-brown in case
of AgNPs) was observed within 10-60 min depending upon the amount
of the Ara-Glc, pH and temperature. The resultant NPs were purified
from large aggregates, and unreacted suspension by vacuum filtration
and dialyzed for 24 h to remove excessive HAuCly-3H20 or AgNOs.

2.5. Characterization of NPs

The NPs were characterized by surface plasmon resonance (SPR),
pXRD, electron microscopy, dynamic light scattering (DLS), zeta po-
tential measurements and Raman spectroscopy. The SPR spectra were
recorded in the 300-800 nm range after four-time dilution of the sus-
pensions of gold and silver NPs with water. The (Ara-Glc) solution
without NPs was used as the reference. Size of AuNPs was calculated
from SPR spectra by using Eq. (1) for particles in the range 35-100 nm
and Eq. (2) for particles 5-30 nm [21].

Aepr_ o
In (—"LI )
d (nm) = ——~

L @

where, d = diameter of the AuNP, As,; = wavelength of maximum ab-
sorption of the sample Ao = 512, L; = 6.53 and Ly = 0.0216.
Ay (5.89 x 107

_ )\
d= ( Cyuexp (cy) )

where C; = —4.70, C3 = 0.314, Ayps = absorbance at Apax. The extinction
coefficient (¢) of AuNPs was estimated from the table provided by Sigma
Aldrich [22]. Whereas, size and extinction coefficients of AgNPs were
determined by a reported method [23] from the SPR spectra. Stability of
the synthesized particles was studied by recording SPR spectra at
different intervals of time extending upto four years.

For pXRD analysis, the samples were prepared by centrifugation at
5000 rpm for 20 min, the pellet formed was dried in an oven at 50 °C to a
constant weight. The pXRD spectra of dried samples were recorded on
Bruker D8 Discover (Germany) diffractometer using with mono-
chromatic Cu-Ka radiation (A = 1.5406 1°\) operating at 40 kV and 30
mA. The data were collected over 20 scanning between 10° and 80°.

For electron microscopy the sample suspensions of the NPs were
diluted ten times with water and centrifuged at 5000 rpm for 30 min.
The pallet formed was re-dispersed in water under sonication and
centrifuged again. This process was repeated three times. The pallet thus
obtained was dispersed in water and a drop of the solution was placed on
a carbon coated grid and dried for imaging. SEM images were obtained
by Jeol 7000F SEM (Jeol, Japan) equipped with EDS facility for
elemental analysis and TEM images were obtained by JEM-1200EX
(Jeol, Japan) TEM at an accelerating voltage of 120 kV. For AFM im-
aging a drop of suspensions of the NPs diluted 1000 times with water
was placed on a silicon wafer (approximately 20 mm x 20 mm) and
dried at 35 °C for about 15 min. AFM images were recorded at 2.44 Hz
scan rate by Nanoscope IIla atomic force microscope (Digital In-
struments, USA) in the contact mode using cantilevers with oxide-
sharpened silicon nitride probes (NP-S1, Veeco, USA).

The hydrodynamic diameter of the particles was determined using
100 time dilutions of the suspensions of the NPs in a disposable cuvette,
after equilibration for 2-3 min at 21 °C. Ten replicates of each sample
were analysed by He-Ne laser high performance particle sizer
(NanoZS90 HPPS 5001; Malvern, UK) and mean + SD values were re-
ported. Zeta potential was determined by use of folded capillary cells
(DTS 1060) avoiding any air bubbles. The results were reported as mean

(2
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+ SD of ten replicates.

The Raman spectra were recorded in the range 1800-200 cm ™! by
placing a drop of NPs solution on a glass slide using confocal Raman
microscope (Olympus, IX71, Horiba Jovin Yvon, USA) equipped with an
argon-ion 8 mW laser (Coherent, Innova 70 C series) as excitation source
at 532 nm.

2.6. Bioassays

2.6.1. Antibacterial assay

The synthesized NPs were tested for antimicrobial activity by well-
diffusion method against Gram-negative strains (E. coli, A. tumefaciens
and P. aeruginosa) and Gram-positive strains [24]. The pure bacterial
cultures were sub-cultured on nutrient broth at 37 °C for 24 h. After
incubation bacterial subcultures (100 pL each) were mixed with 50 mL
sterilized molten nutrient agar at 50 °C, and transferred to petri plates.
Once the medium solidified, wells of 8 mm in diameter were made with
sterile borer and labelled. The AgNPs (10 and 30 nm: 180 pg mL 1) and
AuNPs (10 and 30 nm: 180 pg mL™') were loaded in separate wells.
Roxithromycin (100 ppm, 10 pL) was used as a positive control (C-1),
whereas water (C-2) and pure hemicellulose (C-3; 670 pg mL™) were
negative controls. Aqueous HAuCly-3H20 (1.0 mM) and AgNOs (1.0
mM) solutions were also used as controls (C-4 and C-5, respectively).
The plates were incubated at 37 °C for 24 h and zone of inhibition (ZOI)
were measured. The experiments were performed in triplicates. The
mean of three replicates of the diameter of the ZOI was represented with
standard deviation.

Minimal inhibitory concentration (MIC), representing the lowest
concentration of antimicrobial agents that visually inhibits 99% growth
of the microorganisms, was determined by the serial dilution method.
The various concentrations (in triplicates) of AgNPs (100, 50, 25, 12.5
and 6.25 pg mL™1) and of AuNPs (180, 90, 45, 22.5, 11.25 pg mL™})
were tested for MIC measurement.

2.6.2. Brine shrimp (cytotoxicity) assay

This assay was performed by the study of the effect of different
concentrations on survival and mortality of brine shrimp (Artemia salina)
[25]. The brine shrimp eggs (1.0 g) in brine (320 g L’l) were diluted
with distilled water upto 1.0 L and incubated at 28 °C for 48 h in light.
The AgNPs (10 and 30 nm 100, 50, 25, 12.5 and 6.25 pg mL™) and
AuNPs (10 and 30 nm: 180, 90, 45, 22.5 and 11.25 pg mL™) containing
the arabinoglucan were used. Each sample (2.0 mL) was diluted to 4.0
mL with brine. To this 10 numbers of the hatched shrimps were added.
The control contained the brine (2.0 mL) diluted to 4.0 mL with water.
The mixtures were incubated for 48 h in light and nauplii were counted
by use of a magnifying glass. The results were reported as % mortality.

2.6.3. Cytotoxicity assay against HeLa cell line

This assay was performed according to a reported method [26,27].
Briefly, HeLa cells (1 x 10* cells, ATCC: CCL 2) were suspended with
DMEM, FBS (10%), glucose (4500 mg L) and of penicillin-
streptomycin (1%) cover in 96-well plates. To this arabinoglucan,
(670 nug mL~1) and various concentrations of AgNPs (10 nm: 50, 25 and
12.5 pg mL 1) and AuNPs (10 nm: 180, 90 and 45 pg mL ') were added
in 1:1 ratio and cells were incubated again for further 24 h. Similarly the
control cells were incubated without adding the NPs. After incubation
the cells were isolated and washed with phosphate buffer saline (PBS)
followed by addition of NR media and incubation for 2 h. The cells were
isolated and washed with PBS and de-staining solution (glacial acetic
acid-ethanol-water in 1:49: 50 ratio) was added. Optical density of the
supernatant was recorded at 570 nm. The % viability was calculated
according to the formula:

sample absorbance

Cell viability (%) = 100

control absorbance

The morphological changes in the cells were viewed and recorded by
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use of an inverted phase contrast microscope (CTR6000, Leica, Wetzlar,
Germany).

2.6.4. Potato disc (anti-tumour) assay

This assay was performed according to the previously reported
method Without any modification [17]. The solutions used were: ara-
binoglucan (670, 335, 167.5 pg mL™1); AgNPs (25 and 10 nm: 50, 25 and
12.5 pg mL ™) and AuNPs (30 nm and 10 nm: 180, 90 and 45 pg mL™1).
The results were reported as % inhibition according to the formula:

Number of tumours in sample

%Inhibition = x 100

Number of tumours in control

2.6.5. Phytotoxicity assay

The phytotoxicity assay was performed by using radish seeds
(Raphanus sativus L.) according to a reported method [28]. In this assay
root length and the percent seed germination were determined. Briefly,
the solutions (2.0 mL) of AgNPs (10 and 30 nm: 100, 50 and 25 pg mL’l)
and AuNPs (10 and 30 nm: 180, 90 and 45 pg mL™!) were transferred to
sterile Whatman 1 filter papers placed in sterile plates. The hemicellu-
lose (670 and 335 pg mL 1) and water were used as controls. Ten radish
seeds were placed in each plate. The plates were incubated at 25 + 2 °C
in dark and root length was measured for 5 days and compared with the
controls.

In another experiment two different concentrations of AgNPs (10 and
30 nm: 100, 50 and 25 pg mL_l) and AuNPs (10 and 30 nm: 180, 90 and
45 pg mL™1) along with two dilutions of hemicellulose as control (670
and 330 pg mL™!) were used to determine the percent seed germination
under similar conditions. The germination was recorded for 5 days.
These experiments were performed in triplicate and data was statisti-
cally analysed.

2.7. Statistical analysis

The statistical analysis was performed by MS Excel® 2010 at p <
0.05 significance level.

3. Results and discussion
3.1. Total phenolic content

In order to rule out the redox activity, possibly, due to phenolic
substances usually present in hemicelluloses the phenolic content of
Ara-Glc was determined. It was found that the sample contained negli-
gible amount (<100 ppm) of phenol. So, it was confirmed that the redox
potential of the Ara-Glc was solely due to the functionalities in the
hemicellulose itself.

3.2. Cyclic voltammetry of Ara-Glc

The cyclic voltammograms of the Ara-Glc under investigation and its
major monomer component glucose are shown in Fig. 1. The peak po-
tentials at 1.866 mV (anodic) and 1.802 mV (cathodic) were observed
for the Ara-Glc, which match the values of glucose i.e. 1.780 mV
(anodic) and 1.735 mV (cathodic). This clearly indicates that the func-
tionalities in the Ara-Glc are oxidized and reduced reversibly. The shape
of the voltammograms suggest a one-electron transfer process. This
implies that the Ara-Glc is responsible for the reduction of the Ag™
(+0.80 mV) and Audt (+1.50 mV) ions. This provides first direct evi-
dence that any polysaccharide inherently possess reducing property.
Based on this evidence a mechanism for the reduction process is sug-
gested as shown in Scheme 1. This mechanism is supported by the fact
that polysaccharides are hydrolysed by acids and alkalis (at high tem-
perature) to varying degree [29]. The initial pH values of the HAuCly
and AgNOs solutions were 3.2 and 4.3, respectively, which were raised
appropriately using the NaOH solution.
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Scheme 1. Suggested mechanism for partial hydrolysis of hemicelluloses followed by reduction of metal ions.

3.3. Synthesis of NPs

The particles were readily formed by using Ara-Glc suspension 20 mL
(0.2% w/v) at 90 °C and pH 8 for AuNPs and 20 mL at 90 °C and pH 10
for AgNPs. The formation of particles was witnessed by change in colour
and confirmed by SPR absorptions at 512-528 nm (AuNPs) and
397-415 nm (AgNPs). The optimum reaction conditions were found to
be: for AuNPs: Ara-Glc 0.2% w/v (20 mL/40 mL of 1.0 mM HAuCly), pH
8, temp. 90 °C; for AgNPs: Ara-Glc 0.2% w/v (20 mL/40 mL of 1.0 mM
AgNO3), pH 10, temperature 90 °C. The particle size and shape is highly
dependent on these parameters [29]. In this case the reduction occurred
without addition of chemical reducing and stabilizing agents and the
particles thus produced dispersed in the polymeric matrix of Ara-Glc and
stabilized. Hemicelluloses are polyhydroxylated compounds with at
least one hemiacetal reducing end that can be oxidized easily in the
presence of oxidizing metal ions. The isolated Ara-Glc has been char-
acterized to contain aldoses; hexoses and pentoses [19] that are
reducing sugars; therefore, they can reduce gold and silver ions with
high positive reduction potential [30,31]. Moreover, hemicelluloses are
also swellable and have capability to disperse NPs in their networks.
Voids in the polymer network facilitate nucleation of the NPs and pro-
vide for a constrained environment [32]. The reduction reaction is
thermodynamically possible if redox potential of the reducing agent is
more negative than that of the metallic species. Thus, strongly electro-
positive metals like Au, Pt, Pd, Ag, Rh (E° > 0.7 V) can be reduced even
with mild reducing agents under ordinary conditions.

1140

3.4. Characterization of NPs

3.4.1. SPR spectra

The SPR spectra of AuNPs exhibited maxima from 512 to 528 nm
(Fig. 2A and C) in different experiments depending upon the reaction
parameters (the amount of Ara-Glc, pH and temperature). The lowest
SPR maximum value achieved was 512 nm corresponding to a size of
~5 nm as calculated by Haiss equations (Eq. (2)). The SPR spectra of
AgNPs started building up at pH > 6 and exhibited SPR maxima, which
varied from 397 to 415 nm with reaction conditions (Fig. 2B and D). The
lowest maximum at 397 nm represents the particle size <8 nm [23]. As
the size of the NPs was affected by the amount of Ara-Glc, pH and
temperature, the reaction conditions were optimized to obtain the
smallest possible size of the particles. The synthesized particles were
found to be stable for about four years (the time of last measurement) as
no significant change in the position and intensity of the SPR maxima
was observed. The exceptional high stability of the NPs is attributed to
the effective encapsulation by the hemicellulosic material as observed
earlier [9]. Hemicelluloses have branched structure with voids wherein
the particles are trapped and stabilized.

3.4.2. X-ray diffraction

The pXRD spectra of the synthesized AuNPs and AgNPs produced at
optimum conditions are shown in Fig. 3A and B. The spectra are char-
acteristic of face-centered cubic phase (JCPDS File No. 87-0720). The
diffraction peaks in the spectrum of AuNPs at 20 values 32.81°, 40.72°
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Fig. 3. XRD images: (A) AuNPs and (B) AgNPs.

and 75.5° can be assigned to (1 1 1), (200) and (3 1 1) planes respec-
tively. Similarly in the AgNPs the 20 values 35.3°, 40.45°, 50.72° and
65.9° can be assigned to (11 1), (2 0 0), (211) and (220) planes
respectively. The sizes of the particles as calculated by Scherrer equation
[33] were 4 nm and 8 nm for silver and gold, respectively.

3.4.3. Electron microscopy

SEM images (Fig. 4A and B) revealed that particles were almost
uniform in size. EDX spectra (Fig. 4C and D) confirmed the presence of
specific metal particles. Copper was additionally detected because of the
use of copper grid in taking the images. The TEM images of NPs obtained
under optimum conditions are shown in Fig. 4E and F. The particles
exhibit almost spherical shapes. From these data the sizes of the particles
were determined. The smallest particle sizes obtained under optimum
conditions were ~6 nm and ~5 nm of Ag and Au respectively. These
results are consistent with the SPR and XRD data (Table 2). It may be
noted that the Ara-Glc under investigation produces smaller size
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particles than those produced by arabinoxylan and glucoxylan as re-
ported previously [9,10]. This variation in the property of hemi-
celluloses may be anticipated due to their structural variations. The
structure of Ara-Glc consists of hexoses as the major component and is
highly branched as compared with arabinoxylan and glucoxylan [15].
This study highlights that the particle size can be controlled by use of an
appropriate hemicellulose material.

AFM images were obtained as shown in Fig. 4C. It was observed that
surface roughness of the Ara-Glc film increased after dispersion of NPs in
the network. From the micrographs of the washed NPs (Fig. 4) it was
possible to determine polydispersity of the particles. On the average the
particles were found to be monodispersed with slight variation due to
aggregation of the particles in some areas.

3.4.4. Zeta potential ({) measurements
Zeta potential (¢) is a measure of an overall charge on the particles in
a medium and it represents stability of the particles such that the higher
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the ¢ value the more stable the particles will be [34]. The ¢ values of
synthesized NPs are listed in Table 1. NPs with { values greater than
+25mV or less than —25 mV typically have high degrees of stability. In
this study the synthesized NPs exhibited higher ¢ values in alkaline pH
suggesting high stability. These values fall in the reported range for
particles stable for a couple of years [35].

3.4.5. Dynamic light scattering
Hydrodynamic diameter and polydispersity index (PDI) of the NPs as
determined by DLS measurements are listed in Table 1 and Fig. 5. At
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acidic pH the hydrodynamic diameter was of AuNPs was smaller than
alkaline pH, whereas reverse behaviour was observed in case of AgNPs.
The size measured by DLS technique represents the hydrodynamic
diameter that is not only connected with the metallic core of the NPs (as
is the case with microscopic techniques) but it is also influenced by the
substances adsorbed on the surface of NPs. As a consequence, the size
measured by DLS is always bigger than that by microscopic techniques
[36]. In the present work the hydrodynamic diameters were 10-30 times
bigger than those determined by electron microscopy probably due to
the reason that the hemicelluloses have very high water holding
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Fig. 4. (continued).

Table 1
Mean zeta potential, Z-average and PDI of the NPs (n = 10).
Sample Zeta potential ({/mV) pH DLS Z-average (dia, nm) PDI
AuNPs -18.8 +1.9 6 93.27 £17.0 0.192
AuNPs —243+14 10 81.61 + 40.2 0.352
AgNPs —19.7 £ 5.81 7 111.7 + 14.6 0.183
AgNPs —22.1 £6.73 10 308.1 + 22.0 0.128
Table 2
Size of NPs (produced at optimum conditions)” as determined by different
techniques.
NPs Size (nm): Ave + SD (range)
SPR XRD TEM DLS
AuNPs 15 + 2 (5-60) 10 + 2.3 10 + 4.7 (5-35) 92.89 + 8.22
AgNPs 8 + 6 (5-40) 6 +3.7 10 + 4.7 (5-20) 308.1 + 22.06

@ For AuNPs: Ara-Glc 0.2% w/v (20 mL/40 mL of 1.0 mM HAuCl,), pH 8,
temp. 90 °C; for AgNPs: Ara-Glc 0.2% w/v, (20 mL/40 mL of 1 mM AgNO3), pH
10, temp. 90 °C.

capacity. As such the particles in the fully swollen matrix show up as big
as observed here.

In DLS measurements PDI is a dimensionless number and scaled such
that the maximum value is taken as 1.0, which indicates that the sample
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has a very broad size distribution and may contain large particles or
aggregates that could be slowly sedimenting [37]. In the present work
Ara-Glc from LR generally produced nearly monodisperse particles
which may be attributed to uniform voids in the polymer matrix causing
uniform nucleation for the NPs. The size distribution also depends on the
nature of metal atoms; as it can be seen that in case of silver the PDI
values are lower at alkaline pH as compared with those at acidic pH. In
case of gold opposite behaviour was observed.

3.4.6. Raman spectroscopy

Raman spectra of the Ara-Glc with and without NPs (Fig. 6) showed
the features of the glucan and indicated absence (no change in the band
positions) of metal-glucan interaction. The prominent Raman fre-
quencies and their assignments [38] were: 1718-1778 cm! (COO
stretching) and 1566-1594 cm ™' (C=0), 1323-1392 cm ™! (HCC and
HCO bending) and (CO stretching), 1247-1299 em~! (HCC and HCO
bending), 1143-1196 cm ™! (heavy atom CC, CO stretching, HCC and
HCO bending). It was noted that the broad bands at 1341 and 1553 cm !
in the spectra of AgNPs dispersed in Ara-Glc, were enhanced in intensity
significantly, which indicates that carboxylate group has been produced
as a result of oxidation of the CH3OH or the aldehyde group (in the
acyclic structure of the sugar moieties) by silver ions [18]. In case of gold
this effect was not visible. This finding is in line with several reports that
AgNPs can be used as substrate for surface enhanced Raman scattering
(SERS).
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Fig. 6. Raman spectra of Au and AgNPs dispersed in Ara-Glc. Bands at 1341 and 1553 cm ™ in the spectra of AgNPs were enhanced in intensity significantly.
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3.5. Bioassays

3.5.1. Antimicrobial assay

Antimicrobial activities of the synthesized NPs were graphed as
shown in Fig. 7. The AgNPs displayed strong antimicrobial activity (P <
0.05) against E. coli, A. tumefaciens, P. aeruginosa, B. subtilis and S. aureus,
whereas the AuNPs did not show any significant activity. This experi-
ment suggests that the AuNPs having particle size between 10 and 30 nm
are inactive and non-toxic [39] and as such are suitable for drug de-
livery. In case of AgNPs the antimicrobial activity varied in dose-
dependent manner (Fig. 7B).The hemicellulose were used as control,
which did not exhibit any significant activity. The activity of 10 nm
particles was significantly greater than that of 30 nm particles as ex-
pected because of greater surface area per unit volume of the smaller
particles [40,41]. E. coli were the most sensitive (MIC 6.25 pg mL™ D to
AgNPs followed by P. aeroginosa (MIC 10 pg mL 1) and S. aureus (MIC
10 pg mL™Y). The MICs recorded in the present work were significantly
lower than those reported by others [42,43] that can be explained due to
high dispersion and thus greater surface area of the particles in the
materials under investigation. Although, the exact mechanism regarding
the antimicrobial activity of AgNPs is not known, several theories have
been postulated thereof. AgNPs can anchor onto bacterial cell wall, react
with it and perforate the membrane (pitting) leading to cell death [44].
An electron spin resonance study revealed that AgNPs produce free
radicals when in contact with bacteria, that are responsible for cell death
[45]. Another explanation could be that AgNPs penetrate into the cell
wall and the nucleus and release the cell content [46,47]. Another
possibility is rapid oxidation of particles to silver ions under physio-
logical conditions [48,49].
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3.5.2. Brine shrimp (cytotoxicity) assay

Brine shrimp assay provides a reliable test for cytotoxicity of metal
NPs [50]. The AuNPs were found to be non-toxic as expected in this
assay. The results of AgNPs are depicted in Fig. 8A and B. The highest
mortality was shown by 10 nm AgNPs (12 + 5.22 pg mL™1). The mor-
tality varied in a dose dependent manner (P < 0.03). Size of AgNPs was
found to affect the cytotoxic activity; the smaller particles (10 nm) were
more active as compared to larger particles (30 nm). This study also
highlighted the role of hemicellulose used as stabilizing medium to-
wards cytotoxic activity.

3.5.3. Cytotoxicity assay against HeLa cell line

Neutral red uptake assay provides a quantitative estimation of the
number of viable cells in a culture. It is one of the widely used cyto-
toxicity tests for various drug molecules [26]. Results of this assay are
shown in Fig. 9. In this assay 10 nm particles were used. The AuNPs did
not show any significant activity, whereas AgNPs were active to
different extent and the activity varied in a dose dependant manner
(Fig. 9A). ICsp values of AgNPs (25 pg mL™). The cells treated with
AgNPs at 100 and 50 pg mL ! concentrations for 24 h showed significant
morphological changes (Fig. 9C and D), which are characteristic features
of apoptotic cells, such as loss of membrane integrity, cell shrinkage, and
reduced cell density [51].

These results revealed that AgNPs could inhibit cell viability and
induce membrane leakage in a dose-dependent manner. Various mech-
anisms for cytotoxic effects of silver have been described, which include
physicochemical interaction of silver atoms with the functional groups
of intracellular proteins, nitrogen bases an d phosphate groups in DNA
[51]. Another suggested mechanism is that NPs can enter the cell
through diffusion or endocytosis causing mitochondrial dysfunction,
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Fig. 7. (A) Antimicrobial assay of AuNPs and AgNPs. (B) MIC of AgNPs against different bacterial strains. Vertical bars indicate mean of three replicates + standard

deviation (SD).
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Fig. 8. (A) Cytotoxicity of AgNPs on Artemia salina: mortality of the larvae upto 100%. (B) cytotoxicity of AuNPs on Artemia salina: all the data were expressed in

mean =+ SD of three replicates (P < 0.03).

generation of reactive oxygen species (ROS), resulting in damage to
proteins and nucleic acids inside the cells and finally inhibition of cell
proliferation [52].

3.5.4. Potato disc (anti-tumour) assay

The potato disc bioassay is effective for screening antitumor activity.
In this assay the tumour is induced by Agrobacterium tumefaciens, which
is considered histologically similar to that in animals and humans
[27,53,54]. The process of tumour induction by Ti-plasmid is the result
of cell proliferation and blocking of apoptosis like in animal or human
cancer cells. Results of this assay are shown in Fig. 10. AuNPs did not
show any significant activity at all concentrations used. The activity of
AgNPs varied in a dose dependant manner (P < 0.05). Smaller size of
particles (10 nm) exhibited significantly higher activity as compared
with that shown by larger particles (30 nm). ICsg values of AgNPs (30 pug
mL™1). The activity of AgNPs varied in a dose dependant manner (P <
0.05).

3.5.5. Phytotoxicity assay
The AgNPs and AuNPs exhibited different responses to seed germi-
nation and root length tests performed on the radish seeds. Both the
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AgNPs and AuNPs had no significant effect on seed germination. How-
ever, relatively higher germination as compared with control and
comparable with that of the control (Ara-Glc) were observed (Fig. 11A),
which may be attributed to the presence of highly hydrophilic compo-
nent in polysaccharides. No significant effect of hemicellulose was
observed in this test.

In the root length test AgNPs exhibited inhibitory effect at higher
concentration (100 pg rnL’l) and enhanced the growth 5-6 times (P <
0.05) of the control (Fig. 11B) at a lower concentration (25 pg mL™1).
This phenomenon can be understood in terms of a possible sterilizing
effect of the particles, which stimulates the growth, at lower concen-
tration and toxic effect at higher concentrations. The stimulation effect
may be on the cell division or cell length individually or collectively. As
the enhanced root lengths were comparable in case of the particles
having different sizes, it can be concluded that the effect of particle size
is not significant. Previously a concentration dependent growth inhibi-
tion has been reported in other plants by AgNPs [55,56]. On the other
hand, the AuNPs showed no significant effect in this test (Fig. 11)
indicating that these particles are non-toxic to the plant under investi-
gation. Therefore, the AuNPs produced by the present method, having
an average size of ~30 nm and being non-toxic, can be safely used for
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Fig. 9. (A) Cytotoxic effect of AuNPs (10 nm) and AgNPs (10 nm) against HeLa cell lines by neutral red assay; all the data were expressed in mean =+ SD of three
replicates (P < 0.03). Morphology of HeLa cell lines treated with: (B) hemicellulose (Ara-Glc), (C) AuNPs (180 pg mL™Y), (D) AgNPs (100 pg mL Y ande AgNPs (25
pg mL~!) dispersed in hemicellulose. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

drug delivery into the cells. Generally AuNPs proved to be non-toxic in fouling agents in garments. Another important use could be in water

all the bioassays performed in the present work. Therefore, these can be purification.

safely used for drug delivery and for diagnostic purposes. AgNPs were

found to be potent and they exhibited a size- and dose-dependent ac- 4. Conclusions

tivity against different pathogens, brine shrimp, HeLa cell line and plant

tumour. AgNPs did not exhibit a significant activity in phytotoxicity test. Highly stable gold and silver NPs were synthesized by use of arabi-
The antibacterial activity of 10 nm-AgNPs was comparable to thatof  nogjucan, a hemicellulose from Lallemantia royleana seeds, without use

roxithromycin and significantly higher than that of silver ions. No sig-  of additional reducing and stabilizing agents. This study demonstrates

nificant effect of hemicellulose, used in this work was observed in all the that the hemicellulosic material possesses inherent redox potential as

bioassays. verified by cyclic voltammetry. The particles were of small size (6-8 nm)
It can be concluded that AgNPs having size around 10 nm can be used and stable for about 4 years. The AuNPs were non-toxic, whereas the

for therapeutic effects against pathogens and tumours. It may be hy- AgNPs exhibited pronounced antimicrobial and cytotoxic activities. The

pothesized that, due to their small size and larger surface area, 10 nm-  AgNPs showed potential to be used as probes in surface enhanced

AgNPs induce generation of ROS, which causes cell death. So they can be Raman spectroscopy as demonstrated by enhancement of Raman ab-

included in pharmaceutical formulations including wound dressings, sorptions around 1341 and 1553 cm ! in Raman spectra. The NPs

antibacterial creams and ointments, bandages. They may also be  embedded in arabinoglucan are suitable for biomedical applications as

employed as self-disinfecting coatings on medical devices and anti- they absolutely free from hazardous residual reagents. The
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hemicellulosic material used in this work is biodegradable, biocompat-
ible and abundantly available at a very low cost.
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