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Synthesis of silver nanoparticles by sophorolipids: Effect of
temperature and sophorolipid structure on the size of particles’
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Abstract.

We report in situ synthesis of silver nanoparticles using biosurfactants called sophorolipids

as reducing and capping agents. We further study the effect of temperature and the structure of sophoro-
lipid on the size of silver nanoparticles obtained. The silver nanoparticles were characterized by UV-
visible, transmission electron microscope (TEM) and light scattering (DLS) analysis techniques.
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1. Introduction

Physicochemical properties of metal nanoparticles
have a strong dependence on their shape' and size,’
which make them strong candidate for various ap-
plications such as catalysis,” biosensing,*’ recording
media® and optics.” Silver nanoparticles have been
widely studied due to their applications of optical
properties® and application such as antimicrobial
agent,””' substrate for surface enhanced Raman spec-
troscopy (SERS)' and biosensing.'" Their afore-
mentioned interesting properties and enormous
application potential has led to numerous methods
being developed for synthesis of nanoparticles of
various shapes and sizes. Typically, the methods
employed for the synthesis of these nanomaterials
include solution based method,'? micelle,'*'* sol
gel,"” chemical precipitation,'® hydrothermal synthe-
sis,'” pyrolysis'® and vapour deposition."”
Nowadays, molecules, which exhibit dual nature
such as capping and reducing in one go,*’ are pre-
ferred since the reaction takes place in one step and
thereby the need for external reducing agents is
eliminated. This may enable us to exert greater con-
trol on the reaction parameters and condense the
number of steps involved in synthesis so that the lab
scale syntheses could be scaled up greatly enhancing
their application potential. Another focused area of
research is accomplishing the nanoparticle formation
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in the aqueous media.”’ This is also an important
stipulation from the environmental point of view if
the large scale nanoparticle synthesis needs to be ac-
complished. The great hurdle to overcome in the
large scale synthesis of nanomaterials, though, is the
concentrations of reagents that we can employ. Since,
the higher concentrations may lead to irreversible
aggregations; the synthesis is always performed in
mM concentrations. A way forward from this stum-
bling block is the usage of continuous flow reac-
tions”* where again molecules that can accomplish
reduction and capping in one go are preferred. How-
ever, a thorough understanding of the various factors
that lead to the formation of nanoparticles with de-
sired parameters (size, shape, particle size distribu-
tion, etc.) is needed to convert a laboratory batch
process into a continuous process.

As a first step towards the above aim, here we re-
port the effect of different parameters that control
the synthesis of the silver nanoparticles under con-
sideration. Using sophorolipids we have recently
started exploring the utility of bio-surfactant called
sophorolipid as capping and reducing agent in
nanoparticle synthesis.”> These have been shown to
result in the reduction of Ag" ions to Ag nanoparti-
cles and cap the ensuing nanoparticles. Sophorolipids
are molecules with a sophorose — a dimeric glucose —
attached to @ or @ — 1 carbon of fatty acids (oleic
acid, stearic acid, etc.). The final sophorolipid capped
nanoparticles that we obtain fall in the category of
glyconanoparticles. These glyconanoparticles are
being investigated with great fervour these days for
their widespread applications as cell mimicks, to
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understand protein—carbohydrate interactions and in
various biomedical applications also.** Here in the
current study, we present the results on particle size
variation as a function of time and temperature when
two different types of sophorolipids are used for the
synthesis of Ag NPs. The objective is to identify the
suitable conditions that yield specific particle sizes
with other reaction parameters being the same. The
understanding from these results will have great
bearing on further work where these reactions will
be carried out in continuous flow processes. The
nanoparticles are characterized by UV-visible, trans-
mission electron microscopy and dynamic light scat-
tering (DLS) studies.

2. Experimental

Silver nitrate and potassium hydroxide were pur-
chased from SRL and Merck respectively. Oleic acid
and linoleic acid were purchased form Aldrich and
the chemicals used as media in synthesis of sophorol-
ipid like malt extract, glucose, yeast extract and pep-
tone were purchased from Hi Media. All the
chemicals were used as received without further puri-
fication.

2.1 Characterization techniques

2.1a UV-visible: UV-visible measurements were
carried out on Jasco V-570 UV/VIS Spectropho-
tometer at the resolution of 1 nm.

2.1b  Transmission electron spectroscopy: TEM
measurements were performed on FEI model Tech-
nai G* F-30 operated at an accelerating voltage of
300 kV.

2.1c Dynamic light scattering measurements: DLS
measurements were carried out on Brookhaven In-
strument model 90 Plus Particle Size Analyzer.

2.2 Methodology

The preparation of sophorolipids from oleic acid and
linoleic acid was carried out following reported pro-
cedures® and the spectroscopic characterization
concurs with the reported data.”

Synthesis of sophorolipid capped Ag NPs was
carried out at different temperatures. In typical ex-
periment when one or two drops of concentrated
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KOH solution is added to 10 mL of solution contain-
ing sophorolipid (1 x 10~ M) and AgNO; (1 x 10° M)
colour of the solution changes to yellow indicating
the formation of Ag nanoparticles. This experiment
was repeated at five different temperatures viz. 30
(room temperature; RT), 40, 60, 80 and 90°C and
with two different sophorolipids viz. oleic acid and
linoleic acid derived sophorolipid for a period of
5 min. The temperature was maintained constant us-
ing a thermostat (Julabo, Germany). For the charac-
terization using light scattering, the experiments were
carried out at above-mentioned different tempera-
tures while the solution was kept at that temperature
inside the light scattering experiment also using a
thermostat. Control experiments carried out in ex-
actly the same manner described above but with
pure oleic acid and linoleic acid molecules did not
lead to the formation of AgNPs indicating that the
sophorose moiety is necessary for the reductive syn-
thesis of AgNPs.

3. Results and discussion

Scheme 1 shows the structures of oleic acid (A),
oleic acid sophorolipid (B), linoleic acid (C), and
linoleic acid sophorolipid (D). Oleic acid (OA) has
one cis double bond while the linoleic acid (LOA)
has two cis double bonds.

UV-Visible spectra were recorded for Ag NPs
synthesized using OA and LOA sophorolipid as
capping/reducing agent. Figure 1A shows the UV-
visible spectra for OA-sophorolipid capped/reduced
Ag NPs synthesized at different temperatures while
figure 1B corresponds to LOA sophorolipid reduced/
capped Ag NPs. Curves 1-5 corresponds to different
temperatures employed i.e. 30°C, 40°C, 60°C, 80°C
and 90°C respectively. In both the cases Ag NPs
display a very distinct yellowish-brown colour and
an absorbance in the region 400-420 nm accredited
to the collective oscillations of conduction electrons
and termed as surface plasmon resonance (SPR).*
From the UV-visible curves we observe that at room
temperature no distinct surface plasmon resonance
peak is observed when both OA and LOA derived
sophorolipids are used as reducing and capping
agents. As the temperature increases surface plas-
mon peak begins to evolve and at 90°C a well de-
fined and sharp peak is observed. This trend is same
in both OA and LOA cases; however in case of LOA
derived sophorolipid no clear SPR is observed up to
80°C while at 90°C it becomes very apparent. Figure
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Scheme 1. Structure of oleic acid (A), oleic acid sophorolipid (B), linoleic acid

(C) and linoleic acid sophorolipid (D).
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Shows UV-visible spectra for silver nanoparticles synthesized using

OA sophorolipid (A) and LOA sophorolipid (B) as capping and reducing agent.
Curves 1-5 were recorded from the samples at different temperatures at which
the experiments were carried out in both cases.

2A represents the TEM image of OA sophorolipid
capped/reduced Ag NPs synthesized at 40°C. It is
observed from the TEM images that the particles are
poly-dispersed. The particle size distribution is shown
in figure 2B and the estimated mean particle size is
close to 20 nm. Figure 2D shows the TEM image for
OA sophorolipid capped/reduced Ag NPs synthe-
sized at 90°C. In this case, the particles are spherical
almost mono-dispersed and also smaller in size than
the particles synthesized at 40°C. The average parti-
cle size in this case is 5-5 nm (figure 2E). For LOA
sophorolipid similar trends are observed. Figure 3A
shows TEM image of LOA capped/reduced Ag nano-

particles synthesized at 40°C. Particles are again
polydispersed with average particle size as 22 nm
(figure 3B). For reaction carried out at higher tem-
perature i.e. 90°C particles are spherical and well
defined with average particle size of 11 nm (figure
3E).

Particle size distribution obtained from dynamic
light scattering (DLS) is shown in figure 2(C, F) and
in figure 3 (C, F). Figures 2(C, F) represent particle
size distribution for OA sophorolipid capped/reduced
Ag nanoparticles at 40°C and 90°C respectively.
The average particle size obtained from DLS data
(35 nm and 3 nm for reactions done at 40°C and 90°C
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respectively) were compared with the results obtai-
ned by TEM analysis (20 nm and 5-5 nm for reac-
tions done at 40°C and 90°C respectively). Keeping
in view that TEM and DLS analyse particle sizes
differently (DLS analysis includes the ligand shell
and determines the hydrodynamic size where as in
TEM we can look at only metallic core) the values
described above from DLS and TEM at these two
temperatures can be considered to be in good agree-
ment with each other. Similarly figures 3 (C, F) rep-
resent particles size distribution obtained from DLS
for LOA sophorolipid as capping/reducing agent at
40°C and 90°C. At these two temperatures (40°C and
90°C) the average particle sizes obtained are 28 nm
and 14 nm, respectively. The values obtained in this
case are also in accordance to the values obtained by
TEM measurements. Figure 4 shows graph of aver-
age particle size versus the temperature. This infor-
mation can be used further to carry out the reaction
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Figure 2. TEM images and particle size distribution for
silver nanoparticles synthesized using OA sophorolipid as
capping/reducing agent. (A) TEM image for the experi-
ments carried out at 40°C and (D) TEM image for reac-
tion carried out at 90°C. B and C are particle size
distribution form TEM and DLS respectively for reaction
temperature 40°C. E and F are particle size distribution
plots obtained from TEM and DLS respectively for reac-
tion temperature 90°C.
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in continuous flow experiments. For the range of
temperatures under consideration, at lower tempera-
tures the particles are smaller and with increasing
temperatures, the average particle size goes through
a maximum and becomes smaller again towards
higher temperature. While one would expect a con-
tinuous decrease in particle size with increase in tem-
perature and the present result is unusual. One of the
reasons for this phenomenon could be the fact that
the reaction time for each case was identical. Since
the reaction is relatively slow at lower temperatures,
in the time for which the reaction was observed and
analysed, the particles must not have formed and
grown completely. While, for higher temperatures,
the reaction is relatively fast and particle formation
and growth is complete. In order to confirm this
speculation, we carried out the synthesis at room
temperature and observed the UV spectrum at every
hour for almost 21 h. It was scen that the, surface
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Figure 3. TEM images and particle size distribution for
silver nanoparticles synthesized using LOA sophorolipid
as capping/reducing agent. (A) TEM image for the ex-
periments carried out at 40°C and (D) TEM image for re-
action carried out at 90°C. B and C are particle size
distribution plots form TEM and DLS respectively for
reaction temperature 40°C. E and F are particle size dis-
tribution plots obtained from TEM and DLS respectively
for reaction temperature 90°C.



Synthesis of silver nanoparticles by sophorolipids

plasmon peak was steadily increasing with time and
at 21 h, it was the highest. Thus at lower tempera-
tures particle formation process is slow and this
would certainly lead to smaller particles in the initial
period of observation thereby showing a trend that
passes through a peak. The observations from longer
time clearly suggest that we would observe a steady
decrease in the particle size with increasing tem-
perature. This observation was evident for both the
sophorolipids.

The decreased particle size and narrower size dis-
tribution with increasing temperature is a well known
phenomenon.”” It is normally attributed to the in-
creased reaction rates at higher temperatures. As the
reaction rate increases the silver ions are consumed
faster thus leaving less possibility for particle size
growth and hence smaller particles and narrower
size distributions at higher temperatures. The differ-
ence in particle sizes between OA derived sophorol-
ipid and LOA derived sophorolipid is little intriguing.
However, the roots for this apparently intriguing re-
sult may lie in the formation of olefin-silver ion
complex formation. It is a well established fact that
olefin silver complex depends on various factors
such as chain length of olefins and on increasing
number of substituents at the double bond. The
stability of this complex decreases in the order
R-CH=CH, > R,C=CH, > c¢is R.CH=CH.R > trans
R.CH=CH.R > R,.C=CH.R > R,C=CR,.* In our case
we use OA and LOA to prepare the sophorolipid.
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Figure 4. Average particle sizes obtained form DLS
data for OA sophorolipid (1) and LOA sophorolipids re-
duced/capped (2) silver nanoparticles.
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While OA has one cis double band and LOA has
two cis double bonds (see scheme 1). So in case of
LOA sophorolipid there is a probability that silver
ions bind to the two double bonds more strongly or
more number of Ag  ions bind to the two double
bonds thus slowing down the reduction rate. There-
fore, the LOA sophorolipid reduces Ag™ ions to Ag
nanoparticles more slowly. As mentioned previ-
ously, a slower reduction rate leads to bigger parti-
cles and broader particle size distributions. Further
work on quantifying these aspects in terms of differ-
ent relative rates is in progress.

Thus the main features of our above results can be
summarized as follows. Both OA derived sophoro-
lipid and LOA derived sophorolipids are capable of
reducing silver ions to Ag NPs and the ensuing Ag
NPs are capped by the sophorolipid or the oxidized
form of the sophorolipid. The temperature depen-
dent reduction of Ag’ ions by both these sophoro-
lipids presents us the following scenarios: (i) at low
temperatures both these result in bigger particles
(TEM and DLS results) and broad particle size dis-
tributions. Again in both cases as the temperature is
raised the particle size becomes smaller as well as
the distribution gets narrower and (ii) a more inte-
resting observation is that when compared at each
temperature condition, OA derived sophorolipid
always results in smaller particle sizes as compared
to LOA derived sophorolipid.

4. Conclusions

The formation of silver nanoparticles is reported
using the OA derived sophorolipid and LOA derived
sophorolipid which have the capability to act as re-
ducing and capping agents in one go. The reactions
are carried out at various temperature conditions and
at lower reaction temperatures bigger particles with
broad size distributions are observed. With increas-
ing temperature, the particles were seen to become
smaller with a narrow size distribution. The appar-
ently intriguing result of LOA derived sophorolipid
always leading to bigger particles in comparison to
OA derived sophorolipid is explained on the basis of
stronger complexation of silver ions to the two dou-
ble bonds present in the former. This reduces the re-
action rate and hence to slower nucleus formation
and greater particle size growth. Efforts are under-
way to perform these reactions in continuous flow
mode so that synthesis of these nanoparticles at rela-
tively larger scale can be accomplished.
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