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ABSTRACT
	 Though the stability of microbes makes them a potent source for nanoparticle (NP) synthesis, a large percentage 

of NPs remain trapped in the biomass after the reaction. This is a major drawback and a protocol needs to be developed 
for recovering the NPs from the biomass pellet. The present study focuses on the synthesis of gold NPs (AuNPs) using 
marine bacteria Jeotgalibacillus sp., and examines the effects of pH and purification of AuNPs from the bacterial matrix 
using ionic liquid (IL) 1-ethyl-3-methylimidazolium (EMIM) acetate. The results demonstrated that a low concentration 
of EMIM acetate could be used to extract small NPs (5~50 nm). The use of 50% EMIM acetate for bacterial treatment 
facilitated the formation of gold nanoplatelets (150~200 nm) from biogenic Au seeds. Visual observations and UV-Vis 
and transmission electron microscopy (TEM) analyses revealed the recovery of a significant amount of AuNPs. The results 
demonstrated the successful formation of Au nanoplatelets from microbially synthesized AuNPs, on treatment with 50% 
EMIM acetate.
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1. INTRODUCTION

The development of competent, commercially viable 
and environment-friendly a protocol for the fabrication 
of metal nanoparticles (NPs) has been an important 
emphasis of modern science research. Over the past 
few decades, remarkable research has been conducted 
to facilitate the practical application of biological 
entities in the field of NP research (Chakraborty et al. 
2009; Park and Lee, 2016). Interestingly, most bio-
materials, including plants, bacteria, fungi and algae, 
crystallize metals ions and convert them into a more 
valuable form under normal conditions, without any 
external reducing agent (Narayanan and Sakthivel, 
2010; Kumar and Yadav, 2009). Plant extracts have 
proven to be more efficient than microbes, as the 

former can rapidly synthesize NPs void of aseptic 
conditions. Keeping these precincts in mind, recent 
research has focused on the use of cell-free extract 
(CFE) for nano-metal fabrication, which requires 
suitable conditions in order to prevent contamination 
(Binupriya et al. 2010a). Nevertheless, microbes can 
act as a perfunctory buttress for immobilizing metal 
NPs. Lately, microorganisms and nanoscale moiety 
hybrids have attracted attention for their potential 
in fabricating electronic systems (Berry and Saraf, 
2005). In comparison to plant extract, the slower rate 
of synthesis in microbes may allow ease of control 
in practical applications. The key challenge lies in 
dismantling the biological construct and customized 
purification of NPs from microbes. Hence, purification 
of biologically produced NPs has become a challenging 
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research objective in addition to the synthesis and 
size and shape controls of metal NPs. Interrupting the 
interference of biological components is an essential 
criterion for efficient use of metal NPs. We believe that 
this may provide an opportunity for using the microbe-
metal hybrid and/or purified metal NPs, based on the 
applications.
	 Ionic liquids (ILs) have received remarkable 
attention owing to their potential use as a recyclable 
green solvent and have been widely used as biocatalysts 
and for dissolving and regenerating biological 
macromolecules such as carbohydrates, cellulose, wool 
keratin and silk fibroin (Xie et al. 2006; van Rantwijk 
and Sheldon, 2007). Particularly, imidazolium-based 
ILs, including iridium, ruthenium, copper, iron, 
platinum and palladium metals, have been as suitable 
capping and reducing agents in metal NP fabrication. 
In the process, the ILs act as stabilizing media, and 
form extended hydrogen-bond networks in the liquid 
state (Dupont and Scholten, 2010). The present work 
uses the dual property of ILs as both a solvent for 
biomolecules and a capping agent for metal NPs, in the 
recovery of physically trapped gold NPs (AuNPs) from 
marine bacterium Jeotgalibacillus sp. Armendariz et 
al. (2009) reported the use of surfactants (cetyl methyl 
ammonium bromide and sodium dodecyl sulphate), 
and sodium citrate in the recovery of AuNPs from oat 
and wheat biomass. However, even after 4 cycles of 
extraction, a large number of AuNPs remained trapped 
in the biomass.
	 In this report, we present a new strategy for 
the recovery of AuNPs from the bacterial biomass of 
Jeotgalibacillus sp. by using various concentrations of 
1-ethyl-3-methylimidazolium (EMIM) acetate. In the 
results, a lower concentration could extract spherical 
NPs, whereas higher concentrations seeded the 
formation of large platelets. As a part of this work, the 
effect of pH on the NP synthesis using Jeotgalibacillus 
sp. was also studied. As mentioned before, a number 
of reports are available on the biological synthesis of 
metal NPs, but few on their purification. The novelty 
of the works rests on exploiting the versatility of ILs 
in the recovery of metal NPs from microbial biomass. 
This study focuses primarily on the effects of ILs on 
biogenic NPs and their use in nano-metal purification 
from bacteria. To the best of our knowledge, this is 
the first report on the formation of Au platelets from 
biogenic Au seeds in the presence of EMIM acetate as 
IL.

2. MATERIALS AND METHODS

2.1. Bacterial strain and culture conditions

Jeotgalibacillus sp. MB 38 was obtained from the 
Department of Forest Sciences, Chonbuk National 
University, South Korea. The bacteria was maintained 
on marine agar plates at 4 oC in a refrigerator and 
subcultured every month.

2.2. Synthesis and purification of AuNPs using 
Jeotgalibacillus sp.

The seed culture was grown in 10 mL marine medium 
at 25 oC and 160 rpm in a shaking incubator. After 24 
h of incubation, 200 µL of culture was suspended in a 
200 mL marine medium and was incubated under the 
same conditions as the starter. The culture was then 
centrifuged at 10000 rpm for 15 min and the pellet 
was washed with sterile distilled water to eliminate 
the residual media components. The pellet was then 
suspended in 100 mL of 1 mM gold solution and 
incubated for 72 h on a rotary shaker at 160 rpm at 30 
oC. Synthesis of NPs was followed by centrifugation at 
10000 rpm for 15 min in order to obtain NPs-loaded 
NPs. The AuNPs-loaded biomass was washed twice, to 
remove free NPs, and freeze-dried, to obtain the dry 
biomass containing NPs. 
	 The NPs were extracted by adding various 
concentrations of EMIM acetate (1, 5, 10, 20, 50, and 
100%) to 200 mg of freeze-dried biomass. This was 
followed by sonication for 3 h and centrifugation for 5 
min at 3000 rpm to remove any remaining debris from 
the solvent.

2.3. Characterization of nanoparticles (NPs)

The biogenic and purified NPs were characterized 
using a UV-visible spectrophotometer (Shimadzu, 
UV-2550, Kyoto, Japan). For transmission electron 
microscopy (TEM) observation, the solution was 
centrifuged at 10000 rpm for 15 min and the settled 
NPs were re-suspended in ethanol. TEM samples of 
the aqueous suspension of AuNPs were prepared by 
placing a drop of the suspension on carbon-coated 
copper grids, allowing the films on the TEM grids to 
stand for 2 min, and removing the excess solution using 
a blotting paper. The grid was allowed to dry prior to 
measurement and TEM observations were performed 
on a HITACHI-JP/H7600 instrument (Tokyo, Japan) 
operated at an accelerating voltage of 100 kV. The size 
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distribution of the resulting NPs was estimated based 
on TEM micrographs with the assistance of SigmaScan 
pro software (SPSS Inc, Version 4.01.003). The 
residual metal ion concentration after bioreduction 
was analyzed using inductively coupled plasma (ICP; 
Agilent 7500). Treated and untreated biomass samples 
were freeze-dried and subjected to field-emission 
scanning electron microscope (FESEM) and energy 
dispersive X-ray (EDX) analysis for detecting the 
presence of gold. Hitachi S-4800 (Tokyo, Japan) and 
Horiba EMAX-7000 (Japan) instruments were used 
for FESEM and EDAX analysis, respectively. The X-ray 
diffractogram (XRD) for scrutinizing the crystalline 
phase of purified NPs was sequestered using RIGAKU 
D/MAX 2500.  The Fourier transform infrared (FTIR) 
analysis used to characterize the functional groups 
on pristine bacteria and AuNPs-loaded bacteria was 
measured on a Spectrum-GX instrument (Perkin 
Elmer, Waltham, USA). Liquid samples containing 
purified AuNPs were analyzed using a JASCO V- 670 
double beam spectrophotometer (Easton, MD, USA).

3. RESULTS AND DISCUSSION

3.1. Synthesis of AuNPs using Jeotgalibacillus 
sp.

Cells of Jeotgalibacillus sp. MB38 were incubated with 
a solution of chloroauric acid solution for the synthesis 
of AuNPs at 30 °C and 160 rpm. The synthesis of 
AuNPs by microbial cells was evidenced by the 
change in colour of the biomass and reaction mixture 
from pale yellow to ruby red colour (Narayanan and 
Sakthivel, 2010). A representative salt and cell control 
tube showed no characteristic change in the colour of 
the solution, which indicated the absence of abiotic 
reduction. This colour change from pale yellow to 
pink purple was noticed within 12 h of reaction for the 
bacteria-AuCl4- solution. However, the intensity of the 
colour darkened over time, indicating the increase in 
the AuNPs concentration with respect to time. 
	 Visual observations were simultaneously 
validated by UV-Vis spectrometry, which is an 
extensively used, simple and sensitive technique to 
observe NP synthesis. Figure 1i shows the UV-Vis 
spectrum of the reaction mixture at various incubation 
times at 30 °C and pH 3. The spectrum shows the 
presence of a peak at 550 nm and the intensity of the 
surface plasmon band (SPB) steadily increases with 
respect to time, which was attributed to the increase in 
the concentration of AuNPs in solution.  A slight shift 

in the position of peak was observed with respect to 
time, which probably corresponds to the increase in NP 
size of NPs in solution (Binupriya et al., 2010b). The 
SPB intensity and bandwidth in AuNPs in biological 
synthesis are different from those obtained by chemical 
synthesis, as they not only depend on the particle size 
and shape, but also on the medium dielectric constant 
and the ambient temperature (Daniel and Astruc, 
2004; Link and El-Sayed, 1999). The intensity of the 
peak increased as a function of time for 24 h, and no 
prominent increase in the intensity or shift in peak 
position was observed further, indicating the stability 
of the AuNPs in solution.
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Figure 1. (i) UV visible analysis of AuNPs synthesized 
by bacteria Jeotgalibacillus sp. and cell-free broth 
(CFB) at pH 3 and 30 °C. (ii) XRD analysis for 
nanoparticles (NPs) synthesized at 30 °C: (a) AuNPs-
loaded bacteria, and (b) cell-free broth (CFB).

	 The bacteria-synthesized NPs were filtered in 
order to observe the intracellular and extracellular 
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synthesis of particles. However, the obtained filtrate 
was devoid of bacteria and remained colorless, without 
any SPB peak. This proved the intracellular nature of 
the NP synthesis using bacterial cells. Deplanche and 
Mecaskie (2008) have reported similar findings using 
Escherichia coli and Desulfovibrio desulfuricans 
for the recovery of gold from aqueous solutions. The 
use of CFE for AuNPs synthesis failed to produce 
uniform particles, which exhibited a SPB at 542 nm 
(Figure 1i), but were deformed and irregular in shape. 
Furthermore, reduction was observed after 16 h of 
reaction in contrast to bacterial cells. The UV analysis 
showed a higher intensity for the NPs synthesized 
by whole cells than that of CFE. Since the maximum 
absorption of the peak represents the amount of NPs in 
solution, it was inferred that the whole cells produced 
NPs more efficiently that CFE (Binupriya et al. 2010c). 
Periplasmic enzymes, cytoplasmic enzymes and nitrate 
reductases have been widely reported as metal ion 
reducers. Bacterial reduction of Au(III) has similarly 
been reported to be H2 dependent (Deplanche and 
Macaskie, 2008). However, the exact mechanism 
for the biological reduction of metal ions remains 
imprecise, as recent reports demonstrate the myco-
crystallization of silver and gold particles in live and 
dead fungal cell and cell filtrates of Aspergillus oryzae 
var. viridis. Likewise, Sneha et al. (2010a) have reported 
the biosorption-coupled bioreduction of silver in live 
and dead cells of Corynebacterium glutamicum.
	 TEM analysis of AuNPs-loaded bacteria 
showed that most NPs in the mixture were present on 
the surface or in vicinity of the cells. Close examination 
of AuNPs-loaded bacteria revealed that the particles 
were not only present on the cell, but also buried 
within the cell. The possibility that the periplasmic 
space and intracellular organelles may have contained 
a substantial amount of AuNPs cannot be overlooked. 
Since the cells portray a dense population of AuNPs 
encapsulated in the biological matrix, the lattice fringes 
of gold could not be inspected. However, the XRD 
pattern of bacteria-synthesized AuNPs (Figure 1ii.a) 
and cell-free broth (CFB)-synthesized AuNPs (Figure 
1ii.b) showed the presence of 4 distinct peaks at 38.2, 
44.5 64.9 and 74.6, corresponding to (111), (200), 
(220) and (311) Bragg reflections of a face centered 
cubic lattice (JCPDS no. 04-0784), respectively.
	 The residual Au ion concentration following 
the reaction with whole cells and CFE was determined 
using ICP analysis. The former afforded nearly 100% 
conversion, compared to only 30% conversion for the 
latter. The ICP result suggests that the Au ions were 
either bound to the biomass or absorbed into the cell by 

reduction in presence of the bacterial cells. However, 
biosorption property of the biomass prevented exact 
determination of the exact amount of NPs in solution. 
Based on visual observation, UV-visible and TEM 
analyses, bacterial biomass was selected as an excellent 
candidate for reduction.
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Figure 2. (i) The effects of pH on synthesis of Au 
nanoparticles (NPs) using Jeotgalibacillus sp. (ii) TEM 
images showing the effect of pH on the synthesis of 
AuNPs using Jeotgalibacillus sp.: pH 1 (b) pH 3 (c) pH 
5 (d) pH 7 (e) pH 9 and (f) pH 11.

3.2. Influence of pH on NP synthesis using 
Jeotgalibacillus sp.

As most NPs were found fastened to the bacteria, pH 
experiments were conducted to analyze the nature of 
particles formed under varying pH conditions. Since 
change in pH changes the reduction potential of 
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Au(III), the kinetics of the Au ions and the nucleation 
process can be altered. Hence, pH control may aid in 
controlling the morphology of AuNPs (Liu et al. 2010). 
For this, bacteria-Au (III) solutions were adjusted to 
the following six different initial pH values: 1, 3, 5, 7, 
9 and 11. The rates of reduction by biomass remained 
unaffected by the change in the solution pH.
	 The NPs were completely reduced within 24 h 
and prominent differences in the colour of the solution 
were observed during the NP synthesis in all cases, 
except at pH 1 and 11 for which no significant colour 
change was observed. From the original pale yellow 
color, the mixture turned ruby red at pH 3, pink purple 
at pH 5 and bluish purple at pH 7 and 9. These results 
were supplemented by the UV-visible spectrometry 
analysis, in which the differences in the colour of the 
solution were explained by the position of SPB exhibited 
by AuNPs formed in each solution (Daniel and Astruc, 
2004; Deplanche and Macaskie, 2008). The plasmon 
band in AuNPs is observed due to the collective 
oscillations of electron gas at the surface of the NPs. 
The ligand shell alters the refractive index and causes 
either a red or blue shift in the SPB and hence the peak 
position and SPB maximum can provide an insight into 
the size of the NPs present in the solution. As visual 
observations indicated, few or no NPs were formed at 
reaction pH levels of 1 and 11 (Figure 2i). The UV-Vis 
spectrum showed that pH 3 and 5 were optimum for the 
synthesis of AuNPs. Nevertheless, various parameters 
including temperature and dielectric constant of the 
reaction medium can also affect the colour of the 
solution and the refractive index detected by plasmon 
vibrations. Moreover, the surface plasmon resonance 
(SPR) peak may also be affected by the presence of 
other biomolecules due to the biomaterial.
	 Figure 2ii shows TEM images of the particles 
formed at various pH levels. The peak intensity of 
pH 5 is slightly higher than that of pH 3 and the 
particles formed at pH 3 exhibit a wide range of sizes 
whereas as the pH of the solution increases, the AuNPs 
formed are almost uniform in shape and size (10~20 
nm). As shown in Figure 2i, the sharp peak at 563 
nm corresponding to the presence of AuNPs at pH 3 
indicates the presence of larger NPs of a wider size 
range. A prominent blue shift for AuNPs at pH 5, 7 and 
9 is observed with the SPB of AuNPs centered at 533 
nm for all the three pH levels. The sharp peak at pH 
5 may have been due to the presence of monodisperse 
and predominantly spherical NPs, in contrast to the 
wider peak for AuNPs at pH 3; and the blue shift was 
attributed to the presence of smaller NPs at alkaline 
pH. The TEM images in Figure 2ii corroborate with the 

UV-visible analysis results in indicating the presence 
of larger particles (~50 nm) at acidic pH and smaller 
particles (10~20 nm) with increasing pH.
	 The interaction between the surface energy of 
the reactants and the rate of material arrival strongly 
affects the morphology of AuNPs (Patungwasa and 
Hodak, 2008). Lower pH leads to protonation and 
neutralization of carboxyl groups, thus allowing an 
enhanced binding of AuCl4

− ions at lower pH. As pH 
increases, the net charge on the biomolecules changes 
from positive to negative and produces an intense 
repulsion between the negatively charged AuCl4

− ions 
and the biomolecules (Sneha et al. 2010b). Similar 
results for the formation of smaller NPs at higher pH 
have been reported by Agnihotri et al. (2009), and 
also in chemical synthesis method (Yang et al. 2007). 
Recently, Sneha et al. (2010b) reported the formation 
of anisotropic NPs at acidic pH and spherical NPs in 
alkaline pH using Piper betel extract for the synthesis 
of AuNPs. However, their results were contrary to 
previous reports (Gericke and Pinches, 2006; Deplance 
and Macaskie, 2008) that studied the effects of solution 
pH on AuNPs formation. Agnihotri et al. (2009) 
proposed that such differences in the behavior of 
AuNPs synthesis at acidic and alkaline pH by organisms 
may be due to the difference in the mechanism for the 
reduction of metal ions. However, the morphological 
control achieved by altering physiological conditions 
may potentially increase the prospects of microbially 
synthesized NPs in industrial applications.

3.3. FTIR analysis of bacteria-synthesized NPs

FTIR analysis was used to characterize the functional 
groups on pristine bacteria and AuNPs-loaded bacteria 
(Figure 3). FTIR analysis of pristine bacteria showed 
strong bands at 1653, 1550 and 1238 cm-1 corresponding 
to amide I, II and III bands of polypeptide/protein 
respectively, as reported earlier (Shankar et al. 2003). 
Further, the strong band at 1401 cm-1 observed in pristine 
bacteria was assigned to C=C or C-C bonds mainly due 
to quinones. In the spectrum of AuNPs-loaded bacteria, 
however, this vibration is absent, but a weak vibration 
was noticed at 1501cm-1. Pristine bacteria showed an 
intense peak at 1070 cm-1 corresponding to NH2 rocking 
vibration, which was shifted to 1058 cm-1 in AuNPs-
loaded bacteria. The spectra revealed broad shoulders 
at 3500 cm-1 that may correspond to the -OH vibration 
and be associated with the C-H signal observed at 2346 
cm-1 in AuNPs-loaded bacteria, although it was absent 
in pristine bacteria. The prominent difference in the 
intensities of the vibrations corresponding to amides I, 
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II, and III indicates the probable involvement of various 
amides in the reduction and capping of AuNPs. It has 
been widely reported that protein can bind to AuNPs 
and is well known that proteins interact with AuNPs 
through cysteine residues in protein or amine groups 
(Shankar et al. 2003). Even though the FTIR results 
revealed the predominance of the amides on AuNPs-
loaded bacteria, with a weak C=H mode at 2346 cm-1, 
the exact mechanism for the formation of AuNPs varies 
according to the form of the biomaterial. Numerous 
recent reports have reported NP synthesis using dead 
cells, and dead CFE. While these reports claim that the 
metal reduction may be enzymatic or non-enzymatic, 
considerably more research in needed to elucidate the 
mechanism.
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Figure 3. FTIR analysis of (a) AuNPs-loaded bacteria 
and (b) pristine bacteria.

3.4. Recovery of NPs by dissolving bacterial 
biomass in EMIM acetate

The NP-loaded bacteria were dissolved using EMIM 
acetate, as an attempt to recover the AuNPs from the 
bacterial biomass. As aforementioned, the AuNPs were 
tightly adhered to the surface of the bacteria and were 
therefore subject to different concentrations of EMIM 
acetate and sonication, followed by centrifugation 
to separate the cell debris. The supernatant obtained 
after centrifugation at 3000 rpm contained extracted 
NPs, based on observations using various techniques. 
An initial conformation for the presence of AuNPs was 
detected by visual observations and UV-visible analysis. 
Figure 4i shows a photographic image of the extracted 

NPs using various concentrations of EMIM acetate. 
The presence of a clear ruby red solution was evidence 
of extracted NPs. The extraction process was repeated 
thrice to isolate more NPs and the supernatant was 
scrutinized using UV-Vis spectrometry. The peculiar 
optical property of AuNPs enables easy analysis for 
detecting their presence using UV-Vis spectroscopy.

 
Figure 4. Recovery of  nanoparticles (NPs) using 
different concentrations of EMIM acetate: (a) 1% (b) 5% 
(c) 10% (d) 20% and (e) 50%. (i) Visual observations, 
and (ii) UV-Vis spectrometry.
 
	 The UV-Vis analysis spectrum in Figure 4ii 
exhibits prominent bands between 540 nm and 543 
nm. The peak between 540 nm and 543 nm was 
attributed to the transverse component of SPR and the 
spectrum was clearly shifted from 540 nm to 544 nm as 
the concentration of EMIM acetate was increased from 
1% to 50%. As cited before, the observed shift in SPR 
peak toward the near-infrared (NIR) region may have 
been due to the presence of larger NPs. The NP peak 
intensity of the NPs was drastically increased with 
increasing concentration of EMIM acetate, which was 
directly proportional to the amount of NPs recovered 
from the bacterial biomass. The peak intensity indicated 
that a significant amount of NPs was recovered by the 
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treatment using EMIM acetate treatment. Even though 
the SPR peak intensity and position could be attributed 
to the NP size, the resonance wavelength and bandwidth 
of the AuNPs were also dependent on the particle size 
and shape, dielectric constant, refractive index of the 
surrounding medium and temperature. Importantly, 
the peak intensity reduced of SPR obtained in UV was 
reduced by treatment with 50% EMIM acetate. This 
sudden decrease in the peak intensity may have been 
caused by the decrease in the number of spherical NPs 
and the increase in anisotropic NPs. SPR obtained in 
the UV-Vis region is a typical characteristic of AuNPs 
having spherical morphology. Unlike spherical NPs, 
anisotropic NPs exhibit an in-plane vibration of 
the electromagnetic spectrum (Sneha et al. 2010b). 
However, no discreet plasmon band was observed, 
probably due to morphological alterations in the 
presence of EMIM acetate or due to disruption in the 
AuNPs organization (Firestone et al. 2005). Hence, the 
results could not be considered. 
	 The UV-Vis results were confirmed using TEM 
analysis and the results obtained are shown in Figure 
5. As suggested by the UV results, TEM images show 
the presence of triangular platelets in the reaction 
mixture containing 50% EMIM acetate. The SPR of 
purified AuNPs complied with those recorded using 
TEM. No NPs were purified using 1% EMIM acetate 
whereas some were extracted with 5% EMIM acetate 
and a less intense peak was also observed at 540 nm. 
Similar images and maximum peaks were observed for 
10% and 20% EMIM acetate wherein the recovered 
particles ranged in size from 5 to 50 nm in size, which 
was represented by a very prominent peak at 543 nm. 
The NIR shift at maximum concentration complied 
with the presence of particles (~10 nm) and platelets 
(150~200 nm), as observed in the microscopic images.

3.5. Formation of Au platelets in EMIM acetate

Various studies have proposed ILs, especially EMIM 
acetate, as a promising solvent for the dissolution of 
biopolymers and similar results were obtained for 
the sonication of AuNPs-loaded biomass in various 
concentrations of EMIM acetate (Hermanutz et al., 
2008). EMIM acetate not only dissolved the biomass, 
but also helped in releasing AuNPs trapped in the 
biological matrix. However, lower concentrations 
of EMIM acetate could not drive the formation of 
nanoplatelets, even after a month of storage, whereas 
the TEM images indicated that the use of 20~50% 
EMIM acetate can facilitate the synthesis of triangular 
NPs. While the NPs are still stabilized by the capping 

biological capping agents at lower concentrations of 
EMIM acetate, higher concentrations of EMIM acetate 
probably, disrupt the biomolecular layer stabilizing 
AuNPs, thus leading to their destabilization. On the 
contrary, Khare et al. (2009) reported that pure IL 
provides better stabilization, whereas the addition of 
water leads to destabilization, so that larger aggregates 
were observed when using various EMIM-bearing 
anions. They also described that the type of cation 
affects the size of the NPs formed. Crystal growth 
using an IL as a template has been reported by 
recent researchers using AuNPs seeds, photoinduced 
synthesis and ionic gel template methods (Firestone et 
al. 2005; Zhu et al. 2007; Obliosca et al. 2010) and our 
results are concordant with these reports.

 

f 

Figure 5. TEM analysis of AuNPs recovered using 
different concentrations of EMIM acetate: (a) control, 
(b) 0.1 mL, (c) 0.5 mL, (d) 1 mL, (e) 2 mL, and (f) 5 mL.

	 Our conclusions regarding the dissolution of 
the biological matrix using EMIM acetate are shown in 
Figure 6. As aforementioned, FESEM and EDX images 
corroborated the complete disruption of bacteria 
in EMIM acetate, thereby releasing the embedded 
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particles. The FESEM observations were supported by 
EDX analysis, where the control showed a prominent 
concentration of Au. On the contrary, the EDX of 
EMIM acetate-solubilized bacteria showed no trace of 
Au. The presence of elemental species (Si and C) was 
attributed to the sample support and the bacterial cell 
debris, respectively. Moreover, the FESEM images 
of the AuNPs-loaded bacteria reveal a significant 
distinction between the AuNPs-loaded bacteria and 
EMIM acetate-solubilized bacteria.
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Figure 6. FESEM (up) and EDAX (down) analysis 
of AuNPs-loaded bacteria (a) before and (b) after 
treatment with EMIM acetate.

	 The morphology and structure of AuNPs 
purified using 50% EMIM acetate were studied using 
HRTEM. In Figure 7, high-resolution image (200 kV) 
clearly shows the presence of Au triangles along with 
some other NPs. As shown in Figure 7c, a lattice of 
planes exhibiting an interplanar distance of 0.235 nm, 
corresponding to [111]-type planes of crystalline gold, is 
observed at the edge of the Au triangular nanoplatelet. 
The inner lattice fringes were not discreet since the 
aggregate was too thick for lattice measurement. 
Figure 7d presents an HRTEM image of the spherical 
particle post purification. The crystallite is oriented 
along the [111] and [200] directions with interplanar 
distances of 0.235 and 0.204. The selected area 
electron diffraction (SAED) pattern shown in Figure 
7b, displayed a number of diffraction spots arranged 
in circular rings, which confirmed the crystallinity of 
AuNPs. The obtained results were further validated 

using XRD analysis to analyze the crystallinity and 
average crystal size of the purified and freeze-dried 
AuNPs. The XRD pattern shown in Figure 8i displays 
four distinct peaks at 37.9, 44.2, 64.6, and 74.6, that 
were indexed to the [111], [200], [220] and [311] lattice 
planes of face-centered cubic gold, respectively. The 
absence of any preferential growth along the [111] plane 
suggested the possibility of further growth leading to 
diverse morphology. As HRTEM observations may 
be limited to a specific portion of the sample, the 
Scherrer equation was applied in order to scrutinize 
the difference in mean crystallite size, obtained using 
low and high concentrations of EMIM acetate.

Scherrer Equation:  



cos



B

Kt 	 (1)		
						    
where t = thickness of crystallite, K = constant 
dependent on crystallite shape (0.89), λ = x-ray 
wavelength, B = FWHM (full width at half max) or 
integral breadth, and θ = Bragg Angle. The size of the 
Au nanocrystallites as estimated from the FWHM of 
the (111) peak of gold using the Scherrer formula was 
21.8 nm and 58.9 nm for AuNPs obtained using 1% 
and 50% EMIM acetate, respectively. The XRD pattern 
corresponds to the coherent crystalline thickness and 
not to the grain size as visualized in microscopy. Hence, 
this difference in average crystal size further validated 
the aforementioned results.

 

Figure 7. HRTEM and SAED images of purified gold 
nanoparticles (AuNPs). (a) high-resolution image, (b) 
selected area electron diffraction pattern, (c) a lattice 
of planes exhibiting an interplanar distance of a 0.235 
nm and (d) HRTEM image of the spherical particle 
post purification.
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3.6. FTIR analysis of Purified AuNPs

Figure 8ii shows the FTIR spectra of EMIM acetate 
and purified AuNPs suspended in EMIM acetate. 
Kiefer et al. (2009) published a detailed discussion 
of the IR spectrum of EMIM acetate. Prior reports 
also showed the interaction of EMIM acetate with 
various biomaterials like glucose and cellulobiose. 
The similarity of the two spectra reveals that a layer 
of EMIM acetate surrounded the purified AuNPs. The 
broad stretching band present between 3400 and 3700 
cm-1 was attributed to the absorption of -OH due to 
water. The -OH band evidenced spectral changes. As 
mentioned by Kiefer et al. (2009), vibrations from 
acetate anion were seen between 1000 and 2000 cm-1. 
FTIR vibrations for [EMIM] cations were mainly found 
between 500 and 1000 cm-1. The region between 500 
and 1000 cm-1 was noisy, which signified substantial 
intermolecular interactions between the AuNPs, 
bacterial biomolecules and EMIM cation. However, 
discernable peaks were observed in the range 1000 
-2000 cm-1. An intense vibration for (N)CH2, CH3(N)
CN, and CC stretching was seen at 1169 cm-1. The 
weak vibration in EMIM acetate seen at 1227 cm-1 was 
attributed to the C-CH3 vibration from acetate. Another 
bending mode and further sharp lines for CH3, [EMIM], 
and C=O stretching modes were present at 1425, 1389 
and 1566 cm-1, respectively (Kiefer et al. 2009). No 
characteristic vibrations were observed between 2000 
and 3000 cm-1. The broad OH stretching in pure EMIM 
acetate observed after 3400 cm-1 became weaker in 
the purified NPs, which may have been due to the 
interaction between the OH molecules and AuNPs 
suspended in 50% EMIM acetate solution.

3.7. Mechanism for the formation of 
nanocrystals from AuNPs seeds

We studied the intracellular synthesis of Au in AuNPs 
without the addition of an extracellular reducing 
agent, and recovered it using EMIM acetate as solvent. 
However, we found that the presence of EMIM acetate 
may drive the formation of nanoplatelets, whereas 
predominantly spherical particles were formed at lower 
concentrations of EMIM acetate. The Au triangular 
sheets were not evenly formed, which may have allowed 
the platelets to grow larger or more numerous due to 
the availability of unreduced Au ions or the aggregation 
of Au seeds in the presence of the IL.
	 Zhu et al. (2007) have previously reported the 
UV-light irradiated synthesis of Au platelets in the 
presence of IL [BMIM][BF4]. They explained the atom-

oriented growth of Au nanosheets in the presence of Au 
ions and the edge selective particle fusion mechanism 
for the growth of particles in a particular direction. 
In our studies, however, no preferential growth was 
observed along a specific plane, which ruled out the 
particle fusion mechanism and suggested the probable 
involvement of other factors in the formation of Au 
sheets in the presence of IL. Nonetheless, the presence 
of water in the mixture suggested that Oswald ripening 
may have lead to the redeposition of particles into larger 
crystals. The morphology of the particles and platelets 
after purification was quite heterogeneous, which 
signified the lack of well-controlled nucleation at room 
temperature (Khare et al. 2009). Careful observation 
revealed that the triangular platelets do not exists as a 
single platelet, but rather as an association of various 
small entities. This suggests the existence of additive 
attractive forces and atomic charges surrounding the 
platelets and particles.
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Figure 8. (i) XRD patterns of AuNPs purified with (a) 
1% EMIM acetate and (b) 50% EMIM acetate (ii) FTIR 
analysis of (a) EMIM acetate (b) 50% EMIM acetate-
Au colloid.
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	 As aforementioned, the particles are surrounded 
by EMIM acetate and water. The chaotropic cation 
[EMIM]+ interferes with the stabilizing intramolecular 
interactions and thus dissolves the proteins and other 
macromolecules capping on AuNPs. Further, the 
kosmotropic anion [CH3COO]- favors water-water 
interactions, which stabilizes the intermolecular 
interactions between the already existing Au seeds 
(Zhao et al. 2006). The charge on the seed plays an 
important role in determining the aspect ratio of 
the aggregates formed (Gole and Murphy, 2004). In 
addition, certain hydrophobic interactions that may 
exist due to the presence of bacterial membrane lipids 
can promote self-assembly and aggregation between 
two nanocrystals (Kiely et al. 1998). Besides, surface 
modification can promote interactions between 
nanocrystals, directing the self-assembly of larger 
structures. According to a study by Han et al. (2003), a 
combination of the two most important forces - van der 
Waal and hydrogen bonding, performs a significant 
function in interparticle interaction and close packing 
by exchange and hydrogen bonding. In this aspect, 
they proposed a model implying that –COOH groups 
are located mostly in the interparticle void space and 
that the H-bonding at the -COOH terminal and other 
cohesive van der Waal forces facilitate the formation 
of interparticle assembly. Furthermore, the presence 
of terminal methyl groups (in this case [CH3COO]-), 
that change the contact angles and the corresponding 
adhesion forces, can induce pertinent changes in 
the direction of orientation of the molecular groups, 
thus leading to the formation of three-dimensional 
nanostructures (Kokkoli and Zukoski, 1999). These 
factors may also be affected by the viscosity, density, 
dielectric constant, polarizability, and refractive index 
of the solution. A literature survey shows that a variety 
of factors may facilitate the formation of nanoplatelets 
in the presence of an EMIM acetate- water mixture 
and we have only hypothesized the possible reasons 
for aggregation. A comparison of these results clearly 
supports the role of EMIM acetate in the subsequent 
formation of gold platelets from biogenic AuNPs. 
Further work is necessary for better understanding 
of the seed-mediated synthesis of gold nanoplatelets 
involving a biological system.

4. CONCLUSIONS

The study results demonstrate that AuNPs trapped in 
bacteria can be recovered in either spherical or platelet 
form by treating the bacteria with EMIM acetate, and 
that gold platelets can be synthesized from biogenic 

AuNPs seeds in the presence of EMIM acetate. Small 
NPs ranging from 5~50 nm could be extracted using 
a low concentration of EMIM acetate. The shape 
of the NPs varied greatly as the concentration of 
EMIM acetate was increased to 50%, in line with the 
prediction from the Scherrer Equation. The chaotropic 
and kosmotropic properties played the pivotal role in 
releasing the AuNPs trapped in the bacterial matrix 
and in the aggregation of Au seeds to form platelets. 
Electrostatic interaction, terminal CH3 group, and 
hydrophobic interactions in the presence of bacterial 
membrane lipids also facilitated the platelet formation. 
The gold particles obtained at high pH were minute 
and monodispersed in comparison to those obtained 
in acidic pH. However, pH 3 was found to be optimum 
for AuNPs synthesis. We believe that this simple and 
effective methodology using an IL will facilitate the 
customized modification of biogenic NPs, and that 
the beneficial variation of the optical properties of 
these NPs will support their use in various industrial 
applications ranging from bioremediation to IL-AuNPs 
hybrids for solar cells.
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