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Abstract

This study demonstrates the use of Bacillus lipopeptides as both capping and stabilizing agents in the single-step synthesis
of silver nanoparticles (Ag-NPs). With the aim to achieve a stable Ag-NP suspension, two methods of synthesis procedures,
methods A and B, were tested and compared. In method A, the excess reactant sodium borohydride (NaBH,) was added
to the limiting reactant silver nitrate (AgNO;), while in method B the limiting reactant was added to the excess reactant. It
was found that, in both methods, the lipopeptide concentration significantly influenced the morphology and size of Ag-NPs.
In case of method A, at low lipopeptide concentrations, Ag-NPs of uniform size distribution were synthesized, whereas at
high concentration, incipient small nano-spheres of Ag-NPs were found concentrated at the vesicular surfaces during initial
stage of reaction. However, at later stages, the smaller spherical particles radically changed into varied shapes and sizes and
eventually detached from the vesicles completely. Ag-NPs of method B showed narrow size distribution. Stability studies
revealed that Ag-NP suspension remained stable up to the sodium chloride, NaCl, concentration of 25 g/L. Steric and deple-
tion types of stabilization were found to be the predominant mechanisms that imparted stability to the Ag-NPs. The particles
were found to be stable up to test period of 6 months. Antimicrobial studies revealed that the lipopeptide-conjugated Ag-NPs
with low lipopeptide were sensitive against all the tested organisms.
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Introduction

Nanoparticles have unique properties that hold promising
potential for applications in various fields of rapidly advanc-
ing science and technology. Metal nanoparticles, owing to
their size/shape-dependent, unique, and tunable properties,
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e.g., quantum confinement (Rao et al. 2000), plasmon reso-
nance (Hutter et al. 2001), and light scattering (Derkacs et al.
2008), find applications in wide areas such as electronics,
optics, catalysis, and biotechnology (Du et al. 2018; Rao
et al. 2000; Varade and Haraguchi 2012) By controlling the
synthesis, it is possible to alter properties of nanosystems
including surface area, optical and electrical properties, and
the accessibility of the guest species.

Among the number of methods available for nanoparticle
synthesis, liquid-phase methods such as forced hydrolysis,
hydrothermal synthesis, sol-gel process, and reverse-micro-
emulsion method have gained considerable attention from
the commercial point of view, as they can generate many
functional nanoparticulate materials with improved prop-
erties (Eastoe and Warne 1996; Goesmann and Feldmann
2010; Hanh et al. 2003; Liao et al. 2010). However, the most
widely adopted is the chemical reduction method, in which
the metal salts are converted to metal atoms using suitable
reducing agents. A vast number of literature demonstrate the
use of well-established protocols for the chemical synthesis
of nanoparticles; there has been a growing interest in recent
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years for the use of biotechnological approaches as a cost-
effective and scalable synthesis options (Kiran et al. 2010;
Narayanan and Sakthivel 2010). Biotechnological-based
approaches, in contrast to chemical synthesis method, do
not require extreme processing conditions such as high tem-
perature and pressure, and generally leave no toxic residues
that may affect the environment.

The major concern in nanoparticle synthesis is tuning up
these structures to obtain aggregates with desired morphol-
ogy and properties. Capping agents play a very important
role in determining the final quality of the particles (Raveen-
dran et al. 2003). It essentially reduces the tendency of nano-
particles to agglomerate, by protecting the surface by either
causing steric, electrostatic or depletion stabilization (Cush-
ing et al. 2004). Besides, it serves as a diffusion barrier for
further growth of nanoparticles (Gutiérrez-Wing et al. 2012).
Compounds such as sodium dodecyl sulfate (SDS), cetrimo-
nium bromide (CTAB), Triton X100, dioctyl sulfosuccinate
(AOT), and polyvinyl pyrrolidone cap the nanoparticles by
steric stabilization, while trisodium citrate caps by electro-
static stabilization forming a double layer over the metals
(Chen and Hsieh 2002; Yonezawa et al. 2000) .

Biosurfactants owing to their superior properties such as
biodegradability and micelle-forming ability (low Critical
Micelle Concentration, CMC) are considered as green mol-
ecules. In nanoparticle synthesis, the use of biosurfactants
as capping agents facilitates the uniform dispersion of the
nanoparticles in the liquid medium. The studies involving
the use of biosurfactants as dispersion agents were proven
to be very effective for the uniform distribution of zirconia
(Biswas and Raichur 2008) and colloidal alumina (Raichur
2007) nanoparticles by rhamnolipids, and cobalt nanoparti-
cles (Kasture et al. 2007) by modified sophorolipids.

In the current study, the cross-flow ultrafiltration (CFUF)-
purified lipopeptide was used as capping agent in the syn-
thesis of silver nanoparticles (Ag-NPs) in the presence of
sodium borohydride (NaBH,) as reducing agent. Two syn-
thesis approaches were adopted and compared. In the first
approach, the reducing agent (excess reactant) was added to
lipopeptide-stabilized AgNO; and in the second approach
lipopeptide-stabilized AgNO; was added to the reducing
agent. The nanoparticles synthesized were analyzed for their
size, shape and stability, and further tested for their antimi-
crobial activities.

Materials and methods

Chemicals

Silver nitrate was purchased from Sigma Enterprises (US).
Sodium borohydride was purchased from Merck, India. CFUF

purified (Rangarajan et al. 2014) preparation as described
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elsewhere was used as capping agent. The composition of
CFUF-purified lipopeptide used in the current study was
60:40% w/w of Surfactin:Fengycin.

Preparation of stock solutions

The stock solutions of AgNO; (20 mM) and NaBH,, (100 mM)
were prepared using MilliQ water. CFUF-purified lipopeptide
stock was prepared in MilliQ water and the pH was adjusted
to 8 using 1 M NaOH. All the stock solutions except NaBH,
were prepared and stored in 4 °C until use. However, a fresh
NaBH, stock was prepared for every experiment.

Preparation and characterization of lipopeptide
solutions

The lipopeptide solution of required concentration was pre-
pared by suitably diluting the stock solution in pH adjusted
de-ionized water (pH =38). The lipopeptide solutions were
kept in bath ultrasonicator for 30 min, prior addition of the
AgNO; or NaBH, into them.

The interactions between the lipopeptides micelles and
Ag™ ions were studied by observing the change in the sur-
face tensions of the sample solutions.

The effect of Ag* ions on the size distribution of CFUF-
purified lipopeptides was analyzed with the help of dynamic
light scattering (DLS) analysis. Ag? concentration was
maintained at 1 mM. The lipopeptide concentration was
varied in terms of its CMC value; 25 mg L' (at CMO),
62.5 mg L™ (2.5 times CMC) and 125 mg L' (5 times
CMO).

Ag-NP synthesis using lipopeptide as capping agent

All synthesis reactions were carried out at 4 °C in a bath
ultrasonicator. Two methods were adopted for the synthe-
sis of Ag-NPs. The order and strategy of reactant addition,
in addition to synthesis conditions, are important to obtain
stable silver nanoparticles (Desai et al. 2012). Slow and
drop-wise addition results in proper synthesis of nanoparti-
cles. Similarly, the order of reactant addition, adding excess
reactant to limiting reactant or limiting reactant to excess
reactant, plays an important role in the synthesis of stable
nanoparticles. For instance, the addition sequence can have
significant effect of morphology and stability of nanoparti-
cles, due to non-uniform mixing profiles and the subsequent
change in the reaction kinetics.

Method A: addition of excess reactant (ER) into limiting
reactant (LR)

In this method, NaBH, of 20 mM concentration
was added drop by drop (@ 1 drop per second) to a
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lipopeptide-capped AgNO; solution. AgNO; concentration
was maintained constant at 1 mM, while the lipopeptide
concentration was varied (25 mg L™!, 62.5 mg L™! and
125 mg L~1). Both the reactants (ER and LR) were kept in
separate bath sonicators maintained at 4 °C. The reactants
were gently mixed with a glass rod, during the addition of
NaBH,. About 1 mL of sample was withdrawn for every
100 pL of NaBH, addition for further analysis.

Method B: addition of limiting reactant (LR) into excess
reactant (ER)

In this conventionally method adopted, the lipopeptide-
capped silver nitrate (AgNO; 1 mM in different lipopep-
tide solutions) was added drop by drop (@ 1 drop per
second) to NaBH, solution. All other experimental con-
ditions were maintained same as that discussed for the
first method. The samples were withdrawn for every 1 mL
addition of AgNO; solution.

Characterization of Ag-NP
UV-Vis analysis

UV-Vis absorption spectra of silver nanoparticles were
measured by scanning the samples between the wave-
lengths 200 and 800 nm using Chemito double beam spec-
trophotometer. The samples were appropriately diluted
before taking the absorption spectrum. For all the experi-
ments, the sample solutions with AgNO; and lipopeptide,
and without NaBH, were used as blank. The full width
half maximum (FWHM) values of different spectra were
calculated by approximating the data to Gaussian distribu-
tion using Originpro software (Version 8.0).

Transmission electron microscopy (TEM) analysis

The morphological features of the nanoparticles were ana-
lyzed by TEM (JEM-2100 HRTEM, Make-JEOL, Japan)
with an acceleration voltage of 200 kV. Samples for TEM
were prepared by placing a drop over the copper-coated
copper grid. The energy-dispersive X-ray of nanoparticles
was detected with an EDX detector (Oxford Instruments
Analytical, England) equipped on the TEM. The average
size and size distribution of the nanoparticle were cal-
culated from TEM images using an open resource image
processing software (ImagelJ, US). The size distribution
is reported in terms of number frequency in histograms
(using originpro software).

Dynamic light scattering (DLS) analysis

The hydrodynamic diameter of lipopeptide micelles and
synthesized nanoparticles were characterized using dynamic
light scattering (DLS) analyzer, Malvern Zetasizer Nano
7ZS90 (Malvern Instruments Ltd., Worcestershire, UK), at
20 °C. The refractive index (RI) of the sample was found
to be 1.330. The scattering angle was 173°. All the samples
were measured in triplicates and values are expressed as
averages. The measurement was taken for a total period of
60 S. All the samples were 0.22-um filter sterilized before
analysis. Zeta potential measurements of the samples were
taken using the same instrument to test the stability of Ag-
NPs as-synthesized by the two adopted methods as described
earlier.

Fourier transform infrared (FT-IR) spectrometry

The samples were centrifuged at 15,000 rpm and the result-
ing lipopeptide-capped Ag-NP pellet was freeze dried. The
lyophilized solid samples were used for analysis using FT-IR
spectrometer (Model: Nexus-370, Thermo Nicolet Corpora-
tion, USA).

Stability studies

The stability of as-synthesized Ag-NPs was tested by vary-
ing the total salt concentrations. Sodium chloride (NaCl) was
added to the Ag-NP suspensions prepared using method A
to obtain different Ag-NP suspensions with NaCl concen-
trations of 0 g/L, 2 g/L, 5 g/L, 10 g/L, 25 g/L, 50 g/L and
75 g/L.

The stability studies were reported in terms of varying
NaCl concentration, since the NaCl concentration was com-
paratively higher than other constituent ions concentrations
such as Na™ and NO*~. In any case, the total concentration
of unreacted salts did not exceed 0.52 g/L. and was fairly
constant.

Antimicrobial studies

Antimicrobial activities of lipopeptide-conjugated Ag-NPs
were tested against two Gram-negative bacteria E. coli
and Proteus vulgaris, and three Gram-positive bacteria,
namely Bacillus subtilis, Micrococcus flavus and Serratia
marcescens.

All the bacteria were grown in nutrient broth for about 6 h
at 37 °C and about 50 uL of the grown cultures (ODg,=0.5)
were spread onto the Muller—Hinton agar (Himedia, India)
plates using a glass spreader. About 30 uL. of Ag-NP
samples/controls were added to the wells made in agar.
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Antibacterial activities of the samples were calculated based
on the zone of inhibition (observation of clear zones around
the wells).

Results and discussion

The UV-Vis spectra of naked Ag-NPs, without the presence
of any stabilizing agent, are shown in Fig. 1. The spectrum
showed wide surface plasma resonance (SPR) maxima at
416 nm. It also showed absorptions at longer wavelengths,

indicating significant aggregation of Ag-NPs. The TEM
image of the naked Ag-NPs (Fig. 2a) after a day showed
aggregates of smaller sized particles, which further formed
tree-like structure, similar to that of observation reported by
(Baruwati et al. 2009) after 1 month of synthesis (Fig. 2b).

Effect of Ag* ions on lipopeptide micelle size
distribution

An important aspect, which is believed to attribute to the
strong capping potential of lipopeptide molecules during
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nanoparticles synthesis, is their inherent ability to form
supramolecular structures such as micelles and vesicles.
However, the size of these supramolecular structures is
mainly dependent on the concentration of surfactant mol-
ecules and the environment in which they are present. In
particular, the type of cations present in the environment can
significantly change the micelle structure. For instance, the
anionic lipopeptide used in the current study has two carbox-
ylate (COO™) groups that can easily bind to divalent cations
such as Mg®*- and Ca®*-forming bidentate (Rangarajan et al.
2014). The resultant minimization in electrostatic repulsion
between lipopeptide monomers within the micelle facili-
tates packing of more monomers into the micelles, thereby
increasing the stability of micelles. However, studies related
to change in micelle sizes in the presence of larger sized Ag*
ions and the resulting effect on the capping potential of lipo-
peptides have not been investigated before. So with the focus
to achieve stable Ag-NP suspension, first, the change in the
morphology of lipopeptide micelles in the presence of Ag*
ions was investigated by measuring the change in surface
tension and particle size distribution of micelles, before and
after the addition of Ag" ions to the lipopeptide solution.
In contrast to our previous studies, wherein the divalent
Ca’* ions reduced the surface tension (Rangarajan and
Sen 2013), the addition of monovalent Ag™ ions (added as
AgNO;) at 1 mM concentration to the lipopeptide solution
(25 mg L~ at its CMC) increased the net surface tension of
lipopeptide solution (Fig. 3). However, the initial reduction
in surface tension at about 0.02 mM Ag* concentration could
be attributed to the weaker interactions between the Ag*
ions and peptide head groups. Furthermore, the DLS stud-
ies (Fig. 4a, b) revealed that the hydrodynamic radius of the
micelles increased substantially in the presence of Ag* ions.
The average hydrodynamic radius of lipopeptide micelles
increased from 28.5 to 43.8 nm, when the lipopeptide
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Fig.3 Surface tension of lipopeptide solution, 25 mg L™, at different
Ag" ion concentration

concentration was increased from 25 to 125 mg L™!. This
indicated that though Ag™ ions showed negligible influence
on the CMC, it imparted significant changes to the confor-
mation and size of the lipopeptide micelles. Based on these
preliminary investigations, it could be hypothesized that the
change in initial lipopeptide concentrations could strongly
influence the morphological features and stability of Ag-
NPs. The Ag-NP syntheses were studied at three different
lipopeptide concentrations of 25 mg L™, 62.5 mg L™! and
125mg L1,

Characterization of as-synthesized AgNPs by two
methods of preparation

UV-Vis spectroscopy

Method A In this method, Ag*-containing lipopeptide
solutions of three different lipopeptide concentrations
(25 mg L7, 62.5 mg L' and 125 mg L) were condi-
tioned by maintaining them in bath ultrasonicator at 5 °C
for 30 min. To maintain the structure of the micelles dur-
ing Ag-NP synthesis, excess reactant at high concentration
(20 mM) was added drop by drop into these solutions. The
formation of silver nanoparticles was investigated by UV—
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Vis spectrum of the sample solutions from the reaction mix-
ture withdrawn after every 100 uL of NaBH, addition.

The disadvantage of this method was that Ag-NPs pre-
cipitated after few volume addition of excess reactant. In
case of 25 mg L~! lipopeptide solution, it occurred after
400 pL addition. However, precipitation occurred at later
stages, 600 and 900 pL of NaBH, additions for lipopeptide
concentrations of 62.5 and 125 mg L™, respectively.

Although the underlying mechanisms for the precipita-
tion could not be elucidated, it could possibly be due to the
gelling of lipopeptide—micelles induced by high localized
concentration of NaBH,.

Thus this micelle destabilization process promoted
by the localized precipitation was found to be lipopep-
tide concentration dependent. From the UV—Vis spectra
(Fig. 5a—c), it could be observed that surface plasmon
resonance (SPR) position for different lipopeptide con-
centrations was found to be same and occurred invariably
at about 417 nm, which is the characteristic feature indi-
cating the presence of Ag-NPs. However, spectra were not
observed to be of perfect Gaussian fit, which was sugges-
tive of un-uniform particle size distribution.

The full width half maximum (FWHM), a parameter
indicative of particle size distribution and sizes (White
et al. 2012), increased with the increase in lipopeptide
concentration. FWHM values calculated from the UV—-Vis
spectra of the sample solutions before the precipitation
values were 138 and 164 nm for lipopeptide concentra-
tions of 25 and 62.5 mg L™, respectively. For lipopeptide
concentration of 125 mg L™}, two new peaks emerged after
400 pL addition of NaBH,. One was at lower wavelength
of 372 nm and another at higher wavelength of 543 nm. In
addition to these peaks, at later stages, after 500 puL addi-
tion, another peak appeared at 324 nm.

This manifestation of multiple SPRs indicated that Ag-
NPs of different shapes and sizes might have been synthe-
sized (Noguez 2007). However, better insight about the
morphological features of Ag-NPs could be obtained only
through TEM studies, which are discussed in later sec-
tions. Thus, the UV—Vis spectrum of Ag-NPs along with
their respective FWHM values suggested that Ag-NPs of
different shapes and sizes could be achieved by changing
the concentration of lipopeptide.

Method B In this method, the addition of limiting reactant
(AgNO;) to the excess reactant (NaBH,) was expected to
result in uniform dispersion of the synthesized Ag-NPs.
These nanoparticles were expected to grow in num-
bers (seed particle generation) during the initial stage
of AgNOj; addition, which in later stage was expected to
grow in size, due to continued addition of AgNO; to the
reaction mixture. Such predictions were clearly reflected
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in the quality of the UV—-Vis spectra and further in the
TEM images as discussed later.

Unlike the UV-Vis spectra of Method A, the spectra of
Method B were found to be of perfect Gaussian fits. The
UV-Vis spectra for three different lipopeptide concentra-
tions are given in Fig. 6a—c. No precipitations were observed
immediately after synthesis for all the three tested con-
centrations of lipopeptide. The UV—Vis spectral scanning
was conducted for the reaction mixtures after every 1 mL
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(concentration =1 mM) addition of AgNOj;. In all the three
cases, the spectrum height increased during the successive
addition of AgNO;, which indicated increase in number of
particles. However, no shift in SPR was observed. It was
found to be same for different spectra of the same lipopep-
tide concentration.

The positions of SPR peaks at the end of the reaction
were found to be 405.5 nm, 414 nm and 419.5 nm for
lipopeptide concentrations 25 mg L™!, 62.5 mg L™! and
125 mg L1, respectively. The red shift to longer wave-
lengths (few nanometers variation) showed that the final size
of Ag-NPs increased slightly with the increase in lipopeptide
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Fig.6 UV-Vis spectra of Ag-NPs for every 1 mL addition of 1 mM
AgNO; into 2 mM NaBH,. at lipopeptide concentrations of a
25mg L', b 62.5 mg L™'and ¢ 125 mg L™

concentration. The spectrum broadened in size but decreased
in height with the increase in lipopeptide concentration,
indicative of increase in particle size distribution.

This was further corroborated by the increase in
the FWHM values (99.2 nm at 25 mg L™! to 121 nm at
125 mg L") for these spectra with the increase in lipopep-
tide concentration.

However, the negligible change in FWHM values for dif-
ferent spectra (data not presented here), corresponding to the
same lipopeptide concentration after every 1 mL addition of
AgNO;, showed that the particles grew only in numbers and
not in sizes. The fact that the size of the particles was unaf-
fected by the single-pot synthesis procedure adopted here
validates the suitability of lipopeptide as capping agent in
the synthesis of Ag-NPs with narrow size distribution.

TEM studies
Method A

TEM analysis carried out for reaction mixtures before pre-
cipitation revealed many details about the morphology and
the surrounding environment of Ag-NPs. The TEM images
of the samples along with their selected area diffraction
(SAD) patterns (inset of Figures) are given in Fig. 7a—c.

As predicted earlier from UV-Vis analysis, the size dis-
tribution of particles was found to be broader for all the
lipopeptide concentrations used as shown in histograms
(Fig. 7d—f). At lipopeptide concentration of 25 mg L~! of,
the average particle size was 11 +4.4 nm. The shape of the
Ag-NPs was spherical. In the case of 62.5 mg L™! lipopep-
tide, the Ag-NPs were seen along with micelles surrounded
by them, which offered stability to these Ag-NPs as dis-
cussed later. The particles were found to be spherical in
shape with wider size distribution and the average size of
the particles was 22 + 6.3 nm. For lipopeptide concentration
of 125 mg L™!, since the UV—Vis spectrum displayed unique
patterns at different additions of NaBH,, TEM analysis was
performed for the reaction mixtures for every 100 puL of
NaBH, addition. TEM image of sample after 100 uL NaBH,
addition is shown in Fig. 7c. It could be observed that a few
number of smaller sized incipient spherical nanoparticles
were bound to the lipopeptide vesicles and the remaining
unbound particles were seen suspended freely in the sur-
rounding medium. At this high lipopeptide concentration,
more than the expected numbers of Ag" ions were concen-
trated at the surface of micelles/vesicles through electrostatic
interactions with the COO™ ions of amino acids. This con-
centrated Ag™ at surface acted as reaction site (also called as
stern layer) (Ewais 2014), which facilitated Ag-NP growth
faster than in the surrounding medium. As described ear-
lier, at this stage UV-Vis spectrum (Fig. 5¢) revealed that
there were no multiple peaks which were characteristic of
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multiple SPRs, due to smaller sized spherical particles. This
observation of smaller NaP spheres bound to vesicular-like
structures was similar to the works of Singh et al. (2014),
which showed the attachment of Au-NPs to dehydrated vesi-
cles at pH 10.

However, the size and shape of the Ag-NPs radically
changed after successive additions of NaBH,. TEM images
of Ag-NPs after 300 and 600 pL additions are given in Sup-
plementary Figures (A, B). It was observed that the parti-
cles not only grew in size but also found to be completely
detached from the vesicles. In addition, the particles pos-
sessed different shapes (spherical, cylindrical, cubical, tri-
angular, hexagonal, octahedral, tetrahedral, etc.) and sizes
as shown in TEM images (Fig. 8). Thus, multiple SPRs were
exhibited by Ag-NPs by the UV—Vis spectrum (Fig. 5c). The
SAD patterns of the synthesized Ag-NPs revealed that par-
ticles were polycrystalline in nature. The presence of lipo-
peptide as the principal ingredient of vesicular structure was
confirmed through the energy-dispersive X-ray (EDX) analy-
sis of the vesicles (Supplementary Figure C), which showed
only the presence of elements such as carbon and oxygen.

This transformation with respect to size and shape of the
Ag-NPs and their subsequent effect on the vesicular structure
may present us some interesting applications. For instance,
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vesicle-bound Ag-NPs may find application in controlled
drug delivery. As the idea presented here is rudimentary,
exhaustive works have to be carried out before the practical
application of such application is realized. TEM analysis
of the samples revealed that both the shape and size of the
particles could be controlled by changing the concentration
of the capping agent, lipopeptide.

Although the size distribution of Ag-NPs was wider, the
particles were found to be more stable than the particles
synthesized through method B as discussed later in the sta-
bility studies.

Method B

TEM analysis of the samples given in Fig. 9a—c showed
the presence of individual and nearly spherical Ag-NPs
without any aggregation. Histograms of the particles
(Fig. 9d, e) showed narrow size distribution of Ag-NPs
synthesized for lipopeptide concentrations of 25 and
62.5 mg L~!. However, the size distribution of Ag-NPs
was slightly broader (Fig. 9f) for 125 mg/L lipopeptide
concentration. This trend could be attributed to the fact
that a few number of Ag-NPs bound to vesicles were larger
in size, when compared to freely suspended NPs. The
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Fig.8 Nanoparticles of different morphologies produced by method A at lipopeptide concentration of 125 mg L~! after 700 uL addition of

reducing agent

ability of micelles/vesicles to increase the rate of metal
ion reduction by concentrating the metal ions on to their
surfaces might have resulted in formation of larger parti-
cles at micelle-liquid interphase. Furthermore, the binding
of Ag-NPs to the surface of micelles/vesicles facilitated
synthesis of Ag-NPs of different morphologies. Although,
this concept can be extended to both methods of synthe-
sis, the vesicles of method B were not as stable as that of
Method A, due to the progressive dilution of the reaction
mixture during synthesis. This, in turn, affected the sta-
bility of the lipopeptide-conjugated Ag-NP suspension as
discussed later in the stability studies. From the TEM anal-
ysis, it could be concluded that Ag-NPs of uniform size
distribution with nearly spherical shapes were obtained for
low lipopeptide concentrations. The varied-shaped parti-
cles showed the size-directing ability of micelles at high
lipopeptide concentrations. The SAD patterns of differ-
ent samples showed that Ag-NPs were polycrystalline in
nature and the average size of the Ag-NPs for lipopeptide
concentrations 25 mg L™!, 62.5 mg L™ and 125 mg L™!
were found to be 16.7+ 1.2 nm, 22.14+ 1.5 nm and
22.25 +4.5 nm, respectively.

Stability studies

The lipopeptide used in this study was intended to serve
dual as both a capping agent during NP synthesis, and as a
stabilizing agent post the synthesis. The role of lipopeptide
as capping agent during synthesis at different initial con-
centrations has already been demonstrated. It has been well
established that the stabilizing agents render stability to the
colloids by one or combination of the mechanisms, namely
steric, electrostatic or depletion stabilization (Xing et al.
2012). So, it is imperative to understand the stabilization
mechanism which is predominant in the case of lipopep-
tide. The Ag-NPs synthesized from method A are given in
Fig. 10.

Stability of the Ag-NPs was studied by different meth-
ods to ascertain the mechanism of stabilization. In the
first method, the Zeta potential of different colloidal sus-
pensions was measured. A higher zeta potential indicated
greater electrostatic repulsion between the particles which
in turn effectively prevented the agglomeration of particles
(Pattekari et al. 2011). The anionic lipopeptide used in the
current study imparted net negative charge to Ag-NPs by
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Fig. 10 Laser light path traversing through Ag-NPs colloids

forming electrical double layer at low lipopeptide concentra-
tions (Chaudhari et al. 2007) or by forming supramolecular
structures such as micelles/vesicles for moderate to high
lipopeptide concentrations.
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Table 1 Average particle size and zeta potential values of Ag-NPs of
method A and B at different lipopeptide concentrations

Sample Zeta potential (mV), [Avg particle size (nm)]

25mg L7} 62.5mgL™! 125 mgL™!
Method 1 —34.8,[10.99] —53.2,[16.33] —44.5,[4.83]
Method 2 —22.2,[16.9] —28.7,[22.14] —46.2, [22.25]

The Zeta potential of the different samples (Table 1) indi-
cated that, in general, the Ag-NP suspensions obtained by
both methods were found to be stable. However, Ag-NPs
of Method A showed comparatively higher stability than of
method B. This was corroborated by the presence of little
precipitates in all samples of Method B after 2 months.

To elucidate the underlying mechanism that imparted
stability to Ag-NPs, the UV-Vis spectra of differ-
ent samples of method A (lipopeptide concentra-
tion=62.5 mg L™!) at different amounts NaCl were com-
pared (Fig. 11). It was observed that the height of the
spectrum gradually dropped until the NaCl concentration
of 25 g L™!. The addition of NaCl at low amounts caused
no significant change in the OD,,, as well as the SPR
of the spectra. However, the spectrum height decreased
significantly for NaCl concentrations beyond 50 g L™,
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indicating the onset destabilization process. Furthermore,
the samples precipitated completely after few hours of
NaCl addition. Thus, the observation of stable suspen-
sion of colloidal Ag-NPs at low NaCl concentrations,
despite the drop in zeta potential from —55.1 to —3.4 mV,
followed by the precipitation of particles at high NaCl
concentrations indicated that steric or depletion type of
stabilization could be the predominant mechanisms that
imparted stability to the Ag-NPs. The drop in the zeta
potential could have been attributed to neutralization of
electrostatic charges of carboxylic groups of aminoacids,
which conferred electrostatic stabilization to Ag-NPs. This
was further corroborated by the TEM analysis of sam-
ples (lipopeptide concentration =62.5 mg L") (Fig. 12a),
which showed that most of the micelles were seen
detached from the Ag-NPs, indicative of depletion type
of stabilization. However, at low lipopeptide concentration

Fig. 12 TEM images of Ag-
NPs stabilized by lipopeptides
a micelles detached from the
particles b particles encapsu-
lated within a thin bi-layer of
lipopeptide (enlarged section of
the a as indicated in Blue dotted
circle)

Wavelength (nm)

of 25 mg L™!, the close observation of TEM images of
particles revealed the presence of a layer of thin film over
the Ag-NPs (Fig. 12b).

This encapsulation of Ag-NPs by lipopeptide bilayers
indicated that steric/electro static stabilization conferred
stability to Ag-NPs at low lipopeptide concentration. At
high lipopeptide concentration (125 mg L"), in addition
to micelles, vesicles were also observed which imparted
stability predominantly by depletion type of stabilization.
On the whole, the stability studies revealed that lipopep-
tide stabilized the Ag-NPs by more than one mechanism
for different initial lipopeptide concentrations. Although
all types of stabilization were exhibited by anionic lipo-
peptides as revealed by TEM analysis, depletion type of
stabilization conferred greater stability to Ag-NPs for
higher lipopeptide concentrations. However, the major
decisive factor, which dictates the concentration to be
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Table 2 The zone of bacterial

s L . Bacteria Zone of inhibition (mm)

inhibition for different Ag-NPs

against the tested pathogens A, A, A; B, B, B; AgNO; LP LP+NaBH, Ag-NaP
Gram-negative 14 12 - - - - 12 10 - 11
Escherichia coli
Proteus vulgaris 11 11 - 7 8 - 12 10 - 10
Gram-positive 20 13 7 - 9 - 15 13 8 13
Bacillus subtilis
Micrococcus flavus 11 11 7 7 8 8 12 11 7 10
Serratia marcescens 10 11 - 7 8 7 17 10 8 1.0

A, B — Ag—NaP prepared by method A and B; 1, 2, 3 and 4 — 25, 62.5, 125 and 500 mg/L lipopeptide;
(-) did not show any zone of inhibition; LP — lipopeptide; all values are averages of two experiments

used during synthesis is the intended end-application of
Ag-NPs.

Antimicrobial studies

Since both lipopeptides and Ag-NPs used in this current
work have been extensively studied for their antimicrobial
properties, it is important to investigate the antimicrobial
activities of the resulting lipopeptide-conjugated Ag-NPs
against its free forms, i.e., lipopeptide and naked Ag-NPs.
The Ag-NPs synthesized by two methods were tested for
their antimicrobial activities (Table 2) against two Gram-
negative bacteria, E. coli and Proteus vulgaris, and three
Gram-positive bacteria Bacillus subtilis, Micrococcus flavus
and Serratia marcescens. The zones of inhibition (in cm)
of different Ag-NPs samples against the tested bacteria are
given in Table 2. The samples of method A with 25 and
62.5 mg L™! of lipopeptide showed bacterial growth inhibi-
tion against all the tested bacteria, with maximum (20 mm)
against the Gram-positive Bacillus subtilis. These values
were comparable with that of AgNO;, naked Ag-NPs and
lipopeptide separately.

Although, the Ag-NPs of Method B showed narrow size
distribution as revealed by TEM, they exhibited compara-
tively lower antimicrobial activities against test bacteria.
The antimicrobial studies of the samples from two methods
revealed that the antimicrobial activity of Ag-NPs is depend-
ent both on lipopeptide concentration and the method of syn-
thesis. However, further studies are required to assess for the
sustained particle releasing ability of lipopeptide-conjugated
Ag-NPs and to assess the synergistic effects of individual
lipopeptide and Ag-NPs in lipopeptide-conjugated Ag-NPs
against bacteria.
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Conclusion

The use of natural surfactants as stabilizing agents has
emerged as a green alternative to synthetic surfactants in
NP synthesis. Lipopeptides, owing to their metal chelating
abilities, can also assist in directing the shape of the NPs
during synthesis. In the current study, CFUF-purified lipo-
peptide was used as capping agent for the single-step syn-
thesis of Ag-NPs. The mean size and the size distribution
of the Ag-NPs were found to be strongly dependent on the
method of synthesis and the initial lipopeptide concentra-
tion. The size of the nanoparticles changed from spherical
to varied structures (anisotropic) and increased in size with
the increase in anionic lipopeptide concentration. Although
the preliminary studies revealed that the lipopeptide at high
concentrations acted as templates for the growth of Ag-NPs,
further studies are to be conducted to ascertain this feature.
Among the two methods adopted, Method A, where in the
excess reactant was added to limiting reactant resulted in
stable Ag-NPs with zeta potential up to —55.4 mV for a
lipopeptide concentration of 62.5 mg L™!. The stability of
the particles was not affected up to the NaCl concentration of
25 g L1, A combination of steric and depletion stabilization
was found to be the predominant mechanisms which stabi-
lized the Ag-NPs. The Ag-NPs were found to be stable for
6 months without any precipitation. Antimicrobial studies
revealed that Ag-NPs of method A were found to sensitive
against all the bacteria tested.
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