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White biotechnology can be regarded as applied biocatalysis,
with enzymes and microorganisms, aiming at industrial
production of bulk and fine chemicals to food and animal
feed additives. In its turn biocatalysis has many attractive
features in the context of greenchemistry: mild reaction con-
ditions (physiological pH and temperature); environmentally
compatible catalysts and solvent (often water) combined with
high activities; and chemo-, regio-, and stereoselectivities in
multifunctional molecules. This affords processes which are
shorter, generate less waste, and are, therefore, both environ-
mentally and economicallymore attractive than conventional
routes.

This special issue includes aspects involving the use of
white biotechnology (enzymes, microorganisms, and plant
tissues) within the green chemistry concept, concerning the
use of alternative solvents (supercritical fluids, pressurized
gases, ionic liquids, and micellar systems) and energies
(microwaves and ultrasound); sustainable approaches for
production of fine and bulk chemicals (aromas, polymers,
pharmaceuticals, and enzymes); use of renewable resources
or agroindustrial residues; biocatalysts recycling; and waste
minimization.

This special issue contains six papers, where three are
related to green synthesis of nanoparticles and one paper
covers biological pretreatment for enzymatic hydrolysis and
bioethanol production. Two papers regard the use of alterna-
tive reaction systems. In the first paper entitled “Green syn-
thesis of silver nanoparticles using Pinus eldarica bark extract,”
S. Iravani and B. Zolfaghari present the optimization of the
biosynthesis production of silver nanoparticles through the
evaluation of Pinus eldarica bark extract quantity, substrate

concentration, temperature, and pH on the formation of such
material. The preparation of nanostructured silver particles
using P. eldarica bark extract provides an environmentally
friendly option, as compared to currently available chemical
and/or physical methods.

The second paper, “Green and rapid synthesis of anti-
cancerous silver nanoparticles by Saccharomyces boulardii and
insight into mechanism of nanoparticle synthesis,” by A. Kaler
et al. describes an ecofriendly method for the synthesis of
silver nanoparticles (AgNPs) by cell free extract (CFE) of Sac-
charomyces boulardii. In addition to the optimization of rel-
evant synthesis parameters as culture age, cell mass concen-
tration, temperature, and reaction time, the paper presents
particles characterization by UV-Visible spectroscopy, EDX
(energy dispersive X-Rays) analysis, transmission electron
microscopy, and zeta potential, as well as the elucidation
of proteins/peptides role in nanoparticles formation and
stability and their anticancer activity. The method therein
described a method that does not require tedious down-
stream processing and it may be scaled up to develop a viable
technology for the Ag-nanoparticle synthesis.

In the third paper, “Biosynthesis, antimicrobial and cyto-
toxic effect of silver nanoparticles using a novel Nocardiopsis
sp. MBRC-1,” P. Manivasagan et al. present another green
approach for biosynthesis of nanoparticles using the culture
supernatant ofNocardiopsis sp.MBRC-1 to achieve the reduc-
tion of silver ions from a silver nitrate solution. The obtained
nanoparticles were characterized by UV-visible, TEM, FE-
SEM, EDX, FTIR, andXRD spectroscopy.The prepared silver
nanoparticles exhibited strong antimicrobial activity against
bacteria and fungi. Cytotoxicity of biosynthesized AgNPs
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against in vitrohuman cervical cancer cell line (HeLa) showed
a dose-response activity.

In the fourth paper, “Biological pretreatment of rubber-
woodwithCeriporiopsis subvermispora for Enzymatic hydroly-
sis and bioethanol production,” F.Nazarpour et al. investigate a
novel feedstock for enzymatic hydrolysis and bioethanol pro-
duction using biological pretreatment: rubberwood (Hevea
brasiliensis). To improve ethanol production, rubberwood
was pretreated with white rot fungus Ceriporiopsis sub-
vermispora to increase fermentation efficiency. The fungal
pretreatment provides a cost-effective method for reducing
the recalcitrance of rubberwoodwith high selectivity of lignin
degradation rate and minimal cellulose loss for enzymatic
hydrolysis and bioethanol production.

In the fifth paper, the research of G. D. Yadav and S.
Devendran entitled “Microwave assisted enzymatic kinetic
resolution of (±)-1-phenyl-2-propyn-1-ol in non-aqueous
media,” proposes a kinetic resolution of 1-phenyl-2-propyn-
1-ol, an important chiral synthon, through esterification
with acyl acetate. The authors investigate synergism
between microwave irradiation and enzyme catalysis. The
lipase (Novozym 435) catalyzed kinetic resolution under
microwave irradiation. The maximum conversion of 48.78%
was obtained in 2 h using 10mg enzyme loading with
equimolar concentration of alcohol and ester at 60∘C under
microwave irradiation. From the progress curve analysis,
it was found that reaction followed the ping-pong bi-bi
mechanism with dead end inhibition of alcohol. Beside the
previous papers herein described, the preparation of chiral
secondary alcohols using lipase catalyzed kinetic resolution
is mild and clean as compared to chemical process.

In the seventh paper entitled “Demonstration of redox
potential of Metschnikowia koreensis for stereoinversion of
secondary alcohols/1,2-diols,” by V. S. Meena et al. reports the
Metschnikowia koreensis-catalyzed one-pot deracemization
of secondary alcohols/1,2-diols and their derivatives with in
vivo cofactor regeneration.This ecofriendly method afforded
the product in high yield (88%) and excellent optical purity
(>98% ee), minimizing the requirement of multistep reaction
and expensive cofactor.

Bernardo Dias Ribeiro
Isabel Marrucho

Luciana Gonçalves
Maria Alice Z. Coelho
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Kinetic resolution of 1-phenyl-2-propyn-1-ol, an important chiral synthon, was studied through trans-esterification with acyl
acetate to investigate synergism between microwave irradiation and enzyme catalysis. Lipases from different microbial origins
were employed for the kinetic resolution of (R/S)-1-phenyl-2-propyn-1-ol, among which Candida antarctica lipase B, immobilized
on acrylic resin (Novozym 435), was found to be the best catalyst in n-hexane as solvent. Vinyl acetate was the most effective
among different acyl esters studied. The effect of various parameters was studied in a systematic manner. Definite synergism
between microwave and enzyme was observed. The initial rate was improved around 1.28 times under microwave irradiation than
conventional heating. Under optimum conditions, maximum conversion (48.78%) and high enantiomeric excess (93.25%) were
obtained in 2 h. From modeling studies, it is concluded that the reaction follows the Ping-Pong bi-bi mechanism with dead end
alcohol inhibition. Kinetic parameters were obtained by using nonlinear regression.This process is green, clean, and easily scalable
as compared to the chemical process.

1. Introduction

Enantiomeric pure chemicals are needed for synthesis of
optically active compounds that have significant market
values across a variety of industries [1], among which chiral
secondary alcohols have several applications in pharmaceu-
tical and chemical industries, such as chiral auxiliaries, and
they can be easily derivatizedwith different functional groups
[2]. In comparison with classical chemical methods such as
preferential crystallization, diastereomerization, chromato-
graphic separation, and asymmetric reduction by chiralmetal
oxides, biocatalytic processes are broadly accepted as good
options to prepare optically pure secondary alcohols [3].
Biocatalysts score over chemical processes because they often
possess high stereo-, chemo-, and regio-selectivity. Biocat-
alytic systems can be operated at mild operating conditions
that reduce byproduct formations and are recyclable and
easily adoptable in nonaqueous and neoteric solvents. Biocat-
alytic processes are reported as simple and cost effective for
the synthesis of single enantiomeric compounds. However,
the major drawback of these processes is the fact that they

are slow in nature and need to be intensified in order to meet
industrial requirements [4–6].

Among various biocatalytic paths, lipase catalyzed kinetic
resolution of racemic mixtures have been favored for prepar-
ing the optically active secondary alcohols through hydrolysis
and transesterification reactions. Lipases have inherent ability
to accept a broad range of substances and do not require
expensive cofactors like NAD(P)H. Lipases are readily avail-
able from animal, plant, and microbial sources and remain
active in both organic and neoteric solvents like ionic liquids
and supercritical carbon dioxide (scCO

2
). However, alcohol

dehydrogenases catalyzed asymmetric reduction requires
expensive cofactors for its catalytic activity and is also less
adoptable to nonaqueous media [7, 8].

In recent years, microwave irradiation, a green and clean
alternative energy source, has been employed to enhance
the reaction rates and selectivities for organic synthesis as
well as materials production [9, 10]. In the conventional
heating, the rate of heat transfer from external heating source
to reaction system depends on the thermal conductivity of
reaction vessel, which might lead to higher temperature at
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Scheme 1: Lipase catalysed transesterification of (R/S)-1-phenylpropagyl alcohol with vinyl acetate under microwave irradiation.

vessel surface than the reaction mixture. Hence, it requires
longer equilibrium time and is difficult to control. On the
contrary, microwave irradiation results in efficient internal
heating by direct coupling of microwave energy with polar
molecules such as solvents, reagents, or catalysts in the
vessel. Microwaves pass through the wall of reactor and are
converted into heat directly in bulk mass of material in the
vessel. It is irrespective of the thermal conductivity of vessel
material. The temperature gradient observed in microwave
heating is exactly opposite to that in conventional heating.
Thus, it reduces the reaction time [11]. The synergism with
microwave irradiation is found to enhance the reaction rate in
enzymatic reactions [12].The rate of lipase catalyzed reaction
is enhanced to several folds as compared to conventional
heating and the lipase is quite stable under microwave
irradiation [13, 14].

Optically active 1-phenyl-2-propyn-1-o1 and its substi-
tuted derivatives are important precursors for synthesis of
enantiomeric pure natural compounds and biologically active
molecules such as eicosanoids and macrolides antibiotics
[15]. They can also be used as starting materials for stereos-
elective synthesis of polyhydroxylated compounds, allenes,
benzo[b]furan (1-benzofuran), and derivatives [16, 17]. There
are a few studies reported on the synthesis of the single enan-
tiomer of 1-phenyl-2-propyn-1-o1 by asymmetric hydrolysis
by using microbes, asymmetric chemical catalysis, or lipase
catalyzed kinetic resolution under conventional heating [18–
23]. All these processes require either longer reaction time
or high enzyme loading and there is no information on
kinetics of the reaction, which is required for reactor design
and scale-up. In the current work, microwave assisted lipase
catalyzed transesterification of (R/S)-1-phenyl-2-propyn-1-o1
was undertaken with vinyl acetate in nonaqueous media
(Scheme 1). The effect of various parameters such as different
commercially available immobilized lipases, acyl donors,
solvents, agitation speed, temperature, catalyst loading, and
acyl donor concentration was studied systematically by vary-
ing one parameter at a time. Finally, the mechanism was
proposed and kinetics were developed. All results are novel
and useful to scale up this process.

2. Materials and Methods

2.1. Enzymes. The following enzymes were received as gift
samples fromM/sNovozymes A/S (Bagsvaerd, Denmark): (i)
Novozym 435: Lipase B from Candida antarctica, supported
on a macroporous acrylic resin with a water content of 1-
2% (w/w) and enzyme activity 10,000 PLU/g, (ii) Lipozyme
RM-IM: Lipase from Rhizomucor miehei, supported on a
macroporous anion exchange resin with a water content of
2-3% (w/w) and enzyme activity 6 BAU/g, and (iii) Lipozyme
TL IM: Lipase fromThermomyces lanuginosus, supported on
porous silica granulates with water content 1-2% and enzyme
activity 175 IU/g.

2.2. Chemicals. Hexane, toluene, cyclohexane, isopropyl
ether, vinyl acetate, and other analytical and HPLC grade
reagents were purchased from M/s S.D. Fine Chemicals
Pvt. Ltd., Mumbai, India. (±)-1-Phenyl-2-propyn-1-ol, vinyl
butyrate and vinyl laurate were purchased from Sigma-
Aldrich India Pvt. Ltd., Bangalore, India. All chemicals
and enzymes were used without any further modifica-
tion/purification.

2.3. General Experimental Setup

2.3.1. Conventional Heating. The experimental setup con-
sisted of a 3 cm i.d. mechanically agitated glass reactor of
50 cm3 capacity, equipped with four baffles and a six-bladed
turbine impeller. The entire reactor assembly was immersed
in a thermostatic water bath, which was maintained at
a predetermined temperature with an accuracy of ±1∘C.
A typical reaction mixture consisted of 0.001mol racemic
alcohol and 0.001mol vinyl ester diluted to 15 cm3 with n-
hexane as a solvent. The reaction mass was agitated at 60∘C
for 15min at a speed of 300 rpm and then 10mg of enzyme
was added to initiate the reaction.

2.3.2. Microwave Heating. The studies were carried out
in a commercial microwave reactor assembly (Discover,
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CEM-SP1245 model, CEM Corp., Matthews, NC, USA) at
the desired temperature. The reactor was a 100mL capac-
ity, 4.5 cm i.d. cylindrical glass vessel with a provision for
mechanical stirring. A standard six-blade-pitched turbine
impeller of 1.5 cm diameter was used for agitation. However,
the actual reactor volume exposed to the microwave irradi-
ation was 45mL with 5.5 cm height. The temperature in the
reactor was computer controlled. The quantities of reactant
and enzyme used for microwave reaction procedure were
identical to those used for conventional heating.

2.4. Analysis. Reaction progress and enantiomeric excess
(ee) were monitored by periodic withdrawal of clear liquid
samples from the reaction mixture which were analyzed
by high performance liquid chromatography (HPLC) (1260
infinity series, Agilent technologies, CA,USA) equippedwith
chiralpak- IB analytical column (250 × 4.6mm ID) (Daicel
Corporation, Japan and; particle size 5𝜇m). Samples (10 𝜇L)
were injected via autosampler. The mobile phase consisted
of n-hexane and isopropyl alcohol (90 : 10) and the flow rate
was maintained at 1mL⋅min−1. A DAD detector was used at a
wavelength of 220 nm. Retention time of (S), (R)-1-phenyl-2-
propyn-1-ol, and (R)-ester were 7.6min, 6.5min, and 4.4min,
respectively.

The enantioselectivity ratio (𝐸) and conversion (𝑐, %)
were calculated from the enantiomeric excess of the substrate
(ee
𝑠
, %) and product (ee

𝑝
, %) based on the following:

𝐸 =

ln [(1 − 𝑐) (1 − ee
𝑠
)]

ln [(1 − 𝑐) (1 + ee
𝑠
)]

, (1)

where

𝑐 =
ee
𝑠

ee
𝑠
+ ee
𝑝

,

ee
𝑠
=

𝐵
(S) − 𝐵(R)

𝐵
(S) + 𝐵(R)

,

ee
𝑝
=

𝑄
(S) − 𝑄(R)

𝑄
(S) + 𝑄(R)

,

(2)

where 𝐵
(R), 𝐵(S),𝑄(R), and𝑄(S) denote area under the curve of

(R)-1-phenyl-2-propyn-1-ol, (S)-1-phenyl-2-propyn-1-ol, and
their corresponding esters, respectively.

3. Results and Discussion

3.1. Comparison of Microwave Irradiation and Conventional
Heating. In order to compare the effect of microwave irra-
diation and conventional heating, the enzymatic resolution
of (±)-1-phenyl-2-propyn-1-ol was performed in both modes
using vinyl acetate as the model acyl donor and identical
reaction conditions. It was observed that the reaction rate
was increased about 1.28-fold from 1.16 × 10−5mol⋅dm−3⋅s−1
to 1.49× 10−5mol⋅dm−3⋅s−1 undermicrowave irradiation.The
𝐸 and ee

𝑠
under microwave irradiation increased by 1.61- and

1.27-fold, respectively. The final conversion of 48.78%, with 𝐸
and ee

𝑠
of 334 and 93.25%, respectively, was obtained within
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Figure 1: Effect of acyl donor. (Reaction condition: 1-phenyl-
2-propyn-1-ol—0.001mol; acyl donor—0.001mol; n-hexane up
to 15 cm3; speed of agitation—300 rpm; catalyst loading—10mg;
temperature—60∘C, OA—Octyl acetate, BA—Butyl acetate, IPA—
Isopropyl acetate, EA—Ethyl acetate, MA—Methyl acetate, VA—
Vinyl acetate, VB—Vinyl butyrate, and VL—Vinyl laurate).

2 h under microwave irradiation. While, in conventional
heating, a conversion of 42.85% with 𝐸 and ee

𝑠
of 207

and 73.33%, respectively, was obtained. Under microwave
irradiation, the ions or dipole of the reactants align in the
applied electric field. As the applied field oscillates, the dipole
or ion field tries to realign itself with the alternating electric
field and, in the process, energy is released in the form of
heat through molecule collisions and dielectric loss [24]. The
quantity of heat released is directly related to the ability of
the matrix to align itself with the frequency of the applied
field. Microwave irradiation leads to efficient in situ heating,
resulting in uniform distribution of temperature throughout
the reaction mass. It is thus likely that minor conformational
alterations in enzyme structure can also improve access of
reactant to the active site, as compared to conventional
heating [25]. A control experiment in the absence of enzyme
did not show any conversion which indicated that there
must be a definite synergism between enzyme catalysis and
microwave irradiation. Thus, all further studies were carried
out using microwave irradiation.

3.2. Effect of Different Catalysts. In order to compare the
activities of three different commercially available immo-
bilized lipases such as Novozym 435 (Candida antarctica
lipase B), Lipozyme RMIM (Rhizomucor miehei lipase),
and Lipozyme TLIM (Thermomyces lanuginosus lipase) for
resolution of (±)-1-phenyl-2-propyn-1-ol under microwave
irradiation, transesterification reaction was performed using
vinyl acetate as the model acyl donor under similar condi-
tions (Figure 1). It was observed that Novozym 435 showed
highest activity among the different catalyst employed in this
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Figure 2: Effect of solvent. (Reaction condition: 1-phenyl-2-propyn-
1-ol—0.001; vinyl acetate—0.001mol; solvent up to 15 cm3; speed of
agitation—300 rpm; catalyst loading—10mg; temperature—60∘C).

reaction. With Novozym 435, 48.78% conversion and 93.3%
ee
𝑠
were obtained. While Lipozyme RMIM and Lipozyme

TLIM gave conversions of only 6.37% and 4.4%, respectively.
It is reported that both Lipozyme RM IM and Lipozyme
TL IM are mainly used to interesterify bulk molecules such
as fatty acid derivatives and they have less activity in the
resolution of racemic molecules [26]. Hence, further study
was carried out using Novozym 435 as the catalyst.

3.3. Effect of Acyl Donors. Acyl donors have the ability to
change the enzyme activity and selectivity in nonaqueous
medium [27, 28]. Effect of different acyl donors was studied
by using 1 : 1 mole ratio of racemic alcohol to acyl donor,
with 10mg enzyme loading at 60∘C in n-hexane as solvent
for 2 h. The liquid phase volume was made up to 15 cm3
under microwave irradiation (Figure 2). The acyl donors
were methyl acetate (MA), ethyl acetate (EA), isopropyl
acetate (IPA), butyl acetate (BA), octyl acetate (OA), vinyl
acetate (VA), vinyl butyrate (VB), and vinyl laurate (VL).
It was observed that both enantioselectivity and conversion
increased with increase in alcoholic carbon chain length of
alkyl ester from methyl to isopropyl acetate, whereas further
increase in alcoholic chain length from C4 to C8 led to
decrease in conversion and enantioselectivity of reaction.
As compared to alkyl esters, vinyl esters gave good conver-
sion and enantioselectivity. Vinyl alcohol produced during
reaction is instantaneously and irreversibly tautomerized to
acetaldehyde, which escapes due to its low boiling point and
thus there is no inhibition by the coproduct vinyl alcohol.
Increasing the chain length of vinyl esters has not shown any
significant differences in conversion and enantioselectivity
of reaction. Maximum conversion (48.78%) and enantiose-
lectivity (93.25%) were obtained with vinyl acetate vis-a-vis

other vinyl esters. Thus, further studies were conducted by
using vinyl acetate as the acyl donor.

3.4. Effect of Reaction Media. A proper selection of organic
media is necessary for any enzymatic reaction. It has been
well reported that organic solvents have the ability to alter
the enzyme conformational structure that leads to changes
in their activity and also regio-, and stereo-selectivity. Thus,
proper selection of solvent is the most important parameter
for lipase catalyzed reactions [29]. A number of experiments
were performed to study the effect of solvents such as
hexane (log𝑃 = 3.6), cyclohexane (log𝑃 = 3.2), toluene
(log𝑃 = 2.5), and diisopropyl ether (log𝑃 = 2) under
similar conditions (Figure 2). Highest conversion (48.78%)
and enantiomeric excess (ee

𝑠
= 93.25%) were observed

when n-hexane was employed as the solvent whereas low
conversion (22.45%) and enantiomeric excess (ee

𝑠
= 28.96%)

were observed in di-isopropyl ether, which has the lowest
log𝑃 value among the solvents used in this study. On the
contrary, conversions of 45.37% and 41.93% were obtained
with cyclohexane and toluene, respectively. It has been
reported that a tiny water layer around the enzyme particle
is necessary to maintain its structure and activity. Solvents
having high log𝑃 are hydrophobic in nature but do not strip
thewater layer around enzyme particle and its structure is not
altered [30]. Thus, they show high enzyme activity. Further
work was carried out using n-hexane as the solvent.

3.5. Effect of Speed of Agitation. In immobilized enzyme
catalyzed reactions, the reactants have to transport from bulk
mixture into enzyme active site in the porous particle through
convection and diffusion processes [31]. The magnitudes of
external mass transfer resistance and intraparticle diffusion
limitation play a crucial role in these processes. Externalmass
transfer resistance can be overcome by choosing appropriate
speed of agitation. A number of experiments were performed
in the range of 100 to 400 rpm by taking 0.001mol racemic
alcohol and vinyl acetate each and 10mg Novozym 435 made
up to 15 cm3 with n-hexane at 60∘C (Figure 3). Both the
conversion and rate of reaction increased with an increase of
agitation speed from 100 to 300 rpm. There was a marginal
change in conversion and rate of reaction at 400 rpm. This
indicated that there was no external mass transfer limitation
above 300 rpm. The external mass transfer and intraparticle
diffusion rates were further evaluated by comparing the time
constants for reaction (𝑡

𝑟
) and diffusion (𝑡

𝑑
) using theoretical

calculations. These are defined as follows: 𝑡
𝑟
= 𝐶
0
/𝑟(𝐶
0
) and

𝑡
𝑑
= 𝐷S/(𝑘SL)

2, if 𝑡
𝑟
≫ 𝑡
𝑑
means that the reaction was

not mass transfer controlled [32]. Both 𝐶
0
and 𝑟(𝐶

0
) were

determined experimentally and their values were obtained as
0.06667mol⋅dm−3 and 1.4916 × 10−5mol⋅dm−3⋅s−1. Diffusiv-
ity of racemic alcohol at 60∘C was calculated using Wilke-
Chang equation as 5.1063 × 10−5 cm2 s−1 [33]. The average
diameter of the support particle was taken as 0.06 cm since
the particle size ranged between 0.03 and 0.09 cm. The value
of mass transfer coefficient of liquid phase was calculated,
by using Sherwood number of 2, to be 0.5301 cm⋅s−1. From
these values, the calculated time constants for reaction and
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Figure 3: Effect of agitation speed. (Reaction condition: 1-phenyl-
2-propyn-1-ol—0.001; vinyl acetate—0.001mol; n-hexane up to
15 cm3; speed of agitation 100–400 rpm; catalyst loading—10mg;
temperature—60∘C).

diffusion were 4.469 × 103 s and 1.817 × 10−4 s. The time
constant for the reaction was much higher than diffusion
indicating that there was no external mass transfer resistance.

Further, it is necessary to rule out the intraparticle
diffusion limitation. It could be done by comparing the rate
of substrate diffusion per unit interfacial area (𝑘SL𝐶0) with
the reaction rate per unit area (𝜑𝑟

0
/𝑎), where 𝜑 is the phase

volume ratio and “𝑎” is the interfacial area per unit volume
of organic phase [32]. Assuming the particle was spherical,
𝜑/𝑎 = 𝑅

𝑝
/3, where 𝑅

𝑝
is the radius of the particle. It was

found that the value of 𝑘SL𝐶0 = 0.0353mol⋅cm−2⋅s−1 and
𝜑𝑟
0
/𝑎 = 1.492 × 10

−7mol⋅cm−2⋅s−1. It indicated that the
rate of substrate diffusion per unit interfacial area was much
higher than the reaction rate per unit area. This suggested
that there was no intraparticle diffusion limitation. Thus,
the reaction was controlled by intrinsic enzyme kinetics.
Therefore, further experiments were performed at a speed of
300 rpm.

3.6. Effect of Temperature. It has been reported in most
of the literature that temperature plays a critical role in
any enzyme catalyzed reaction. It will have an effect on
the enzyme activity, enantioselectivity, and rate of reaction
because temperature has pronounced effect on viscosity,
solubility, and diffusivity of reactants and products. However,
at high temperature, the changes in conformation of protein
structure will affect their activity and selectivity [34]. Several
experiments were performed in the range of 40 to 70∘C
under similar conditions (Figure 4). It was observed that both
conversion and rate of reaction increased with increase in
temperature up to 60∘C beyondwhich there was no change in
conversion.The enzyme particlesmay either get denatured or
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Figure 4: Effect of temperature. (Reaction condition: 1-phenyl-
2-propyn-1-ol—0.001; vinyl acetate—0.001mol; n-hexane up
to 15 cm3; speed of agitation 300 rpm; catalyst loading—10mg;
temperature—40–70∘C).

intraparticle diffusion resistance sets in. Further, Arrhenius
plot was obtained by plotting the ln (initial rate) versus 1/𝑇
for both modes of heating and activation energies obtained
for microwave and conventional heating were 17.39 kJ⋅mol−1
and 15.93 kJ⋅mol−1, respectively. These values are similar to
those reported for most of the enzymatic reactions [35]. In
the case of enantioselectivity, it was observed that the 𝐸
value increases as temperature increased from 40 to 70∘C.
It has been reported that enantioselectivity is dependent
on reaction temperature and is controlled by enthalpy and
entropy of reaction [36]. The following equations were used
to relate these terms:

ln𝐸 = −
Δ
𝑅−𝑆
Δ𝐻
‡

𝑅

⋅
1

𝑇

+
Δ
𝑅−𝑆
Δ𝑆
‡

𝑅

,

Δ
𝑅−𝑆
Δ𝐺
‡

= −𝑅𝑇 ln (𝐸) .
(3)

The enthalpy and entropy values were calculated by plotting
the ln(𝐸) values against the reciprocal reaction temperature
(Figure 5). The values of enthalpy and entropy obtained
were 9.406 kJ⋅mol−1 and 75.93 J⋅mol−1⋅K−1, respectively. The
difference in transition state energy of both enantiomers
(Δ
𝑅−𝑆
Δ𝐺
‡) is −15.88 kJmol−1. From these values, it was

observed that the entropy value was much higher than
enthalpy of system and it favors the maximum enantioselec-
tivity at high temperature [37]. Since 𝐸 value was found to
be the highest at 60∘C while maintaining a higher enzyme
activity, 60∘Cwas selected as the optimum temperature.Thus,
further experiments were conducted at this temperature.

3.7. Effect of Enzyme Loading. To select the appropriate
amount of enzyme loading, several experiments were per-
formed in the range from 5 to 15mg enzyme loading under
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temperature—60∘C).

similar conditions. The conversion and rate of reaction
increased with increase in enzyme loading up to 10mg;
above this loading value, there were no substantial changes
in conversion and rate (Figure 6). This would suggest that
further addition of enzyme has no effect and it indicated that
external mass transfer had limited the rate [29]. Further we
observed that the initial rate increased linearly with enzyme
loading up to 10mg which clearly indicated that the reaction
was kinetically controlled. Thus, further experiments were
carried out at 10mg as optimum enzyme loading.
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Figure 7: Effect of acyl donor concentration. (Reaction condition:
1-phenyl-2-propyn-1-ol—0.001; vinyl acetate—0.001–0.004mol; n-
hexane up to 15 cm3; speed of agitation 300 rpm; catalyst loading—
10mg; temperature—60∘C).

3.8. Effect of Acyl Donor Concentration. A number of exper-
iments were carried out to analyze the effect of acyl donor
concentration on the rate and conversion in the resolution
of (±)-1-phenyl-2-propyn-1-ol at 60∘C with 10mg of enzyme
loading in n-hexane. The concentration of (±)-1-phenyl-2-
propyn-1-ol was kept constant (0.001mol), and vinyl acetate
concentration varied from 0.001 to 0.004mol; the mix-
ture volume was kept constant at 15 cm3 by adjusting the
amount of n-hexane addition. It was found that there were
insignificant changes in conversion and rate of reaction with
increase concentration of vinyl acetate (Figure 7). It might be
possible that, at high concentration, the interaction between
acyl donor and enzyme active site increases which leads to
reversible competition with alcohol at the active site. Thus
further reactions were conducted with 0.001 mole of vinyl
acetate.

3.9. Catalyst Reusability. After completion of each run, the
catalyst particles were filtered using a membrane filter. Mul-
tiple washes were given to the catalyst with fresh solvent (n-
hexane), dried at room temperature for 12 h, and reused. It
was found that there was a marginal decrease in conversion
from 48.78 to 45.22% after three reuses, which was due to loss
of enzyme during filtration (∼2-3%) and drying. Nomake-up
quantity was added. Thus, the enzyme was reusable. When
themake-up quantity was added, almost the same conversion
was obtained.

3.10. KineticModel. Several mechanisms have been proposed
for lipase catalyzed reactions (e.g., ordered bi-bi mechanism,
ping-pong bi-bi mechanism). However, ping-pong bi-bi
mechanismwas well adopted formost of the lipases catalyzed
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reactions. The first step of this mechanism is formation of
an acyl-enzyme intermediate and the product is released
between additions of substrates [38]. In the ordered bi-bi
mechanism, the enzyme forms a ternary complex with both
substrates and subsequently releases the products [26]. Thus,
it was desirable to investigate the mechanism for enantiose-
lective transesterification of (±)-1-phenyl-2-propyn-1-ol with
vinyl acetate. For determination of initial rates, a number of
experiments were carried out by changing the concentrations
of both alcohol (0.0005–0.002M) and vinyl acetate (0.0005–
0.002M) over a wide range under similar conditions. Initial
rates were calculated systematically from the linear portion of
the concentration-time profiles. The Lineweaver-Burk plots
of reciprocal rate versus reciprocal concentration of vinyl
acetate were made (Figure 8). From the plot, it is observed
that there are no crossings of lines which rules out the
possibility of ternary mechanism. At low concentrations of
substrates, the slope of the lines is not influenced by the
concentration of the fixed substrate. This is indicative of a
mechanism that requires the dissociation of one product
before the association of the second substrate to the enzyme-
substrate complex.The curved shape at higher concentrations
of 1-phenyl-2-propyn-1-ol can be used as an indication for
formation of enzyme dead end complex with alcohol. The
proposed mechanism is as follows:

𝐸 + 𝐴

𝑘
1



𝑘
−1

𝐸𝐴,

𝐸𝐴

𝑘
2



𝑘
−2

𝑃 + 𝐸


,

𝐸


+ 𝐵

𝑘
3



𝑘
−3

𝐸


𝐵,

𝐸


𝐵

𝑘
4



𝑘
−4

𝐸𝑄,

𝐸𝑄

𝐾
𝑝

→ 𝑄 + 𝐸.

(4)

Table 1:Values of kinetic parameters for transesterification reaction.

Kinetic parameter Value
𝑉
𝑚

(mol⋅dm−3⋅s−1) 2.508 × 10
−2

𝐾
𝑚𝐴

(mol⋅dm−3) 0.0019
𝐾
𝑚𝐵

(mol⋅dm−3) 0.8863
𝐾
𝑖

(mol⋅dm−3) 0.00265

Inhibition steps by 1-phenyl-2-propyn-1-ol

𝐸 + 𝐵

𝑘
𝑖

 𝐸
𝑖
𝐵. (5)

From these observations, a ping-pong bi-bi mechanism with
dead end alcohol inhibition was postulated. These assump-
tions are used to develop a reaction mechanism which is
depicted in Cleland’s notation, as shown in Figure 10.

By analogy to the classical mechanism of lipase catalysis,
it is assumed that vinyl acetate (𝐴) binds first to the free
enzyme (𝐸) and forms a noncovalent enzyme acetate complex
(𝐸𝐴), which releases the first product, aldehyde (𝑃) and (𝐸)
modified enzyme. The second substrate alcohol (𝐵) reacts
with activated enzyme (𝐸) to give the complex (𝐸𝐵) which
gives the product ester (𝑄) and free enzyme (𝐸). Along with
this, alcohol (𝐵) also forms the dead end complex (𝐸

𝑖
𝐵) by

binding to free enzyme (𝐸). Here, 𝐵 is the R-isomer.
The kinetic representing this model for initial reaction

rate can be expressed as

V =
V
𝑚
[𝐴] [𝐵]

𝐾
𝑚𝐵
[𝐴] + 𝐾

𝑚𝐴
[𝐵] (1 + ([𝐵] /𝐾

𝑖
)) + [𝐴] [𝐵]

, (6)

whereas V is the rate of reaction, V
𝑚
the maximum rate of

reaction, [𝐴] the initial concentration of vinyl acetate, [𝐵] the
initial concentration of (R)-1-phenyl-2-propyn-1-ol, and𝐾

𝑚𝐴

the Michaelis constant for vinyl acetate, as (S)-enantiomer
of alcohol remains unreacted during the reaction, changes
in concentration of (S)-enantiomer is neglected. 𝐾

𝑚𝐵
the

Michaelis constant for (R)-1-phenyl-2-propyn-1-ol, and𝐾
𝑖
the

inhibition constant for (R)-1-phenyl-2-propyn-1-ol. The ini-
tial rate data were used to determine the kinetic parameters of
above mechanism by nonlinear regression analysis using the
software package Polymath 5.1 (Table 1). The initial rates of
reaction for different reactant concentration were simulated
using above equation to verify the proposed kinetic model.
The parity plot between simulated rate and experimental rate
suggested that the proposed mechanism was valid for this
reaction (Figure 9).

4. Conclusion

In this work, lipase catalyzed kinetic resolution of 1-phenyl-
2-propyn-1-ol using vinyl acetate as acyl donor was studied
undermicrowave irradiation. Among the employed catalysts,
Novozym 435 was found to be the most effective cata-
lyst in n-hexane as solvent. There was synergism between
microwave irradiation and lipase. Both conversion and rate
of reaction were increased under microwave as compared
to conventional heating. Microwave irradiation leads to
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increase the affinity of the substrate toward the active site of
lipase. Further, microwaves enhance the collision frequency
of reactant molecules that leads to increase in entropy of
the system. The effect of various parameters was studied on
conversion and rate of reaction.Themaximum conversion of
48.78% was obtained in 2 h using 10mg enzyme loading with
equimolar concentration of alcohol and ester at 60∘C under
microwave irradiation. From the progress curve analysis, it
was found that the reaction followed the ping-pong bi-bi
mechanism with dead end inhibition of alcohol. The kinetic
parameters were refined by using nonlinear regression.There
was a good fit between experimental and simulated rates.
The preparation of chiral secondary alcohols using lipase
catalyzed kinetic resolution is mild and clean as compared to
chemical process.

Nomenclature

𝐴: Initial concentration of vinyl acetate,
mol⋅dm−3

𝐵: Initial concentration of
(R)-1-phenyl-2-propyn-1-ol, mol⋅dm−3

𝐸: Free enzyme
𝐸𝐴: Enzyme-acyl complex with 𝐴
𝐸


𝐵: Modified enzyme-alcohol complex
𝐸
𝑖
𝐵: Dead end enzyme-alcohol complex
𝐾
𝑖
: Inhibition constant for

(R)-1-phenyl-2-propyn-1-ol, mol⋅dm−3
𝐾
𝑚𝐴

: Michaelis constant for vinyl acetate,
mol⋅dm−3

𝐾
𝑚𝐵

: Michaelis constant for
(R)-1-phenyl-2-propyn-1-ol, mol⋅dm−3

𝑃: Acetaldehyde
𝑄: Ester
V: Rate of reaction, mol⋅dm−3⋅s−1
V
𝑚
: Maximum rate of reaction, mol⋅dm−3⋅s−1

Δ
𝑅−𝑆
Δ𝐻
‡: Differential activation enthalpy

Δ
𝑅−𝑆
Δ𝑆
‡: Differential activation entropy

Δ
𝑅−𝑆
Δ𝐺
‡: Difference in transition state energy of

both enantiomers
𝑇: Temperature (K)
𝑅: Gas constant (J⋅mol−1⋅K−1)
𝐸: Enantiomeric ratio
ee
𝑠
: Enantiomeric excess for substrate

ee
𝑝
: Enantiomeric excess for product

𝑐: Conversion.
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[7] J. Durand, E. Teuma, andM.Gómez, “Ionic liquids as amedium
for enantioselective catalysis,” Comptes Rendus Chimie, vol. 10,
no. 3, pp. 152–177, 2007.

[8] R. A. Sheldon, “Green solvents for sustainable organic synthesis:
state of the art,”Green Chemistry, vol. 7, no. 5, pp. 267–278, 2005.



BioMed Research International 9

[9] B. L.Hayes,Microwave Synthesis: Chemistry at the Speed of Light,
CEM, Matthews, NC, USA, 2002.

[10] A. Loupy, Ed., Microwaves in Organic Synthesis, Wiley-VCH,
Weinheim, Germany, 2002.

[11] G. D. Yadav and P. R. Sowbna, “Modeling of microwave irra-
diated liquid-liquid-liquid (MILLL) phase transfer catalyzed
green synthesis of benzyl thiocyanate,” Chemical Engineering
Journal, vol. 179, pp. 221–230, 2012.

[12] D. Yu, H. Wu, A. Zhang et al., “Microwave irradiation-assisted
isomerization of glucose to fructose by immobilized glucose
isomerase,” Process Biochemistry, vol. 46, no. 2, pp. 599–603,
2011.
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The present work reports theMetschnikowia koreensis-catalyzed one-pot deracemization of secondary alcohols/1,2-diols and their
derivatives with in vivo cofactor regeneration. Reaction is stereoselective and proceeds with sequential oxidation of (R)-secondary
alcohols to the corresponding ketones and the reduction of the ketones to (S)-secondary alcohols. Method is applicable to a
repertoire of racemic aryl secondary alcohols and 1,2-diols establishing a wide range of substrate specificity of M. koreensis. This
ecofriendly method afforded the product in high yield (88%) and excellent optical purity (>98% ee), minimizing the requirement
of multistep reaction and expensive cofactor.

1. Introduction

Enantiomerically pure secondary alcohols are used as phar-
maceuticals, flavors, agricultural chemicals, synthetic inter-
mediates, chiral auxiliaries, and analytical reagents [1]. These
enantiopure alcohols can be obtained by kinetic resolution,
asymmetric reduction of ketones, oxidation of olefines,
ring opening of glycidol with phenol, or stereoinversion
of racemic alcohols [2–20]. Among these various methods,
stereoinversion is the most promising technique which offers
a 100% conversion from racemate to the enantiopure product
[21–24].

Sequential chemical oxidation reduction with one or
two biocatalysts has been reported in the literature for
stereoinversion of racemic alcohols [21, 25–32]. However, the
chemical process needs harsh reaction conditions. Combi-
nation approach of transition metal catalyst and biocatalyst
for stereoinversion of secondary alcohols was also used by
various workers [33]. The whole cell biocatalytic stereoinver-
sion is an efficient method for obtaining chiral secondary
alcohols [34–37]. Hummel and Riebel detailed the stepwise
route to synthesize enantiomerically pure alcohols from the
corresponding racemates by employing two stereo comple-
mentary alcohol dehydrogenases [38]. The stereoinversion

of sec-alcohols by oxidoreductases has also been reported
[23]. However, the external addition of the cofactors and the
use of isolated or commercially purified enzymes, specific
substrates, and moderate substrate concentrations are the
limitations of these protocols [36]. Comparing with the
above-mentioned approaches, the application of the whole
cell biocatalysts for stereoinversion seems to be the more
favorable approach in the context of reaction conditions,
enzyme stability, and cofactor regeneration. There are only
limited reports on the stereoinversion of secondary alcohols
using whole cell biocatalysts, such as sec-alcohols and 1,2-
diols [30, 36, 39–41]. Obtaining an enantiomerically pure
isomer in a one-pot process is currently a hot topic and of
great industrial demand [42, 43].

2. Material and Methods

2.1. Chemicals. (±)-Phenyl glycidyl ether, (±)-1-phenyl
ethanol, (R)/(S) 1-phenyl ethanol, and acetophenone
were purchased from Sigma (Steinheim, Germany). (RS)
(±)-3-phenoxy-1,2-propanediol and (S)-3-phenoxy-1,2-
propanediol were synthesized chemically from phenyl
glycidyl ether by the reported procedure [44]. Solvents
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required for the synthesis and extraction were acquired from
commercial sources and they were either of analytical or
commercial grades obtained from Rankem (Mumbai, India)
and Merck Ltd (Whitehouse Station, NJ, USA). Growth
media components were obtained from Hi-Media Inc.
(Mumbai, India). Various HPLC grade solvents n-hexane,
2-propanol and acetonitrile were obtained from J. T. Baker
(Phillipsburg, NJ, USA). Membrane filters of 0.22𝜇M were
purchased from MDI Pvt. Ltd. (Ambala, India). All other
chemicals used were of analytical grade and obtained from
standard companies.

2.2. Microorganism and Cultivation Conditions. Metschniko-
wia koreensis MTCC-5520 was used in this study. The strain
was isolated in our laboratory, identified by Microbial Type
Culture Collection and Gene Bank, Institute of Microbial
Technology, Chandigarh, India.

Culture onAgar Plate.The stock culturewasmaintained at
4∘C on agar plate containing YPDmedium.The composition
of YPD medium was yeast extract (5 g/L), peptone (5 g/L),
and dextrose (10 g/L).

Preculture. A single colony from the agar plate was
aseptically inoculated into 25mL YPD medium and grown
at 25∘C (200 rpm) for 24 h.

Growth of Cellmass. Five milliliters of preculture was
transferred in 100mL YPD medium in a 500mL shake flask
and incubated at 25∘C (200 rpm) for 2 days. The cells were
harvested by centrifugation at 10,000 g for 10min and thor-
oughly washed. The cells were suspended in Tri-HCl buffer
(pH 8) and directly used for biotransformation reaction.

2.3. Biotransformation Conditions

2.3.1. Concurrent Oxidation-Reduction of Secondary Alcohols.
Typical procedure for deracemization of racemic secondary
alcohols to single enantiomer (S) with tandem biocatalysts
was optimized. one gram wet cellmass of M. koreensis was
suspensioned in 5mL Tris-HCl buffer (50mM; pH 8.0).
Racemic secondary alcohols were added into the cell mass
suspension to make the final concentration 5mM in the
reaction mixture and reaction was carried out for up to 3
days. The reaction mixture was incubated for fixed time at
30∘C (200 rpm). The cells were removed by centrifugation
at 10,000×g for 10min and aqueous phase was subjected
to reversed phase chiral HPLC analysis for quantifying the
reactant and product concentrations.

2.3.2. Reaction Temperature. In order to optimize tempera-
ture [45], reaction was performed at different temperatures
ranging from 20 to 40∘C. Cellmass suspension (150mg/mL)
was prepared in Tris-HCl buffer pH 8, 50mM and added
to the reaction mixture. The stereoinversion was carried
out with 5mM (±)-3-phenoxy-1,2-propanediol as substrate
and incubated at various temperatures (200 rpm). The final
reaction volume was 15mL. The reaction was continued for

OH

OH
OH

Ar

Ar
Ar

Ar1

+
O

Racemic
(RS)

1a(R)
1b(S)

Scheme 1: Concurrent oxidation and reduction for the stereoinver-
sion of racemic secondary alcohols.

up to 3 days and aliquot (1mL) was withdrawn at a regular
time interval (24 h) and checked for the conversion and
enantiomeric excess in chiral-HPLC.

2.3.3. Cellmass Concentration. In order to study the effect
of cellmass concentration [45] on stereoinversion, various
cellmass concentrations ranging from 100 to 300mg/mLwere
used. All other parameters are kept at their optimal values
and checked for stereoinversion by performing the reaction
in Tris-HCl buffer (pH 8, 50mM)with 5mM (±)-3-phenoxy-
1,2-propanediol. The final reaction volume was 15mL. The
reaction was continued for up to 3 days and aliquot (1mL)
was withdrawn at a regular time interval (24 h) and checked
for the conversion and enantiomeric excess in chiral-HPLC.

2.3.4. Substrate Concentration. In order to find out the
optimum substrate concentration [45], various substrate
concentrations ranging from 5 to 20mM in the reaction
mixture were added. Cellmass (250mg/mL) suspended in
Tris-HCl buffer (pH 8, 50mM) was used to perform this
experiment. The reaction was carried out at a final volume of
15mL at 30∘C.The reactionwas continued for up to 3 days and
aliquot (1mL) was withdrawn at a regular time interval (24 h)
and checked for the conversion and enantiomeric excess in
chiral-HPLC.

2.4. Analytical Methods. Quantitative formation of single
enantiomer of 3-phenoxy-1,2-propanediol, 1-phenyl ethanol,
and their corresponding ketones was estimated by High Per-
formance Liquid Chromatography (HPLC, Shimadzu 10AD
VP, Kyoto, Japan), equipped with UV detector using a Lux
cellulose-1 chiral (4.6mm × 250mm, 5 𝜇m, phenomenex,
USA) column at 25∘C. Elution was carried out by acetonitrile
and water (35 : 65) at a flow rate of 0.5mL/min and detected
at 254 nm and 215 nm, respectively.

3. Result and Discussion

In this paper, a single whole cell biocatalyst (one pot) was suc-
cessfully demonstrated for stereoinversion of aryl secondary
alcohols (Scheme 1) and 1,2-diols (Scheme 2) to enantiopure
(S)-alcohols in excellent yield and enantioselectivity. The
present work is an attempt to combine the multienzyme
reactions into single-step reactions, while minimizing the
conventional drawbacks of catalysis.
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Scheme 2: Stereoinversion of 3-aryloxy-1,2-propanediols by the whole cells ofMetschnikowia koreensis.

Table 1: Results of the deracemization of secondary alcoholsa.

Entry

Substrate
OH

CH3

R

Yield (%)b ee (%)b

1 R = H 96 >99
2 R = Me 96 >98
3 R = OMe 88 >98
4 R = NO2 92 >98
5 R = F 94 >98
aReactions were carried out with different substrates (5mM, each) using
resting cells (250mg/mL). bYield and ee were determined by chiral HPLC
with Phenomenex Lux cellulose-1 (250 × 4.6mm) column.

M. koreensis was examined for its ability to catalyze the
stereoinversion process of 1-phenylethanol and 3-aryloxy-1,2-
propanediol. The racemic alcohols/diol was converted into
single enantiomer, indicating the stereoinversion process cat-
alyzed by redox enzyme. Similar findings were also reported
in the literature [41]. It was observed that the whole cells
of M. koreensis showed good stereoinversion. Sufficiently
convinced with the microbial potential of stereoinversion,
a detailed systematic optimisation study of various reaction
parameters was carried out. The optimum temperature for
the stereoinversion process was found to be 30∘C. Below
and above this temperature, the conversion and enantiomeric
excess suffered. The results indicated good enzyme stability
and activity at 30∘C. Buffers of various pHs ranging from
5 to 8 were tested and it was found that Tris-HCl buffer
of pH 8 gave the best results, while keeping the other
reaction parameters constant. The optimized cell-mass and
substrate concentration were found to be 250mg/mL and
5mM, respectively. A mixing rate of 250 rpm was selected

as optimum. To study the time course of the M. koreensis-
catalyzed stereoinversion process, the reaction mixture of
racemic 1-phenylethanol was subjected to chiral chromatog-
raphy at different time intervals. A maximum yield of 98%,
with 99% ee of (S)-after 18 h, was achieved. To investigate
mechanistic details of the stereoinversion process, the ketone
was used as a model substrate for M. Koreensis. The pro-
duction of (S)-alcohol was observed from this reaction [46,
47]. This study suggested a cascade of events that included
the initial oxidation of (R)-alcohol to ketone in a highly
selective reaction leaving (S)-alcohol as such. This process is
followed by the reduction of ketone to (S)-alcohol in higher
enantiomeric excess and yield (Table 1).

The biocatalytic stereoinversion behaviour of the 1-
phenylethanol derivatives by other microorganisms was also
reported in the literature [22, 37]. The encouraging outcome
of this study prompted us to test the applicability of this
biocatalyst for the stereoinversion of other derivatives of
1-phenylethanol and 3-aryloxy-1,2-propanediol. Impressive
results were obtained in each case. Various functional group-
substituted alcohols underwent a clean deracemization pro-
cess and produced (S)-isomer with excellent yield and enan-
tiomeric excess (Table 1).

Extrapolation of a similar biocatalytical condition to
M. koreensis-mediated stereoinversion of (S)-3-aryloxy-1,2-
propanediol proved the excellent redox potential of this
organism towards a diverse array of substrates. It is noted
that microbes gave a higher chemical yield with excellent
stereoinversion after 3 days of incubation. An overall view
of the deracemization process of 3-aryloxy-1,2-propanediol is
presented in Table 2.

4. Conclusion

In conclusion, we have identified and demonstrated the redox
potential of Metschnikowia koreensis for the stereoinversion
process of secondary alcohols/1,2-diols. Further research
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Table 2: Biocatalytic deracemization of 3-aryloxy-1,2-propanediol by stereoselective oxidation reduction using whole cells ofM. koreensisa.

Entry

Substrate
OH

OHO

R

Yield (%)b ee (%)b Configuration

1 R = H 98 >99 S
2 R = Me 97 >98 S
aReactions were carried out with two substrates (5mM, each) using the resting cells (250mg/mL). bYield and ee were determined by chiral HPLC with
Phenomenex Lux cellulose-1 (250 × 4.6mm) column.

may be initiated on finding out the detailed mechanistic
investigation, isolation of probable enzymes, and substrate
diversification on the application of this stereoinversion
process.
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Rapidly developing field of nanobiotechnology dealing with metallic nanoparticle (MNP) synthesis is primarily lacking control
over size, shape, dispersity, yield, and reaction time. Present work describes an ecofriendly method for the synthesis of silver
nanoparticles (AgNPs) by cell free extract (CFE) of Saccharomyces boulardii. Parameters such as culture age (stationary phase
growth), cell mass concentration (400mg/mL), temperature (35∘C), and reaction time (4 h), have been optimized to exercise a
control over the yield of nanoparticles and their properties. Nanoparticle (NP) formation was confirmed by UV-Vis spectroscopy,
elemental composition by EDX (energy dispersive X-rays) analysis, and size and shape by transmission electron microscopy.
Synthesized nanoparticles had the size range of 3–10 nm with high negative zeta potential (−31mV) indicating excellent stability.
Role of proteins/peptides in NP formation and their stability were also elucidated. Finally, anticancer activity of silver nanoparticles
as compared to silver ions was determined on breast cancer cell lines.

1. Introduction

Classical physicochemical synthetic procedures of metal
nanoparticles suffer from drawbacks such as polydispersity,
low yield [1], and use of toxic reagents [2]. Traditional role
of nanosilver as an antimicrobial agent [3] and an anti-
inflammatory agent [4] is well known. Recently, nanosilver
has found application in electrical batteries [5], as optical
receptors in solar batteries [6], biolabelling [7], and in cancer
treatment [8]. Considering such wide range of applications
of AgNPs, there is a need to develop clean, nontoxic, and
ecofriendly synthetic approach. Microorganisms (bacteria,
fungi, yeast, etc.) are known to produce inorganic materials
synthetic protocols for nanoparticle production that utilizes
ecofriendly nanofactories. There are numerous reports avail-
able on the formation of various MNPs by microorganisms
from their corresponding salts [9–12]. Microbial systems are
mainly advantageous in terms of ecofriendliness. However,

major drawbacks associated with these systems are longer
reaction time, tedious purification steps, higher size of
all nanoparticles, and poor understanding of mechanism.
Microorganisms can synthesize nanoparticles both extracel-
lularly and intracellularly, the former being advantageous as
it minimizes the number of steps in downstream processing.
The present work describes a method that utilized cell free
extract of S. boulardii for the synthesis of silver nanoparticle
in pure form. Furthermore, to gain control on the shape and
size of the nanoparticle and to increase its yield, the effect
of the physicochemical environment for CFE production
has been checked and process parameters were optimized.
Longer reaction time was shortened by concentrating CFE
using freeze dryer. Finally, role of proteins and/or peptides
in NP formation and their stabilization were established by
inactivating the cellular machinery at various growth levels
and by FTIR technique. Many metals including platinum
[13], copper [14], and selenium [15], are being proven to be
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useful as anticancer agents. The nano form of silver was also
compared to its ionic form against breast cancer cell lines for
its enhanced activity.

2. Materials and Methods

2.1. Chemicals. Silver nitrate (99.99%) was purchased from
Sigma-Aldrich (Steinheim, Germany). Unless specified, dif-
ferent salts and media components were purchased from
HiMedia (Mumbai, India).

2.2. Microorganism and Culture Conditions. The yeast Sac-
charomyces boulardii, a probiotic strain, was purchased from
a local market. Seed culture was developed by inoculating
a single colony of S. boulardii into growth medium (20mL)
containing peptone (3 g/L), yeast extract (3 g/L), and dextrose
(10 g/L).The culturewas incubated at 35∘C for 24 h at 200 rpm
after adjusting the pH to 6.5. Inoculum (2% v/v) was trans-
ferred to the production medium of the same composition
and culture was grown for 48 h at 35∘C and 200 rpm. After
sufficient growth, cell mass was harvested by centrifugation
at 10,000×g for 10min. Cell mass was washed thrice with
deionised water to remove remaining media components
from cell surface and used for CFE preparation.

2.3. Preparation of Cell Free Extract (CFE). Harvested S.
boulardii cells were resuspended in deionised water to obtain
desired cell mass concentration. This cell suspension was
incubated at 35∘C for 36 h at 200 rpm. After 36 h, cell suspen-
sion was centrifuged at 10,000×g for 10min and supernatant
was collected. Cell free extract was also lyophilized to powder
form and resuspended in minimum volume of deionised
water. Silver nitrate was added and reaction was allowed to
proceed in dark for specific period of time with periodic
sampling.

2.4. Synthesis and Characterization of Silver Nanoparticles.
Silver nitrate (1mM) was added to cell free extract (10mL)
(prepared from cells harvested after 48 h of growth and
having 100mg/mL cell mass concentration) in a conical
flask of 50mL capacity. The reaction was allowed to pro-
ceed at 35∘C (200 rpm) in the dark environment for 72 h.
Two controls were used simultaneously (one having only
silver nitrate in deionised water and other having only CFE
without silver nitrate). The reaction mixture was periodically
analyzed using U-3010 UV-Vis spectrophotometer (Hitachi)
in the range of 200–800 nm unless the further increase in
absorbance ceased. Synthesized Ag-nanoparticles were visu-
alized by transmission electron microscopy (Hitachi, H-7500
instrument at a voltage of 80 kV). Silver nanoparticle filmwas
formed on carbon coated copper grids and the micrograph
of the sample was recorded. For the determination of particle
potential, dynamic light scattering analysis was done using
zeta sizer (Malvern Zeta Sizer, Nano-ZS). Biochemical nature
of the capping agent present on surface of silver nanoparticles
was determined using Fourier transform infrared spectro-
scope (FTIR). Energy-dispersive X-ray (EDX) spectra were
obtained on a JEOL JEM-2010F microscope operated at
200 kV.

2.5. Bradford Assay for Protein Determination. The protein
content was determined by Bradford assay, using BSA as a
standard [16]. The absorbance was measured on MultiSkan
Thermo 96-well plate reader at 595 nm. All the experiments
were performed in triplicates on 96-well plates.

3. Optimization of Physicochemical
Parameters for the Synthesis of Silver
Nanoparticles

3.1. Cell Age and Its Concentration. To determine optimum
cell age for the nanoparticle synthesis, yeast cells were
harvested at different phases of their growth (log phase,
early stationary phase, and late stationary phase). Harvested
cells from different growth phases were then resuspended
in deionised water and cell free extract was prepared as
mentioned above.This cell free extract was used to synthesize
silver nanoparticles in dark environment. After harvesting,
wet cell mass was weighed correctly and then resuspended
in the fixed volume of deionised water to give a specific con-
centration. Different concentrations of cells (25–500mg/mL)
were incubated in deionised water at 35∘C, 200 rpm for 48 h
followed by centrifugation at 10,000×g for 10min. Upon
addition of silver nitrate (final concentration 1mM) to the cell
free extract, reaction was carried out at 35∘C, 200 rpm in dark
environment.

3.2. Reaction Temperature. Effect of temperature on the na-
noparticle synthesis was studied by incubating the cells in
deionised water at various temperatures (20, 25, 30, 35, 40,
and 45∘C) for 48 h. Cell free extract was then collected
by centrifugation at 10,000×g for 10min. Silver nitrate was
added to the cell free extract to a final concentration of 1mM
and reaction was allowed to proceed at the corresponding
temperature and (200) rpm in dark environment.

3.3. Reaction pH. Hydrogen ion concentration of cell free
extractwas adjusted to acidic and basic values (pH range from
3 to 11) by acetic acid and sodium hydroxide, respectively.
Reaction mixture containing CFE of various pH values and
silver nitratewas incubated at 35∘C for 48 h at 200 rpm in dark
condition.

3.4. Reaction Time. Effect of reaction time was studied by
incubating the reaction mixture at optimized condition up to
72 h. Samples were taken at a periodic interval and analyzed
by UV-Vis spectrophotometer.

4. Use of Cellular Machinery in
Nanoparticle Synthesis

Role of various cellular preparations was evaluated to have an
insight into the process of nanoparticle biosynthesis. Initially,
nanoparticle synthesis was carried out by resuspendingwhole
cells in deionised water and using it as reaction mixture.
The process required the disintegration of cells to recover
nanoparticles, making downstream process difficult. To eval-
uate the involvement of cellular components in nanoparticle
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synthesis, at the same time, cells after sufficient growth were
heat-killed in growth medium by autoclaving, centrifuged
out, and resuspended in deionised water. Separate set of
experiments were carried out on the harvested cells (alive)
that were resuspended in deionised water and heat-killed
by boiling them for half an hour in water bath. To all the
preparations, silver nitrate was added to a final concentration
of 1mM and reaction was allowed for 72 h (200 rpm) in dark
conditions. It may also be mentioned that supernatant from
microbial growth did not perform the reaction.

Cell free extract was developed at later stages with the
purpose of making the reaction system extracellular. To
establish the correlation between metabolic machineries of
whole cells and CFE, further experiments were performed
on cell free extract. Cell free extract was separated into
three fractions. First fraction was boiled to denature pro-
teins/enzymes. Second fraction was kept within dialysis
membrane (10 KDa) and placed in a beaker containing silver
salt solution.Third fraction was a control reaction containing
cell free extract and silver nitrate. To all the fractions, silver
nitrate solution (1mM) was added and reaction was allowed
to proceed for 72 h.

In another set of experiments, further hint about nature
of enzyme was explored. Silver nanoparticle formation is
a reduction process and might have involved a reducing
enzyme. That reducing enzyme in most of the cases depends
on the cofactors. To check whether protein (that could be
enzyme also) involved in reduction process is dependent
on cofactor, exogenous cofactor (NADH) was added to the
reaction mixture.

5. Cytotoxicity Studies of Silver Nanoparticles

Cytotoxicity study was done by a method developed by
Skehan et al. [17]. Briefly, MCF-7 cells were harvested in log
phase using trypsin (0.05% trypsin, 0.02% EDTA, in PBS),
counted using a haemocytometer and 1 × 104 cells/well in an
aliquot of 100 𝜇L were seeded in 96-wells cell culture plates.
The cells were incubated for 24 h (at 37∘C in an atmosphere
of 5% CO

2
and 95% relative humidity in a CO

2
incubator)

to adhere. Test materials (100𝜇L/well) were then added to
the wells. The plates were further incubated for 24 h in the
CO
2
incubator. The cells were then fixed by gently layering

trichloroacetic acid (50 𝜇L/well, 50%w/v) on top of the
medium in all thewells and incubated at 4∘C for 1 h.Theplates
were washed five times with distilled water and air-dried.
Cell growth was measured by staining with sulforhodamine
B dye (0.4%w/v in 1% acetic acid, 100 𝜇L/well).The unbound
dye was washed 3–5 times with 1% acetic acid and plates
were air dried. The adsorbed dye was dissolved in Tris-buffer
(100 𝜇L/well, 0.01M, pH 10.4) and plates were gently shaken
for 10min on a mechanical shaker. The optical density (OD)
was recorded using a 96-well plate reader at 540 nm. Growth
inhibition was calculated by the following formula:

% Growth inhibition

= 100 − [

ODtest sample −ODblank

ODcontrol −ODblank
] × 100.
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Figure 1: (a) UV-Vis spectrum of CFE in deionised water reacted
with silver nitrate (1mM) for 72 h. (b) Vials containing CFE of S.
boulardii in deionised water without silver nitrate (Vial A) and with
silver nitrate (1mM) (Vial B) after 72 h incubation at 30∘C, 200 rpm.

6. Results and Discussion

First step was to develop a catalyst system that can be
used to synthesize stable nanoparticles in simple way while
minimizing down streaming process. In an attempt to device
a greener and less tedious methodology for the AgNPs for-
mation, cell free extract was prepared. Factor(s) responsible
for the reduction of metal salt may include but not limited
to proteins, enzymes, and amino acid. Keeping in view these
factors, cells were harvested from media and resuspended in
demineralised water to prepare cell free extract. Formation
of AgNPs was accompanied by colour change of the solution
from colourless to dark brown which showed absorption in
the visible range of electromagnetic radiation [12].The forma-
tion of silver nanoparticles in the solution was confirmed by
UV-Vis spectral analysis. Figure 1(a) shows UV-Vis spectrum
of reaction mixture containing CFE and silver nitrate (1mM)
incubated for 72 h. Strong absorption at 420 nm confirms the
formation of silver nanoparticles in solution. Parallel control
experiments containing only CFE (without AgNO

3
) and

AgNO
3
solution (without CFE) did not show any absorption

at ∼420 nm. Figure 1(b) shows two vials, one containing only
CFE of S. boulardii (Vial A) and another containing reaction
mixture of CFE and silver nitrate (Vial B), both incubated
for 72 h at 35∘C (200 rpm). Colour of the solution in vial B
changed from colourless to dark brown gradually, while vial
A did not exhibit any colour change.

Figure 2(a) shows a representative TEM image of mon-
odispersed AgNPs with size range of 3–10 nm. Previous
investigators have reported the synthesis of Ag-nanoparticles
having particle size of around 60 nm [18]. Dynamic light
scattering analysis of the colloidal solution further confirmed
monodispersity of the synthesized particles (PDI of 0.34).
Zeta potential value of −31mV on nanoparticles, indicates
the presence of negatively chargedmolecules on the particles,
which prevents them from agglomeration. Elemental compo-
sition of synthesized nanoparticle was determined by EDX
spectra that showed strong signal of Ag0 with high weight
percentage of Ag (Figure 2(b)).



4 BioMed Research International

(a)

5000

4000

3000

2000

1000

5

Ag

Ag
Ag

Ag
Ag

Ag
Ag

Si
SiCu

CuCu
O

Energy (keV)

(b)

Figure 2: (a) TEM image and (b) EDX image of silver nanoparticles synthesised by CFE of S. boulardii in deionised water with silver nitrate
(1mM) after 12 h incubation at 37∘C, 200 rpm.

FTIR analysis carried out on a drop-coated film of the
silver nanoparticle that showed the presence of two bands
of N–H and carbonyl at 3353 cm−1 and 1650 cm−1 due to the
stretching vibrational frequency of amide bond, respectively.
Bands at 1403 cm−1 are due to the side chain of amino
acid such as CN stretch of amino group or carboxy group.
Peak at 1049 cm−1 have aroused due to the aliphatic C–O
stretching vibration (serine C–OH). All these observations
indicate the involvement of proteins in the reduction and
capping process. Previous reports have supported this fact
where metal-protein interaction has been shown [19, 20].
Ahmad et al. [12] and Kalimuthu et al. [21] have reported
the involvement of a nitrate reductase in a NADH dependent
reduction of silver ion to metallic silver. Fusarium oxysporum
is known to carryout a similar reduction through a nitrate
dependent reductase which acts in shuttle with quinone [22].

Studies by Balaji et al. [23] have proved the role of
carbonyl groups from amino acid residues and peptides of
proteins to have strong affinity to Ag. This protein works
by forming a protective coat on the nanoparticle surface
preventing its aggregation and thus in stabilisation.

Preliminary results established CFE as a suitable replace-
ment of whole cells for Ag-nanoparticle synthesis. There-
fore, conditions affecting CFE generation were evaluated
and various reaction parameters were optimized. Metabolic
activities of the cells vary with its age and CFE prepared
from these cells will vary in composition as well as in the
corresponding activity. Figure 3(a) shows the varying effect
on nanoparticle synthesis of CFE prepared from the cells
harvested during different phases of growth (log phase, early
stationary phase, and late stationary phase). CFE obtained
from early stationary phase cells was the most efficient for
nanoparticle synthesis. Furthermore, incubation period of
36 h gave better results as longer period of incubation of

the cells at 40∘C might have led to the denaturation of the
proteins.

Silver ions beyond a certain limit can be toxic to proteins
as they can cause precipitation. To prevent precipitation,
ionic forms are transformed to nanoparticles by proteins. To
determine maximum tolerable limit of CFE proteins to silver
ions, different concentrations of silver nitrate were added.
Figure 3(b) shows that no significant increase in absorption
was there with the increase in silver nitrate concentration
from 1 to 5mM.That might be due to higher toxicity of silver
ions at this concentration. Subsequent experiments were
carried out with 1mM salt concentration. Temperature can
affect the rate as well as extent of protein/peptide release into
the surrounding medium during CFE formation. Secondly,
rate of reaction can be controlled by varying the reaction
temperature. The effect of temperature on CFE formation
was studied by incubating cell mass at different temperatures.
Figure 3(c) shows the UV-Vis spectra of the Ag-nanoparticles
formed with the CFE prepared at different temperatures. As
the temperature of CFE preparation was increased the con-
centration of nanoparticles was found to increase. Optimum
temperature for CFE formation was found to be 40∘C beyond
which there was again a fall in the absorbance of synthesized
nanoparticles. Plausible explanation could be that at higher
temperature the cells might have released more reducing
agent due to thermal shock. Still at higher temperature
(>40∘C), protein denaturation might take place leading to
fall in nanoparticle synthesis. Gericke and Pinches [24] also
found similar effect of temperature for the Au-nanoparticle
synthesis using Verticillium luteoalbum whole cells.

Nanoparticle formation starts following the process of
crystallisation process which depends on factors like solu-
bility of substrate and its supersaturation. Effect of pH on
solubility of substrate is known and change in pH can affect
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Figure 3: Optimisation of various physicochemical parameters for the synthesis of silver nanoparticles by cell free extract of Saccharomyces
boulardii.

the nanoparticle synthesis as well as morphology [25]. It was
observed in the present study that nanoparticle formation
was higher at higher pH value. The increased synthesis
of nanoparticles at higher pH is however nullified by the
formation of aggregates at this pH. Optimum pH which
showed significant yield without aggregation was selected
to be 7 for further studies (Figure 3(d)). Concentration
of reducing agent in CFE can be varied by varying the
cell concentration used for preparation of CFE. Figure 3(e)
summarizes the effect of CFE prepared using different cell
mass concentrations on the nanoparticle formation. Average

size of the particles decreased and yield increased with
increase in reductant concentration in the CFE (Figure 3(e)).
Smallest particle size was obtained with the CFE prepared
from 400mg/mL cell mass concentration. Also, the UV-
Vis spectra showed the highest absorbance by nanoparticles
formed by the CFE prepared from the increased amount
of cell mass. Higher ratio of reducing agent to substrate
accelerated the reduction of the Ag+ to Ag0 immediately
followed by capping by the capping agents preventing from
aggregation. Recent literature on metallic nanoparticle syn-
thesis has demonstrated the use of whole cells for both
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extracellular as well as intracellular nanoparticle formation
[26, 27].

Time taken to complete nanoparticle synthesis is an
important parameter from an industrial point of view. More-
over, aggregate formation of nanoparticles, a sign of instabil-
ity, is also a problem when longer reaction time is desired.
After optimization of the above mentioned parameters, it
was found that nanoparticle synthesis was completed after
36 h as compared to initial 72 h of reaction in unoptimized
conditions (Figure 3(f)).

Longer time taken to synthesize silver nanoparticle can be
attributed to two factors. First is low redox potential of silver
and second being dilute CFE. To overcome this problem, CFE
was concentrated by lyophilisation technique. Lyophilisation
of proteins can have deleterious effect on their properties and
activity [28]. In the present case, however, it did not pose
any such problem. CFE after concentration to powder form
was resuspended inminimumvolume of deionised water and
subjected to reaction with silver nitrate as mentioned above.
This step significantly reduced the reaction time from 36 h to
4 h with reaction that started immediately after addition of
substrate.

To establish the role of cellular machinery in nanoparticle
synthesis, yeast cells were subjected to heat treatment at
various stages of growth. The cells were grown upto sta-
tionary phase and then killed and prepared for CFE. Heat-
killed cells during growth phase (Figure 4(b)) were not able
to produce AgNPs when treated with silver nitrate. This
simple experimentation shows that nanoparticle synthesis
essentially depends upon the active metabolites obtained
from the native cells and not from the heat-killed cells. The
results of Bradford assay showed the presence of protein in the
cell free extract. It was assumed that small proteins/peptides
are extracted out of cell due to osmotic shock during CFE
formation. UV-Vis spectra of CFE (Figure 4(a)) showed a
strong absorption at 280 nm which may be attributed to the
aromatic residues (tyrosine and tryptophan) present in the
protein or peptide.

The above assumption was strengthened by boiling a
fraction of CFE and checking this fraction for its ability to
synthesise AgNPs. This fraction did not synthesize nanopar-
ticles and this can be attributed to denaturation of proteins
present in CFE. Involvement of macromolecule like protein
is further confirmed by placing a barrier (dialysis membrane,
10 KDa) between CFE and silver nitrate solution. Protein
extract was placed in membrane which was dipped in a
beaker containing silver nitrate solution. Beaker was kept
in dark and after 72 h dark brown colour was observed in
membrane but not in surrounding solution. This indicates
that the size of macromolecule required for nanoparticle
synthesis is greater than 10 KDa. Controlled reaction shows
development of dark brown colour indicative of AgNPs
formation.

Figure 4(c) shows the effect of cofactor on nanoparticle
synthesis. Dark brown colour was developed in reaction
mixture containing exogenously added cofactor, while colour
intensity was less in flask without cofactor. Control contain-
ing only cofactor did not show any colour change.This proves
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Figure 4: (a) UV-Vis spectra of cell free extract prepared from
Saccharomyces boulardii in deionised water. (b) Colour comparison
between reaction mixtures containing cells killed (1) in production
media and control (2). (c) Colour comparison between reaction
mixtures containing cofactors (3) and control (4).
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Figure 5: In vitro anticancer activities of silver nanoparticles
synthesized by cell free extract of S. boulardii.

the dependence of possible enzyme on cofactor and that the
reaction is a redox reaction.

Anticancer activity of silver nanoparticles was evaluated
on MCF-7 cells in comparison to ionic silver salt (Figure 5).
Silver nanoparticles at very low concentration showed very
high activity on MCF-7 cells, showing almost 80% inhibition
at this stage also. At higher concentration (10–100 𝜇g/mL),
no significant difference in inhibition of cancer cells was
observed with silver nanoparticles. On the other hand, silver
ions were able to achieve less than half of this even at
100 𝜇g/mL of concentration.This indicates that the IC

50
value

for the silver nanoparticles synthesized by S. boulardii whole
cells is less than 10 𝜇g/mL.
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7. Conclusion

There are many reports that describe methods making use
of microbes for the synthesis of nanoparticles [29–32] as
an alternative to cost-ineffective and toxic procedures [1, 2].
The present method describes the first time use of cell free
extract of S. boulardii for the synthesis of silver nanoparti-
cles. Resulted nanoparticles were smaller in size, uniform,
monodispersed in nature, and were synthesised very rapidly.
Thismethod does not require tedious downstreamprocessing
and it may be scaled up to develop a viable technology for
the Ag-nanoparticle synthesis. Preliminary studies confirm
the role of protein in the synthesis and stabilisation of
nanoparticles. Anticancer activity on early stage breast cancer
cell lines gave very promising results and this applicationmay
be valuable for future biomedical research.
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Rubberwood (Hevea brasiliensis), a potential rawmaterial for bioethanol production due to its high cellulose content, was used as a
novel feedstock for enzymatic hydrolysis and bioethanol production using biological pretreatment. To improve ethanol production,
rubberwood was pretreated with white rot fungus Ceriporiopsis subvermispora to increase fermentation efficiency. The effects
of particle size of rubberwood (1mm, 0.5mm, and 0.25mm) and pretreatment time on the biological pretreatment were first
determined by chemical analysis and X-ray diffraction and their best condition obtained with 1mm particle size and 90 days
pretreatment. Further morphological study on rubberwood with 1mm particle size pretreated by fungus was performed by FT-
IR spectra analysis and SEM observation and the result indicated the ability of this fungus for pretreatment. A study on enzymatic
hydrolysis resulted in an increased sugar yield of 27.67% as compared with untreated rubberwood (2.88%). The maximum ethanol
concentration and yield were 17.9 g/L and 53% yield, respectively, after 120 hours.The results obtained demonstrate that rubberwood
pretreated by C. subvermispora can be used as an alternative material for the enzymatic hydrolysis and bioethanol production.

1. Introduction

In recent years, rising gas prices and environmental concerns
cause the driving force for developing alternative energy
sources, especially fuel ethanol for automobiles [1]. Unlike
fossil fuel, ethanol has the advantages of being renewable,
cleaner having a burning, and producing no greenhouse
gases [2]. Lignocellulosic biomass is an attractive option
for the sustainable production of fuels [3]. Therefore, using
lignocellulosic biomass as the feedstock reduces the costs
of bioethanol production as a result of its widespread avail-
ability, sustainable production, and cheap availability [4].
Currently, rubber tree (Hevea brasiliensis) which is also

known as Hevea wood is the most abundant lignocellulosic
material in Malaysia which can be used as a potential raw
material for bioethanol production due to its high cellulose
content (53.01%) [5].

Lignocellulosic materials are composed mainly of cel-
lulose, hemicellulose, and lignin. Pretreatment, as the first
step towards conversion of lignocellulose to ethanol, removes
lignin and hemicellulose, reduces cellulose crystallinity,
and increases the porosity of materials [6]. In general,
pretreatment can be classified into physical pretreatment
physicochemical pretreatment, chemical pretreatment, and
biological pretreatment [7]. However, physical and chemical
pretreatment need high temperature treatment with acid
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or alkali, which disrupts lignocellulose and also results in
acidic or caustic hydrolysate and the production of inhibitory
byproducts [8, 9]; therefore, such pretreatment methods
increase the cost of processes with neutralization or washing
step that results in the loss of sugars [6, 10]. Consequently, it is
necessary to develop a benign alternative to harsh chemicals.

Biological pretreatment applies microorganisms espe-
cially fungi and their enzyme systems to delignify cellulosic
feedstocks [11]. White rot fungi with high selectivity of
lignin degradation over cellulose are important for success-
ful microbial pretreatment. Most white rot fungi, such as
Phanerochaete chrysosporium, simultaneously degrade holo-
cellulose (cellulose and hemicellulose) and lignin, resulting in
a low cellulose recovery [12, 13]. Some species preferentially
degrade lignin and part of the hemicellulose, leaving a
cellulose rich residue [13, 14]. Ceriporiopsis subvermispora is
one of the most investigated white rot fungi for pretreatment
because of its selectively for lignin biodegradation with very
low cellulose loss [15].

In this research, we used a woody biomass (rubberwood)
as an alternative material for the fungal pretreatment and
bioethanol production. To date no such work has been
reported. The objective of this study was to evaluate the
effects of fungal pretreatment of rubberwood by C. subver-
mispora on enzymatic hydrolysis and ethanol production.
The changes in lignin, cellulose, and hemicellulose after pre-
treatment, hydrolysis conversion efficiency, and ethanol yield
from fermentation were measured to evaluate pretreatment
effectiveness. The effects of particle size on degradation of
rubberwood are also investigated.

2. Materials and Methods

2.1. Microorganism. Ceriporiopsis subvermispora FP-90031-
Sp (ATCC 90467) was purchased from American Type Cul-
ture Collection (ATCC) and maintained as a frozen culture
(−80
∘C) in 30% glycerol. The fungus was incubated on 2.4%

potato dextrose agar (PDA) plates at 28∘C for 7 days.

2.2. Biomass Preparation. The wood was chipped using the
lab scale chipper.The chips thenwere transferred to a Pallman
disc flaker and cut to smaller particle size. After flaking, they
were ground to pass through 0.25, 0.5, and 1.00 mm screens,
respectively, and approximately dried to 5%moisture content
in an oven at 103 ± 2∘C for 24 h.

2.3. Fungal Pretreatment with C. subvermispora. Seven grams
of rubberwood with 0.25, 0.5, and 1mm particle sizes was
mixed with 12mL distilled water to obtain an optimal mois-
ture content of 75% [12], and this mixture was autoclaved at
121
∘C for 20min and then cooled and aseptically inoculated

with a plug (9mm in diameter) from the plate culture to
obtain the effect of fungus on the rubberwood. Parafilm was
wrapped around flasks to act as a barrier against moisture
loss and contamination. Small perforations were made to the
film to avoid moisture condensation and allow ventilation
of chambers. Fungal pretreatment was carried out in an
incubator at 28∘C under static conditions for 30, 60, and 90

days. A set of nonpretreated sterilized woods were used as
controls. After pretreatment, the flasks were stored at 4∘C
for compositional analysis, enzymatic hydrolysis, and ethanol
production. All tests were performed in triplicate [16].

2.4. Enzymatic Hydrolysis. Enzymatic hydrolysis was con-
ducted followingNREL laboratory analytical procedure LAP-
008 [17]. Cellulase (Celluclast 1.5 L, produced byTrichoderma
reesei) with activity of 70 FPU/mL, supplemented with 𝛽-
glucosidase (Novozyme 188, produced by Aspergillus niger)
with activity of 122 CBU/mL, was used. Enzymatic hydrolysis
experiments were carried out in 250mL bottles. Each bottle
was loaded with 1% w/w effective cellulose content, 1% w/v
yeast extract, 2% w/v peptone, and 0.05M citrate buffer (pH
4.8) in a final working weight of 50 grams and autoclaved at
121
∘C for 15min. After cooling, cellulase (25 FPU/g cellulose)

was added and supplemented with 𝛽-glucosidase (60CBU/g
cellulose) to avoid inhibition due to cellobiose accumulation
[5]. After hydrolyzing at 50∘C for 168 h in an incubator shaker
set at 150, hydrolysis was terminated by boiling in awater bath
for exactly 5min to inactivate cellulase before being chilled on
ice. Hydrolyzed samples were centrifuged at 10,000 rpm for
5min. The supernatants were recovered for reducing sugars
analysis at least in triplicate.

2.5. Production of Bioethanol. Production of bioethanol
was carried out by simultaneous saccharification and fer-
mentation (SSF) following NREL LAP-008 procedure. The
microorganism used for the fermentation was Saccharomyces
cerevisiae D5A purchased from ATCC, USA.

The strain was maintained in glycerol vials at −80∘C
for use as a working stock. It was cultured on YPD plates
containing yeast extract 10 g/L, peptone 20 g/L, dextrose
20 g/L, and agar 20 g/L. Plates were incubated at 37∘C for 2
days. A loopful of yeast was taken froma single colony of YPD
plate and used to inoculate 100mL of YPD media containing
10 g/L yeast extract, 20 g/L peptone, and 50 g/L dextrose [18]
in a 250mL flask. The media were sterilized by filtration
and the flasks were autoclaved without media at 121∘C [19].
The flask was incubated for 10–14 h in an incubator shaker
operating at 37∘C and 130 rpm. The cells were harvested,
washed with DI water twice by centrifugation (5000 rpm for
5min), and used for inoculating SSF flasks [20]. SSF was then
carried out in a 250mL serum bottle containing 6% w/w
cellulose, 1% w/v yeast extract, 2% w/v peptone, and 0.05M
citrate buffer (pH 4.8) in a final working weight of 100 grams.
Bottles were sparged with nitrogen, sealed, and autoclaved at
121
∘C for 15min. After cooling, mediumwas inoculated with

S. cerevisiae D5A (10% v/v, starting OD. 0.5) and cellulase
enzyme was injected at a dose of 25 FPU/g cellulose and
supplemented with 𝛽-glucosidase at a dose of 60CBU/g
cellulose to avoid inhibition due to cellobiose accumulation
[5]. The SSF was conducted at 37∘C and 130 rpm for 7 days.
Samples were taken after 0, 3, 24, 48, 72, 96, 120, 144, and
168 h, filtered, and stored at −20∘C for ethanol and reducing
sugar analysis. All assays were performed at least in triplicate.
The ethanol produced was analyzed qualitatively using gas
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chromatography. The ethanol yield (%) was calculated using
the following equation:

ethanol yield (%)

=
g of ethanol in culture broth × 100

g of glucan in culture broth × 1.1 × 0.511
.

(1)

2.6. Analysis Methods

2.6.1. Subexperiment 1: Analysis of Chemical Composition.
The total solids content (also called the percent dry weight)
was determined according to the Laboratory Analytical
Procedure No. 001 (LAP-001) from the National Renew-
able Energy Laboratory (NREL) [21]. The extractives were
removed from analyzed samples by Soxhlet extraction with
acetone (6 h), according to the procedure adapted from
TAPPI standard T 204 om-97. The percentage of acid-
insoluble lignin was determined according to TAPPI pro-
cedure (T224 om-88). The holocellulose content was deter-
mined according to DIN 2403. The 𝛼-cellulose content of
rubber was determined according to TAPPI 203 om-93. The
percentage of hemicellulose was calculated by subtracting the
percent 𝛼-cellulose from holocellulose. Dry mass loss was
calculated as the percentage of total solids loss after pretreat-
ment. Lignin degradation, cellulose loss, and hemicellulose
loss were defined as the percentages of lignin, cellulose, and
hemicellulose reduction.

2.6.2. Subexperiment 2: Determination of Reducing Sugar.
Total reducing sugar was determined by the 3, 5-dinitro-
salicylic acid (DNS) method using glucose as the standard
[22]. The samples were analyzed using a spectrophotometer
(Shimadzu, Columbia, MD, USA) at 540 nm.The absorbance
readings were then converted into equivalent sugar concen-
tration (mg/mL) using a standard glucose solution curve.
Reducing sugar yield was calculated using the following
equation:

reducing sugar yield (%)

=
reducing sugar produced × 0.9 × 100

amount of H rubberwood
,

(2)

where H are cellulose and hemicellulose.

2.6.3. Subexperiment 3: X-Ray Diffraction Analysis. The X-
ray diffractograms were obtained with a Rigaku Geigeflex
DiffractometerwithCu andK𝛼 radiation at 30 kVand 30mA.
The diffraction intensity was measured between Bragg angles
(2𝜃) of 5∘−50∘ at the speed of 2∘/min. The crystallinity index
(CrI) was calculated using the intensities of crystalline region
at 2𝜃 = 22.5∘ and amorphous region 2𝜃 = 18∘, respectively,
using the following equation [23]:

crystallinity index (CrI)% =
𝐼crystalline − 𝐼amorphous

𝐼crystalline
, (3)

where 𝐼crystalline is the intensity of crystalline region and
𝐼amorphous is the intensity of amorphous region.

2.6.4. Subexperiment 4: Fourier Transform Infrared Spec-
troscopy (FT-IR) Analysis. The FT-IR spectra of untreated
and treated rubberwood were obtained by direct transmit-
tance using the KBr pellet technique [24]. Spectra were
recorded with a Perkin Elmer 1650 FT-IR spectrometer
(Perkin Elmer, Waltham, MA, USA). The spectra (4000–
500 cm−1) were measured at a spectral resolution of 4 cm−1
and 64 scans per sample.

2.6.5. Subexperiment 5: Scanning Electron Microscopy (SEM).
The morphologies of untreated and pretreated rubberwood
were examined using scanning electron microscopy (SEM).
Before analysis, samples were mounted on metal stubs by
double tape and the surface was coated with gold to avoid
charging. Images were taken at 15 kV by PHILLIPS XL30
ESEM.

2.6.6. Subexperiment 6: Gas Chromatography. The ethanol
produced from the fermentation process was analyzed quali-
tatively after distillation. The qualitative analysis was carried
out using gas chromatography Shimadzu GC-14B with a
BP21 capillary column (30m × 0.250mm ID, 0.25 𝜇m film)
and GC-flame ionization detector (GC-FID). Initial and final
oven temperatures were 40 and 130∘C, detector temperature
was 250∘C, and injector temperature was 230∘C.

2.6.7. Subexperiment 7: Statistical Analysis. All experiments
(chemical compositions and sugar yield) were carried out
in triplicate and the values are an average of the three
values obtained within a 95% confidence level. The effects
of biological pretreatment on lignin, hemicellulose, and
cellulose reduction during biological pretreatmentswere ana-
lyzed using the Statistical Analysis Software (SAS) program
(released 6.12, 1988.SAS Institute Inc., Cary, NC).

3. Results and Discussion

3.1. Effect of Particle Size on Degradation of Rubberwood by C.
subvermispora

3.1.1. Analysis of Chemical Composition. Particle size of the
substrate is important. It affects the performance of solid state
fermentation [20]. Generally, reduced particle size provides
larger surface area for microbial attack but leads to limitation
in interparticle space availability and heat transfer. Compared
to smaller particle size, bigger particles provide better aer-
ation/respiration opportunities but result in lesser surface
area. Hence, determination of particle size corresponding to
optimum growth and enzyme production is necessary [25].
The effects of particle size (1mm, 0.5mm, and 0.250mm) on
degradation of rubberwood by C. subvermispora during 90
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Table 1: Degradation of rubberwood pretreated by C. subvermispora at different particle sizes for 30, 60, and 90 days1.

Particle size (mm) Selectivity value2 Weight loss (%)
Lignin Hemicellulose Cellulose

0.25
30 2.16b 13.10c (0.36) 17.80c (0.67) 6.06a (0.75)
60 2.46b 29.65b (0.31) 34.35a,b (0.36) 12.07a (0.29)
90 2.75c 34.89c (0.9) 38.76b (0.88) 12.69a (0.83)

0.50
30 2.78a,b 15.13b (0.19) 19.75b (0.27) 5.44a (0.50)
60 2.75b 29.52b (0.23) 34.01b (0.46) 10.73a,b (0.92)
90 3.21b 38.78b (0.27) 39.91b (0.44) 12.08a (0.37)

1.00
30 3.57a 16.65a (1.08) 25.13a (0.69) 4.66a (1.26)
60 3.95a 37.30a (1.31) 36.02a (1.48) 9.44b (1.42)
90 4.29a 45.06a (0.82) 42.08a (1.16) 10.50b (0.98)

1Standard deviations of three replicates in parentheses; letters on the right side of the data in the same column indicated significant levels (𝑃 < 0.05 ANOVA,
𝐹(3, 6));2 selectivity value = lignin loss/cellulose loss.

Table 2: Crystallinity index of untreated and treated rubberwood by
C. subvermispora at different particle sizes for 30, 60, and 90 days.

Samples CrI (%)
30 d 60 d 90 d

Untreated 43.12 43.12 43.12
0.25 52.66 58.25 60.77
0.50 47.66 59.68 62.32
1.00 52.37 65.84 66.71

days are shown in Table 1. As shown in Table 1, higher lignin
degradation was obtained with 1mm rubberwood (16.65%)
than was obtained with 0.5 and 0.250mm rubberwood
(15.13% and 13.10%, resp.) after 30 days. Moreover, weight
losses of hemicellulose were 25.13%, 19.75%, and 17.80%,
respectively, with 1, 0.5, and 0.250mm. However, there was
no significant difference between the cellulose degradation of
all particle sizes (𝑃 > 0.05).

For rubberwood with the particle sizes of 0.5 and
0.250mm, substantially lower lignin degradation (29.52%
and 29.65%, resp.) was observed compared to 1mm particle
size of rubberwood (37.30%) after 60 days.The hemicellulose
degradation for 1mm rubberwood particle size is 36.02%
which is higher than 0.5mm particle size, while no signif-
icant difference was seen in hemicellulose degradation for
0.250mmwith 1mmand 0.5mm.The lowest cellulose caused
in 1mm particle size of rubberwood.

Fungal pretreated rubberwood with all particle sizes lost
significant (𝑃 < 0.05) lignin compared to untreated rubber-
wood after 90 days. The weight losses of lignin for 1.00, 0.50,
and 0.25mm were 45.06%, 38.78%, and 34.89%, respectively.
Higher hemicellulose reduction was obtained with 1mm
particle size (42.08%) compared to 0.50 and 0.25mm particle
sizes (39.91% and 38.76%, resp.). The cellulose reduction
obtainedwith 1mmparticle size (10.5%)was lower than those
particle sizes.

Selectivity value, the lignin/cellulose loss ratio, was used
to evaluate the selective lignin-degrading ability [26]. The
selectivity values increasedwith increasing pretreatment time
because C. subvermispora can effectively reduce recalcitrance
of rubberwoodwith high selectivity of lignin degradation rate
and minimal cellulose loss. The highest selectivity value of
4.29% with lignin degradation of 45.06% was obtained from
1mm particle size of rubberwood after 90 days.

3.1.2. X-Ray Diffraction. X-ray diffraction is the best option
to estimate the impacts of pretreatment on crystalline regions
of cellulose. The crystallinity index (CrI), which is a mea-
sure of the amount of crystalline cellulose, was calculated
according to Segal’s empirical method [22]. The crystallinity
data of untreated and fungal treated rubberwood at different
particle sizes are shown in Table 2. The results show that
there is a significant increase in the crystallinity between
the pretreated and untreated wood. The CrI values of 1mm,
0.5mm, and 0.250mm samples increased 23.59%, 19.20%,
and 17.64%, respectively, compared with untreated wood dur-
ing 90 days of pretreatment. The increase in the crystallinity
is expected due to the degradation and modification of
amorphous components as reported in previous studies [27,
28]. The amorphous part may include amorphous cellulose,
hemicellulose, and lignin [28, 29].Therefore, the CrI increase
in pretreated samples indicates that the amorphous portion of
the rubberwood was more removed than the crystalline por-
tion and cellulose became more exposed after pretreatment.
According to Table 1, the higher lignin and hemicellulose
reduction and lower cellulose loss were obtained with 1mm
particle size compared to other particle sizes.The crystallinity
data also indicated that samples with 1mm particle size had
higher CrI value which is consistent with the obtained results
shown in Table 1. Based on the chemical analysis and X-
ray diffraction results, we may conclude that 1mm is the
best considered size for the biological pretreatment. Hence,
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rubberwood with 1mm particle size was chosen for the rest
of the study.

3.2. FT-IR Analysis

3.2.1. Undecayed Rubberwood. FT-IR spectroscopy was used
to demonstrate the physical structures and functional groups
of the lignocellulosic materials. FT-IR spectroscopy of unde-
cayed rubberwood is shown in Figure 1. The absorbance
peaks in the 3400–3300 cm−1 (1) region were attributed to
the stretching of O–H groups, whereas those around 2900–
2800 cm−1 (2) were due to the stretching of C–H [30]. The
peak located at 1735 cm−1 (3) was assigned to the C=O
stretching of the acetyl group in hemicellulose [31].The peaks
in the region between 1620 and 1650 cm−1 (4 and 5) for
all samples were characterized by the absorbed water [32].
The absorbance at 1504 cm−1 (6) is attributed to aromatic
skeletal vibrations in lignin [31].The peaks located at 1428 and
1458 cm−1 (7 and 8) were assigned to the C–H deformation
in lignin and carbohydrates [33]. The peaks observed in
the range 1380–1320 cm−1 (9 and 10) in all samples were
attributed to the bending vibration of C–H and C–O groups
of the aromatic ring in polysaccharides [32]. The absorption
located at 1234 cm−1 (11) is caused by O–H phenolic in lignin
[34]. The absorbances at 1158 and 898 (12 and 14) cm−1 cor-
respond to C–O–C vibration in cellulose and hemicellulose,
and C–H deformation in cellulose, respectively [31]. The C–
O–Cpyranose ring skeletal vibrations occur in the region 1102
to 1024 cm−1 (13) [35]. The peaks below 898 cm−1 are of little
importance in the characterization of cellulose.

3.2.2. Wood Decayed by C. subvermispora. FT-IR spectra of
rubberwood (1mm) exposed to C. subvermispora for 30, 60,
and 90 days are shown in Figure 1. The intensities of carbo-
hydrate bands at 1369 and 898 cm−1 were slightly decreased.
The constant intensity of the carbohydrate band at 1158 cm−1
is remarkable. In particular, the effect of fungal attack on
the wood is clearly noticeable by increasing intensity of
the 1647 cm−1 band (conjugated carbonyl groups, mainly
originating from lignin) and the significant decreasing inten-
sities at 1593, 1504, and 1234 cm−1 with exposure time [36].
However, a significant decrease in the intensity of carbonyl
absorption band at 1735 cm−1 also indicated the decay of
xylan (hemicellulose) by C. subvermispora. From the FT-IR
spectra analysis, it could be concluded that C. subvermispora
improved the degradation of lignin but it should have little
effect on degradation of carbohydrates which result from a
selective lignin removal.These findings are in agreement with
Ferraz et al. [37].

3.3. Scanning ElectronMicroscopy (SEM). Themorphology of
the untreated and pretreated rubberwood with 1mm particle
size by C. subvermispora was investigated using scanning
electron microscopy (SEM) for 30, 60, and 90 days (Figures
2(a), 2(b), 2(c), and 2(d)). SEM images showed that ligno-
cellulose in the untreated rubberwood had an intact surface
structure (Figure 3(a)), while the pretreated rubberwood had
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Figure 1: FT-IR spectra of rubberwood samples at various degrees
of decay by C. subvermispora: (a) undecayed wood, (b) decayed for
30 d, (c) decayed for 60 d, and (d) decayed for 90 d.

a rugged and partially broken face which resulted from the
removal of lignin and breaking of lignocelluloses networks
during the pretreatment (marked circle in Figures 2(c) and
2(d)). As shown in Figure 2(b), rubberwood was quickly
colonized by the funguswith the formation of abundantwhite
mycelial mass on the wood chips after 30 days of pretreat-
ment.Themycelial mass increased with biodegradation time,
becomingwhitish after 90 days of pretreatment (Figure 2(d)).
SEM images also showed that in all treated samples, branched
hyphae covered the surface of the wood chips. Mycelial mass
increased during degradation. Hyphae penetrate the chips
through the lumen and pit fiber wood cells (Figures 3(a) and
3(b)).

3.4. Enzymatic Hydrolysis. Lignin plays an important role in
biomass recalcitrance to cellulolytic enzymes. It is generally
well recognized that low lignin content results in high
cellulose digestibility. Figure 4 shows the time courses of the
production of reducing sugars using the untreated and fungal
pretreated rubberwood for 0, 3, 24, 48, 72, 96, 120, 144, and
168 h as we have already published in our previous work [38].
As expected, the higher rate of enzymatic hydrolysis exhibited
by pretreated samples was due to removal of the physical
protective coat of cellulose and consequently the improved
cellulose digestibility. Compared to pretreated samples, rub-
berwood without pretreatment was much more resistant
to enzymatic hydrolysis, producing only 2.88% fermentable
sugar yield after 168 h of hydrolysis. The reducing sugar yield
from sample treated for 30 days was 17.23%. The reducing
sugar yields increased with the cultivation time beyond 30
days, reaching 23.80% for samples pretreated for 60 days.
Further increase was observed when the cultivation time
was further extended to 90 days. The highest reducing sugar
yield reached about 27.67% for samples pretreated for 90
days. These results show that the enzymatic hydrolysis yield
of rubberwood is considerably affected by the cultivation
time and the reducing sugar yield heavily depends on the
extent of delignification and hemicellulose removal from
the lignocellulosic materials [39]. This explains why sample
pretreated by C. subvermispora resulted in high sugar yield
(27.67%). It was reported that after 120 days of cultivation
by a newly isolated fungus, Echinodontium taxodii 2538 on
two native woods: Chinese willow (hard wood) and China-
fair (soft wood), the enzymatic hydrolysis yield showed a
significant increase (4.7-fold for hard wood and 3-fold for
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Figure 2: Scanning electronmicroscopy images of rubberwood pretreatedwithC. subvermispora. (a)Untreated rubberwood; (b) rubberwood
pretreated with C. subvermispora for 30 d, (c) 60 d, and (d) 90 d.
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Figure 3: SEM images of pretreated rubberwood (a) showing hyphae penetration through cell walls; (b) same image at higher magnification.
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Figure 4: Time course of reducing sugar yield (%) during the
hydrolysis of rubberwood. (×) untreated; (- - -) pretreated with C.
subvermispora, for (◼) 30, () 60, and (Q) 90 days. Error bars
represent standard error.
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Figure 5: Time course of bioethanol concentration (g/L) of
untreated and pretreated rubberwood by C. subvermispora. (◻)
untreated and (◼) pretreated rubberwood after 30, () 60, and (Q)
90 days. Error bars represent standard error.

soft wood) [26]. By contrast, pretreatment of rubberwood
(hard wood) by C. subvermispora resulted in much higher
enzymatic hydrolysis yields (9.6-fold) during a relatively
short degradation period. Lee et al. [40] reported lower
sugar yields (21.01%, 14.91%, and 15.03%) from soft wood
Pinus densiflora pretreated with Stereum hirsutum, Polyporus
brumalis, and Ceriporia lacerate, respectively, compared to
rubberwood treated with C. subvermispora for 72 h at 50∘C.
However, the sugar yield obtained from wood treated with C.
subvermispora (230.6mg sugar/g rubberwood) in this study
is comparable with that obtained by Zhang et al. (232.2mg
sugar/g bamboo) but in much shortened pretreatment time
(90 days compared to 60–120 days by Zhang et al.) [41].

3.5. Production of Bioethanol. Bioethanol production was
carried out by simultaneous saccharification and fermen-
tation (SSF) process. The rubberwood samples pretreated
with C. subvermispora for 30, 60, and 90 days were used
in the bioethanol production. Untreated sample was used
as control. The bioethanol produced by the fermentation
process increased within the first 48 h of SSF and maximum

Table 3: Bioethanol yields (%) of untreated and pretreated rubber-
wood byC. subvermispora after 30, 60, and 90 days (samples 1, 2, and
3, resp.)1.

Time (h) Control Sample 1 Sample 2 Sample 3
24 10.6 (1.2) 10.8 (2.4) 15.8 (0.9) 17.2 (0.6)
48 27.4 (0.8) 27.1 (1.9) 29.1 (1.3) 47.4 (1.4)
72 28.7 (2.1) 26.3 (1.7) 35.7 (2.5) 46.06 (2.3)
96 29.8 (1.7) 31.6 (0.7) 39.9 (3.1) 51.4 (2.8)
120 30.7 (2.3) 37.6 (1.5) 47.8 (2.2) 53.1 (3.5)
144 30.3 (1.4) 27.0 (2.6) 44.3 (3.7) 53.0 (2.9)
1Standard deviations of three replicates are in parentheses.

value was obtained after 120 h (Table 3 and Figure 5). After
120 h, themaximum bioethanol concentration and yield were
17.9 g/L and 53% yield, respectively. For fungal pretreated
rubberwood for 30 and 60 days, the ethanol concentra-
tions obtained were 12.7 g/L and 16.1 g/L, respectively. The
bioethanol concentration and yield of untreated sample were
10.4 g/L and 30.7% after 120 h fermentation.

These results are comparable to that obtained from
pretreated corn stover with C. subvermispora, where an
overall ethanol yield of 57.80% was achieved [20]. Another
report showed that a combination of C. subvermispora and
ethanolysis pretreatment resulted in an overall ethanol yield
of 62% [15]. This higher yield is expected due to additional
ethanolysis treatment compared to this study using only C.
subvermispora pretreatment. Bak et al. [9] reported that when
fungal fermented rice straw with Dichomitus squalens was
used as a substrate in SSF, the bioethanol yield was 54.2% after
24 h. Other works on production of ethanol from biomass
treated with microorganism were 0.017 g of ethanol/g of
corn stover after 144 h fermentation [42] and 0.004–0.027 g
of ethanol/g of dry lignocelluloses after 48 h fermentation
[43]. The bioethanol yields from these previously conducted
studies are much lower than the yield obtained in this study
(0.003–0.143 g of ethanol/g of dry rubberwood). The results
of this work show that fungal pretreatment of rubberwood
increased the enzymatic digestibility of cellulose that led to
high bioethanol yield.

4. Conclusions

We may conclude that fungal pretreatment using C. subver-
mispora provides a cost-effective method for reducing the
recalcitrance of rubberwood with high selectivity of lignin
degradation rate and minimal cellulose loss for enzymatic
hydrolysis and bioethanol production. The study showed
that lignin degradation rate was significantly affected by the
particle size of rubberwood and time of the pretreatment.
XRD and chemical analysis of control and pretreated rubber-
wood with different particle sizes showed that rubberwood
with the particle size of 1mm was efficiently degraded
due to providing better aeration/respiration opportunities
compared to smaller particle sizes. FT-IR spectra analysis
and SEM observations of control and pretreated rubber-
wood with 1mm particle size showed equivalent results with
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chemical analysis. The results of this work also revealed that
rubberwood with high cellulose content can be successfully
converted to bioethanol by the SSF process.
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Recently, development of reliable experimental protocols for synthesis of metal nanoparticles with desired morphologies and sizes
has become a major focus of researchers. Green synthesis of metal nanoparticles using organisms has emerged as a nontoxic
and ecofriendly method for synthesis of metal nanoparticles. The objectives of this study were production of silver nanoparticles
using Pinus eldarica bark extract and optimization of the biosynthesis process. The effects of quantity of extract, substrate
concentration, temperature, and pH on the formation of silver nanoparticles are studied. TEM images showed that biosynthesized
silver nanoparticles (approximately in the range of 10–40 nm) were predominantly spherical in shape. The preparation of nano-
structured silver particles using P. eldarica bark extract provides an environmentally friendly option, as compared to currently
available chemical and/or physical methods.

1. Introduction

In recent years, green synthesis of metal nanoparticles is an
interesting issue of the nanoscience and nanobiotechnology.
There is a growing attention to biosynthesis the metal
nanoparticles using organisms. Among these organisms,
plants seem to be the best candidate and they are suitable for
large-scale biosynthesis of nanoparticles. Nanoparticles pro-
duced by plants are more stable, and the rate of synthesis is
faster than that in the case of other organisms. Moreover, the
nanoparticles are more various in shape and size in compar-
ison with those produced by other organisms [1, 2].

Silver nanoparticles have drawn the attention of research-
ers because of their suitable applications in the fields of
electronic,material science, andmedicine [3, 4]. For instance,
antimicrobial properties of silver nanoparticles caused the
use of these nanometals in different fields of medicine,
various industries, animal husbandry, packaging, accessories,
cosmetics, health, and military. Silver nanoparticles show
potential antimicrobial effects against infectious organisms
such as Escherichia coli,Bacillus subtilis,Vibrio cholerae, Pseu-
domonas aeruginosa, Syphilis typhus, and Staphylococcus
aureus [5, 6]. Moreover, these nanoparticles have drawn the

attention of researchers because of their extensive applica-
tions in areas such as mechanics, optics, biomedical sci-
ences, chemical industry, electronics, space industries, drug-
gene delivery, energy science, catalysis [7, 8], optoelectronic
devices [9, 10], photo-electrochemical applications [11], and
nonlinear optical devices [12, 13].

Antioxidant action of phenolic compounds is due to their
high tendency to chelate metals. These compounds consist
of catechin, taxifolin, procyanidins of various chain lengths
formed by catechin and epicatechin units, and phenolic acids.
Phenolic compounds possess hydroxyl and carboxyl groups.
These compounds may inactivate iron ions by chelating
and additionally suppressing the superoxide-driven Fenton
reaction, which is believed to be the most important source
of reactive oxygen species (ROS). Therefore, plants with
high content of phenolic compounds (e.g., Pinus species) are
one of the best candidates for nanoparticle synthesis. Pine
bark extract contains polyphenolic compounds which have
considerable antioxidant activities. The objectives of this
study were production of silver nanoparticles using Pinus
eldarica bark extract and optimization of the biosynthesis
process.
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2. Materials and Methods

2.1. Plant Material. Pinus eldarica bark specimens were
collected from a population growing in Isfahan (32∘38N
51∘39E, altitude, 1590m) from Isfahan. The plant was iden-
tified by the Botany Department of the Faculty of Sciences at
theUniversity of Isfahan.The samples were collected between
August and September 2010. The specimens were dried at
room temperature, ground by using a conventional grinder,
and stored at 4∘C.

2.2. Plant Characteristics. Pinus eldarica (Pinaceae) is a
medium-sized tree, reaching 12–15m high. The bark is
brownish gray or light gray, not flaking, and head broad-
topped.The leaves are stiff, 6–9 cm long, and green.The cones
are pedunculate, solitary or in pairs, and light reddish brown.
Scales irregularly rhombic, glossy, smooth, the whitish-gray
apophysis concave: seeds blackish, 6-7mm long, the reddish-
brown wing 18–28mm long [14].

2.3. Biosynthesis and Characterization of Silver Nanoparticles.
P. eldarica bark extract was used as a reducing agent for the
development of silver nanoparticles. Fifty g of pine bark pow-
ders was added in 250mL deionized water in 500mL Erlen-
meyer flask boiled for approximately 15min. Whatman filter
paper was used for the filtration of boiledmaterials to prepare
the aqueous pine bark extract, which was used for metal
nanoparticle synthesis. The reaction mixtures contained the
following ingredients (final concentrations): AgNO

3
(1, 2, 4,

and 6mM) as the substrate, different quantities of P. eldarica
bark extract, and phosphate buffer (pH = 3, 5, 7, 9, and 11).
UV absorption of colloidal suspension (hydrosol) of silver
nanoparticles was used as an easy and quick assay to check
production of nanoparticles. Absorption spectra were mea-
sured on a Shimadzu (UVmini-1240, Japan) spectrophotome-
ter. Transmission electron microscopy (TEM) analysis was
performed on selected samples in order to investigate the
process of formation of silver nanoparticles and study the size
and shape of them.Micrographswere obtained usingCM200
FEG Phillips transmission electron microscope.

3. Results and Discussion

3.1. Visual Inspection. When P. eldarica bark extract was
exposed toAg+ ions (AgNO

3
, 1 mM), the color of the reaction

mixture turned to yellowish brown and then to dark brown,
which was in agreement with the previous studies, and was
considered as the formation of silver nanoparticles [15, 16].
The appearance of dark brown seems to be due to excitation
of surface plasmon resonance in the nanoparticles.

3.2. Monitoring the Production of Silver Nanoparticles. In
order to study and optimize the production of nanoparticles,
we needed an easy and cheap method to monitor the
nanoparticles production. Most of the researchers have used
the optical absorption of colloidal silver as an indicator of
production of silver nanoparticles [1, 2, 17–22]. We examined
theUV/Vis absorption spectrumof colloidal Ag to verify this.
The 𝜆max was approximately 430 nm (Figure 1). By plotting
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Figure 1: UV/Vis absorption spectrum of the produced colloidal
silver. The spectrum was obtained at different time points after the
start of AgNO
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(1mM) reduction.
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Figure 2: Effect of different concentrations of the substrate: absorp-
tion spectra of maximum production of silver nanoparticles against
various concentrations of AgNO

3

(1, 2, 4, and 6mM) were read and
recorded (𝑛 value = 3).

UV/Vis absorption of the reactionmixture against time, time
course of the reaction was obtained. During the reaction
period, an increase in absorbance was observed in this
wavelength, which can be due to the increase in production
of colloidal silver nanoparticles [23, 24].

The important challenges frequently encountered in the
biosynthesis of nanoparticles are to control the shape and
size of the particles as well as to achieve the monodispersity
in solution phase. Several factors such as substrate concen-
tration, electron donor, reaction or incubation time, pH,
temperature, buffer strength, mixing speed, and light need to
be optimized.

3.3. Effect of Substrate Concentration. One of the important
measures tomake the reactionmore economical and efficient
is finding the maximum concentration of substrate which
could be converted to final product.The results obtained from
time course of reaction indicated that by gradual increase in
concentration of AgNO

3
, the nanoparticle production was

also increased (Figure 2).
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Figure 3: Effect of different quantities of P. eldarica bark extract:
absorption spectra of maximum production of silver nanoparticles
against various amounts of P. eldarica bark extract (×1, ×2, ×4, and
×6) were read and recorded (𝑛 value = 3).
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Figure 4: Effect of different pH on nanoparticle production:
absorption spectra of maximum production of silver nanoparticles
against 5 pH values of the reaction mixture were read and recorded
(𝑛 value = 3).

3.4. Effect of Different Quantities of P. eldarica Bark Extract.
The possibility of controlling the properties of nanoparticles
by changing the composition of the reaction mixture has
resulted in the use of different amount of biomass or cell
extract in order to form nanoparticles with desired mor-
phology and size. Different pine bark extract quantities were
used for the synthesis of silver nanoparticles. The pine bark
extract varied from 1, 2, 4, and 6mL in 50mL of 1mM silver
nitrate solution. As a result, larger quantities of bark extract
lead to an increase in peak absorbance in UV/Vis spectrum.
By increasing the extract concentrations, nanoparticle pro-
duction was also increased, but this relationship was not
linear (Figure 3). Moreover, decrease in particle size of Ag
nanoparticles has been observed due to an increase in extract
amount.

3.5. Effect of pH. The solution pH is a critical factor in
controlling the size and morphology of nanoparticles and
in the location of nanoparticle deposition [25–27]. The
reduction of silver was performed at pH 3, 5, 7, 9, and 11 with
P. eldarica bark extract. By increasing the pH of the reaction
mixture, an increase in absorbance was observed, which
can be due to the increase in production of colloidal silver
nanoparticles and reduction rate (Figure 4). It seems that pH
affects the amount of nanoparticle production and stability of
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Figure 5: Effect of reaction temperature: absorption spectra ofmax-
imum production of silver nanoparticles against different reaction
temperature were read and recorded (𝑛 value = 3).

them. Furthermore, pH influenced the rate of the reduction
reaction.The reactionmixture turned brown when silver was
reduced, and the reaction mixture coloring accelerated when
increasing pH. Furthermore, the formation of large sized
silver nanoparticles was observed at lower or acidic pH; while
higher or alkaline pH highly dispersed, small sized nanopar-
ticles tended to form.The results were in agreement with the
previous studies. For instance, Gardea-Torresdey et al. [28]
found that pH is an important factor in the biosynthesis of
colloidal gold using alfalfa biomass and concluded that the
size of nanoparticles varied with the change in pH. Mock et
al. [29] also have reached similar conclusions and reported
that pH is responsible for the formation of nanoparticles of
various shapes and size as different plant extracts and even the
extracts coming from different parts of the same plant may
have different pH values which further need optimization for
the efficient synthesis of nanoparticles. It has been reported
by several researchers that larger nanoparticles formed at
lower pH [2–4] as compared to higher pH.Moreover, Armen-
dariz et al. [30] reported that the size of gold nanoparticle
produced by Avena sativa was highly dependent on the pH
value. At pH 2, large size nanoparticles (25–85 nm) were
formed albeit in a small quantity, but at pH 3 and 4, smaller
sized nanoparticles were formed in a large quantity. They
speculated that at low pH (pH 2), the gold nanoparticles
prefer to aggregate to form larger nanoparticles rather than to
nucleate and formnew nanoparticles. In contrast, at pH 3 and
4, more functional groups (carbonyl and hydroxyl) are avail-
able for gold binding; thus a higher number of Au (III) com-
plexes would bind to the biomass at the same time. Dwivedi
and Gopal [31] revealed that silver and gold nanoparticles
are stable in a wider range of pH as they observed very small
variation in the zeta potential values between pH 2 and 10 in
their study using Chenopodium album. Veerasamy et al. [32],
while working on mangosteen leaf extract, reported that at
low pH, aggregation of silver nanoparticles is favoured over
the nucleation. However, higher pH facilitates the nucleation
and subsequent formation of large number of nanoparticles
with smaller diameter.

3.6. Effect of Temperature. Temperature might be one
of the crucial factors dominating the size and shape of
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Figure 6: TEMmicrographs recorded from the drop-coated film of the silver nanoparticles synthesized by treating the silver nitrate solution
with P. eldarica bark extract.

nanoparticles. In order to investigate the effect of tempera-
ture, the reaction mixture was heated at different tempera-
tures (25∘C, 50∘C, 100∘C, and 150∘C). Samples were collected
from the reaction mixture, and surface plasmon resonance-
spectra were taken. By increasing reaction temperature, an
increase in absorbance was observed, which can be due to
the increase in production of colloidal silver nanoparticles
and reduction rate (Figure 5). Moreover, when the reaction
temperature was increased from 25 to 150∘C, the size of silver
nanoparticles became smaller which resulted into sharpness
of plasmon resonance band of them.

3.7. TEM Analysis of Produced Silver Nanoparticles. Figure 6
shows TEM images recorded from the drop-coated film of
the silver nanoparticles synthesized by treating the silver
nitrate solution with the pine bark extract. Silver nanopar-
ticles, mainly spherical assemblies, were obtained by room-
temperature synthesis. Biosynthesized silver nanoparticles
(approximately in the range of 10–40 nm) were predomi-
nantly spherical in shape. The reduction and growth of silver
nuclei using pine bark extract as a green process present
a reliable and economic method, taking advantages of an
efficient bioresource.

4. Conclusions

In conclusion, silver nanoparticles were successfully pro-
duced using P. eldarica bark extract. Characterization by UV-
visible and TEM techniques confirmed the reduction of silver
ions to silver nanoparticles. The preparation of nanostruc-
tured silver particles using P. eldarica bark extract provides
an environmentally friendly option, as compared to currently
available chemical and/or physical methods.

Various chemical, physical and biological syntheticmeth-
ods have been developed to obtain metal nanoparticles of
various shapes and sizes, including laser ablation, gamma
irradiation, electron irradiation, chemical reduction, pho-
tochemical methods, microwave processing, and biological
synthetic methods. The organisms used in biological synthe-
sis of nanoparticles vary from simple prokaryotic bacterial
cells to complex eukaryotes. Plants are able to reduce the

metal ions faster than fungi or bacteria. Furthermore, in order
to use an easy and safe green method in scaleup and indus-
trial production of well-dispersed metal nanoparticles, plant
extract is better than plant biomass or living plant in the
rate of production. Problems experienced in biological syn-
thesis of metal nanoparticles are stability and aggregation
of nanoparticles, control of crystal growth, morphology,
size, and size distribution. Moreover, separation of produced
nanoparticles for further applications is still an important
issue.
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S. Tehuacanero, and M. José-Yacamán, “Gold nanoparticles
obtained by bio-precipitation from gold(III) solutions,” Journal
of Nanoparticle Research, vol. 1, no. 3, pp. 397–404, 1999.

[29] J. J. Mock, M. Barbic, D. R. Smith, D. A. Schultz, and S. Schultz,
“Shape effects in plasmon resonance of individual colloidal
silver nanoparticles,” Journal of Chemical Physics, vol. 116, no.
15, pp. 6755–6759, 2002.

[30] V. Armendariz, I. Herrera, J. R. Peralta-Videa et al., “Size con-
trolled gold nanoparticle formation by Avena sativa biomass:
use of plants in nanobiotechnology,” Journal of Nanoparticle
Research, vol. 6, no. 4, pp. 377–382, 2004.

[31] A. D. Dwivedi and K. Gopal, “Biosynthesis of silver and gold
nanoparticles using Chenopodium album leaf extract,” Colloids
and Surfaces A, vol. 369, no. 1–3, pp. 27–33, 2010.

[32] R. Veerasamy, T. Z. Xin, S. Gunasagaran et al., “Biosynthesis of
silver nanoparticles using mangosteen leaf extract and evalua-
tion of their antimicrobial activities,” Journal of Saudi Chemical
Society, vol. 15, no. 2, pp. 113–120, 2011.



Hindawi Publishing Corporation
BioMed Research International
Volume 2013, Article ID 287638, 9 pages
http://dx.doi.org/10.1155/2013/287638

Research Article
Biosynthesis, Antimicrobial and Cytotoxic Effect of Silver
Nanoparticles Using a Novel Nocardiopsis sp. MBRC-1

Panchanathan Manivasagan,1 Jayachandran Venkatesan,2 Kalimuthu Senthilkumar,2

Kannan Sivakumar,3 and Se-Kwon Kim1,2

1 Marine Biotechnology Laboratory, Department of Chemistry and Marine Bioprocess Research Center, Pukyong National University,
Busan 608-737, Republic of Korea

2Department of Chemistry and Marine Bioprocess Research Center, Pukyong National University, Busan 608-737, Republic of Korea
3 Centre of Advanced Study in Marine Biology, Faculty of Marine Sciences, Annamalai University, Parangipettai,
Tamil Nadu 608 502, India

Correspondence should be addressed to Se-Kwon Kim; sknkim@pknu.ac.kr

Received 4 May 2013; Revised 18 June 2013; Accepted 20 June 2013

Academic Editor: Maria Alice Zarur Coelho

Copyright © 2013 Panchanathan Manivasagan et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The biosynthesis of nanoparticles has been proposed as a cost effective environmental friendly alternative to chemical and physical
methods. Microbial synthesis of nanoparticles is under exploration due to wide biomedical applications, research interest in
nanotechnology and microbial biotechnology. In the present study, an ecofriendly process for the synthesis of nanoparticles using
a novel Nocardiopsis sp. MBRC-1 has been attempted. We used culture supernatant of Nocardiopsis sp. MBRC-1 for the simple and
cost effective green synthesis of silver nanoparticles. The reduction of silver ions occurred when silver nitrate solution was treated
with the Nocardiopsis sp. MBRC-1 culture supernatant at room temperature. The nanoparticles were characterized by UV-visible,
TEM, FE-SEM, EDX, FTIR, andXRD spectroscopy.Thenanoparticles exhibited an absorption peak around 420 nm, a characteristic
surface plasmon resonance band of silver nanoparticles. They were spherical in shape with an average particle size of 45 ± 0.15 nm.
The EDX analysis showed the presence of elemental silver signal in the synthesized nanoparticles. The FTIR analysis revealed that
the protein component in the formof enzymenitrate reductase produced by the isolate in the culture supernatantmay be responsible
for reduction and as capping agents. The XRD spectrum showed the characteristic Bragg peaks of 1 2 3, 2 0 4, 0 4 3, 1 4 4, and 3 1 1
facets of the face centered cubic silver nanoparticles and confirms that these nanoparticles are crystalline in nature. The prepared
silver nanoparticles exhibited strong antimicrobial activity against bacteria and fungi. Cytotoxicity of biosynthesized AgNPs against
in vitro human cervical cancer cell line (HeLa) showed a dose-response activity. IC

50

value was found to be 200 𝜇g/mL of AgNPs
against HeLa cancer cells. Further studies are needed to elucidate the toxicity and the mechanism involved with antimicrobial and
anticancer activity of the synthesized AgNPs as nanomedicine.

1. Introduction

Nanotechnology is emerging as a rapidly growing field with
its application in science and technology [1]. Noble metal
nanoparticles such as gold, silver, and platinum are widely
applied in medicinal applications. Marine actinobacteria
are high Guanine+Cytosine content Gram-positive bacteria
with an unparalleled ability to produce diverse secondary
metabolites, such as antibiotics, immunosuppressors, and

many other biologically active compounds [2]. Exploitation
of marine actinobacteria in nanotechnology has recently
received considerable attention [3, 4]. Nanotechnology holds
promising application in biosensing, drug delivery, and
cancer therapy [5–7].The expensive and extensive use of toxic
solvents and hazardous reducing agents in chemical proce-
dures to synthesize nanoparticles has augmented the neces-
sity in view of ecofriendly and green chemistry approach.
Hence, a well established nontoxic and ecofriendly potent
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methodology for the synthesis of nanoparticles has mounted
to a level of supreme importance [8–11]. An alternative
approach for the synthesis of metal nanoparticles is to apply
biomaterials such as plants, microorganisms encompassing
groups such as bacteria, fungi, and actinobacteria as nanofac-
tories [12–14]. Emerging multidrug resistant (MDR) bacteria
has raised a demand for the urgent need to identify novel
antimicrobial agents. It was reported that silver had been
used as antimicrobial agents since ancient times [3]. With
the advancements in nanotechnology, AgNPs have found its
significant applications as antimicrobial agents, in fields of
microelectronics, catalysis, and biomolecular detection [15–
17]. Although the antibacterial activity of AgNPs has been
proved in the recent years, the actual mechanism of action
is not yet clear. They may inactivate microorganisms by
interacting with their enzymes, proteins, or DNA to inhibit
cell proliferation [18]. It is also evident that the increased
antimicrobial activity of AgNPs may be attributed to its
special characteristics of small size and high surface area to
volume ratio [19]. The advantage of adapting biosynthesis
of AgNPs is the simplicity of extracellular synthesis and
downstream processing [20, 21].

Nanoparticles have a wide range of applications, as
in combating microbes [22], biolabelling [23], and in the
treatment of cancer [24]. The antibacterial activity of silver
species is known since ancient times [25] and it has been
demonstrated that, at low concentrations, silver is nontoxic
to human cells [26]. It has also been reported that Ag+
ions uncouple the respiratory chain from oxidative phos-
phorylation or collapse the proton-motive force across the
cytoplasmic membrane [27]. The interaction of Ag+ with
bacteria is directly related to the size and shape of the
nanoparticles [26, 28].

Sastry et al. [29] reported on the biosynthesis of metal
nanoparticles using the mycelial extract of fungi and acti-
nobacteria [29]. In addition, the time required for completion
of the reaction using both bacteria and fungi ranges between
approximately 24 hrs and 120 hrs, whereas maximum syn-
thesis of AgNPs can be achieved after 24 hrs of incubation.
Moreover, metal accumulation is dependent on the growth
phase of the cells [30]. Sadhasivam et al. [3] reported on
the extracellular biosynthesis of NPs by Streptomyces hygro-
scopicus and antimicrobial activity against medically impor-
tant pathogenic micro-organisms [3]. Sivalingam et al. [31]
reported on the biosynthesis of bactericidal silver nanoparti-
cles (AgNPs) using a novel Streptomyces sp. BDUKAS10, an
isolated mangrove sediment [31]. Though the mechanism of
silver resistance offered by bacteria using the silver binding
protein is well documented, their extraction and purification
need to be elucidated further for large-scale production.
However, only a few studies have examined the components
of marine actinobacteria that mediated the reduction of
silver ions into AgNPs. In this study, we examined and
characterized the extracellular biosynthesis of AgNPs using
a novel Nocardiopsis sp. MBRC-1, which is a very important
micro-organism to the production of several antibiotics and
enzymes of commercial value. To the best of our knowledge,
this marine actinobacterium (Nocardiopsis sp. MBRC-1) has
never been used for nanoparticles biosynthesis.

2. Materials and Methods

2.1. Chemicals. All analytical reagents and media compo-
nents were purchased from Sigma-Aldrich (St. Louis, USA).

2.2. Microbial Synthesis of AgNPs. The Nocardiopsis sp.
MBRC-1 strain was isolated from the marine sediment
samples from the Busan coast (Lat 35∘09 N; Long 129∘07
E), South Korea. Their partial 16S rRNA gene sequences
were deposited in GenBank under the accession number
KC179785. For the synthesis of silver nanoparticles, the active
Nocardiopsis sp. MBRC-1 culture was freshly inoculated on
sterile starch casein medium and the flasks were incubated at
25–28∘C and 180 rpm for 96 hrs (pH 7.0). After the incubation
periodwas complete, the culture was centrifuged at 5000 rpm
for 30min and the supernatant was used for the biosynthesis
of AgNPs. Deionized water was used as a solvent in the
synthesis of AgNPs. The collected supernatant (pH 7.0) was
added separately to the reaction vessel containing silver
nitrate at a concentration of 10−3M (1% (v/v)) and incubated
on an orbital shaker (dark condition) for 96 hrs at 30∘C. The
reaction was carried out in the dark after the addition of the
AgNO

3
, and color change appeared transparent. It confirmed

the synthesis of AgNPs. The formation of the AgNPs was
monitored by UV-vis spectroscopy using Shimadzu (Model
No-UV 1800) double beam UV-vis spectrophotometer [3].
All the experiments were carried out in triplicate and average
values have been reported.

2.3. Characterization of AgNPs. The synthesized AgNPs
were freeze dried, powdered, and used for XRD analysis.
The spectra were evaluated using an X-ray diffractometer
(PHILIPS X’Pert-MPD diffractometer,The Netherlands) and
Cu-K𝛼 radiation 1.5405 Å over an angular range of 5 to
80∘, a step size of 0.02, a scan speed of 4∘m−1 at a 40 kV
voltage, and a 30mA current. The dried powder was diluted
with potassium bromide in the ratio of 1 : 100 and recorded
the Fourier transform infrared spectroscopy (FTIR) (Perkin
Elmer Inc., USA) and spectrum GX spectrometry within the
range of 400 to 4000 cm−1. SynthesizedAgNPsweremounted
on specimen stubs with double-sided adhesive tape coated
with platinum in a sputter coater and examined under field
emission scanning electron microscopy (FE-SEM) (JSM-
6700, JEOL, Japan). For transmission electron microscopy
(TEM) imaging, a drop of aqueous solution containing the
AgNPs was placed on carbon coated copper grids and dried
under an infrared lamp (JEM 1010 JEOL, Japan) (AC voltage
−80.0 kV). In addition, the presence of silver metals in the
sample was analyzed by energy dispersive X-ray analysis
(EDX) combined with FE-SEM. Finally, the size distribution
of the nanoparticles was evaluated using dynamic light
scatteringmeasurements conductedwith aMalvern Zetasizer
ZS compact scattering spectrometer (Malvern Instruments
Ltd., Malvern, UK).

2.4. Particle-Size Distribution of AgNPs. Particle-size distri-
bution analysiswas carried out after treatment of a 1mMsolu-
tion of AgNO

3
with the culture supernatant of Nocardiopsis

sp. MBRC-1 at room temperature for 98 hrs. The organism
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was grown in starch casein broth under incubation at 30∘C
for 98 hrs. After the incubation period, the culture was
centrifuged at 10,000 rpm and the supernatant was used to
reduce the AgNO

3
solution. For the DLS measurements, the

supernatant thus obtained was a clear brown homogenous
suspension of AgNPs diluted 10-fold for all experiments
involving measurement of DLS. The solutions were then
filtered through syringemembrane filters with pores less than
0.4 𝜇m, then centrifuged at 5000 rpm for 30min.

2.5. Antimicrobial Activity of the AgNPs. The antimicrobial
activity of the microbiologically synthesized AgNPs against
pathogenic organisms such as bacteria (Escherichia coli,
Bacillus subtilis, Enterococcus hirae, Pseudomonas aerugi-
nosa, Shigella flexneri and Staphylococcus aureus) and fungi
(Aspergillus niger, A. brasiliensis, A. fumigates and Candida
albicans) wasmeasured using the well-diffusionmethod [26].
Pure cultures of bacteria and fungi were grown in Mueller-
Hinton broth (Sigma, USA) for bacteria and Sabouraud-
broth for fungi at 35∘C and 30∘C, respectively, on a rotary
shaker at 180 rpm. Wells that were 6mm in diameter were
made on the Mueller-Hinton agar and Sabouraud agar plates
using a gel puncture and each well was inoculated with
individual cultures.TheAgNPs in various concentrations (10,
20, 30, 40, and 50𝜇g/mL) were loaded in each well. The
positive and negative controls were also maintained, and the
plates (triplicates) were incubated at 35∘C and 30∘C for 24
and 48 hrs. Simultaneously, the synergistic effects of different
commercial antibiotics (Amoxicillin and Nystatin, Sigma,
USA)withAgNPs againstmultidrug resistant pathogenswere
also checked in well diffusion method. After incubation, the
susceptibility pattern of the test organisms was determined
by measuring the diameter of the zone of inhibition for well
diffusion method.

2.6. Determination of Minimum Inhibitory Concentration.
The synthesized silver nanoparticles were tested (triplicates)
for minimum inhibitory concentration by microtiter broth
dilution method [32]. Muller-Hinton broth was used as
diluents for bacterial strains and Sabouraud broth for fungal
species. About 106 CFU/mL cells were inoculated, and the
final volume in each microtiter plate well was 0.1mL. After
incubation for 24 h, at 35∘C for bacterial strains and 30∘C
for fungal strains, the microtiter plates were read at 450 nm
using TRIADmultimode reader prior to and after incubation
to determine the minimum inhibitory concentration (MIC)
values. The MIC is defined as the lowest concentration
of compound, which inhibited 90% of the growth when
compared with that of the growth control.

2.7. Cell Culture. Human cervical cancer cell line (HeLa) was
cultured in Dulbecco’s Modified Eagle Medium (DMEM).
Culture media were supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotic and antimycotic (Penicillin-
Streptomycin cocktail) solution. The cells were grown in
a humidified atmosphere containing 5% CO

2
at 37∘C and

subcultured by detaching with trypsin-EDTA solution at
about 70–80% confluent.

2.8. Cytotoxic Activity. Cell viability was evaluated by the
MTT colorimetric technique. Human HeLa cancer cell lines
(5000 cells/well) were seeded in 96 well tissue culture plates.
Stock solutions of nanoparticles (5mg/mL) were prepared
in sterile distilled water and diluted to the required con-
centrations (50, 100, 150, 200, and 250 𝜇g/mL) using the
cell culture medium. Appropriate concentrations of AgNPs
stock solution were added to the cultures to obtain respec-
tive concentration of AgNPs and incubated for 24 hrs at
37∘C. Nontreated cells were used as control. After 24 hrs,
cells were washed with PBS and then 100 𝜇L of the yel-
low tetrazolium MTT solution (3-(4,5-dimethylthiazolyl-
2)-2,5-diphenyltetrazolium bromide) without phenol red
(0.5mg/mL in phosphate buffer solution) was added to each
well. The plates were incubated for 3-4 hrs at 37∘C, for
reduction of MTT by metabolically active cells, in part by
the action of dehydrogenase enzymes, to generate reducing
equivalents such as NADH and NADPH. For solubilization
of the MTT crystals, 100𝜇L of DMSOwas added to the wells.
The plates were placed on a shaker for 15min to complete
solubilization of crystals, and then the optical density of each
well was determined. The quantity of formazan product as
measured by the amount of 545 nm absorbance is directly
proportional to the number of living cells in culture. Each
experiment was done in triplicate. The relative cell viability
(%) related to control wells containing cell culture medium
without nanoparticles as a vehicle was calculated as follows:
Percentage of cell viability (%) = Sample absorbance/control
absorbance × 100.

2.9. Cytomorphological Changes in HeLa Cells by AgNPs.
HeLa cells (1 × 105 cells/well) were seeded in a 6 well plate for
24 hrs. After 24 hrs, theywere treatedwith 100 and 200𝜇g/mL
of synthesized AgNPs and incubated for 24 hrs at 37∘C in
5% CO

2
atmosphere. After the incubation, the cells were

washed twice with PBS, and morphological changes in the
cells were visualized and photographed under phase contrast
microscope (CTR 6000; Leica, Wetzlar, Germany).

2.10. Statistical Analysis. The grouped data were statistically
evaluated using ANOVA with SPSS/14 software. Values are
presented as the mean ± SD of the three replicates of each
experiment.

3. Results and Discussion

3.1. Isolation and Identification of Marine Actinobacteria.
A marine actinobacterium MBRC-1 strain was isolated
from the marine sediment samples from the Busan coast,
South Korea, and was used for the synthesis of silver
nanoparticles. The marine actinobacterium MBRC-1 shows
that the presence of meso-diaminopimelic acid as the
amino acid in the cell wall and arabinose and galactose
as whole cell sugars and the absence of characteristic
glycine in their cell credibly categorized the cell wall of this
strain belonged to the cell wall type-IV [33]. This isolate
was identified as Nocardiopsis sp. MBRC-1 based on the
morphological, physiological, and biochemical characteris-
tics, and it was confirmed by the 16S rDNA sequencing
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Figure 1: Phylogenetic tree of the 16S rDNA sequence of strain Nocardiopsis sp. MBRC-1 and related strains.

(Figure 1). The sequence was submitted to GenBank in NCBI
(http://www.ncbi.nlm.nih.gov/nuccore/443501390/) with the
accession number KC179785.

3.2. UV-Vis Analysis of AgNPs. In this study, AgNPswere suc-
cessfully synthesized in the culture supernatant ofNocardiop-
sis sp. MBRC-1. Interestingly, the culture supernatant incu-
bated with the silver nitrate mediated the biosynthesizing of
AgNPs within 24 hrs of incubation. During the experiment,
the pH of the sample was adjusted to 7.0. The appearance
of a yellowish brown color in the silver nitrate treated flask
indicated the formation of silver nanoparticles, whereas no
color change was observed in either the culture supernatant
without silver nitrate or the silver nitrate control experi-
ments. Notably, the intensity of the brown color increased
dramatically up to 24 hrs and was maintained throughout
the experiment. This may have been due to the excitation
of surface plasmon resonance (SPR) and the reduction of
AgNO

3
. In the UV-visible spectrum, a strong and broad

peak was observed between 420 nm, indicating the presence
of AgNPs. This may have occurred due to the reduction
of metal ions by secondary metabolites present in the cells.
The 24, 48, 72, and 96 hrs peaks indicate the absorption
spectra of biosynthesizedAgNPs at different incubation times
(Figure 2). Numerous reports have discussed the biosynthesis
of silver nanoparticles [3, 31, 34], but to the best of knowledge,
this was the first report on biosynthesis of silver nanoparticles
using a novel Nocardiopsis sp. MBRC-1.

3.3. FTIR Analysis of AgNPs. FTIR spectrum analysis of
AgNPs showed intense absorption bands at 3440, 2923, 2853,
1655, 1460, and 685 cm−1. The intense broad absorbance
at 3440 cm−1 (O–H stretch) is the characteristic of the H-
bonded functional group in alcohols and phenolic com-
pounds. The band at 2923 and 2853 cm−1 (C–H stretch)
can be assigned to the alkanes group. The intense medium
absorbance at 1655 cm−1 (–C=C– stretch) is the characteristic
of the alkenes group. The intense medium absorbance at
1460 cm−1 (C–H bend) is the characteristic of the alkanes
group. The intense broad absorbance at 685 cm−1 (–C=C–
H: C–H bend) is the characteristic of the alkynes group. A
previous report reveals that the alcohols, phenolic, alkynes,
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Figure 2: UV-Vis spectra of AgNPs synthesized using cell free
supernatant of Nocardiopsis sp. MBRC-1. (a) Culture supernatant;
(b) AgNO

3

control; ((c)–(f)) correspond to the AgNO
3

treated with
culture supernatant incubated for 24, 48, 72, and 96 hrs, respectively.

and alkanes groups have a strong ability to interact with
nanoparticles [31, 35, 36].

3.4. XRD Analysis of AgNPs. The XRD pattern of the silver
nitrate-treated sample (Figure 3) corresponds to that of silver
nanoparticles. The XRD pattern shows five intense peaks
in the whole spectrum of 2𝜃 values ranging from 30 to
80. It is important to know the exact nature of the silver
particles formed and this can be deduced from the XRD
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Figure 3: X-ray diffraction pattern of the AgNPs obtained from
Nocardiopsis sp. MBRC-1.

spectrum of the sample. XRD spectra of pure nanoparticles
silver structures and pure silver nitrate have been published
by the Joint Committee on Powder Diffraction Standards (file
no. 04-0783). A comparison of our XRD spectrum with the
standard confirmed that the silver particles formed in our
experiments were in the form of nanoparticles, as evidenced
by the peaks at 2𝜃 values of 38.44∘, 44.38∘, 56.77∘, 64.38∘,
and 77.50∘, corresponding to 1 2 3, 2 0 4, 0 4 3, 1 4 4, and
3 1 1 planes for silver, respectively. The full width at half
maximum (FWHM) values measured for 1 2 3, 2 0 4, 0 4 3,
1 4 4, and 3 1 1 planes of reflection was used with the Debye-
Scherrer equation to calculate the size of the nanoparticles.
The particle sizes obtained fromXRD line broadening agreed
well with those obtained from SEM. From these, the average
particle size was found to be around 45 ± 0.05 nm.

3.5. FE-SEM Analysis of AgNPs. FE-SEM determinations
of the above-mentioned sample showed the formation of
nanoparticles, which were confirmed to be of silver by EDX.
As shown in Figures 4(a) and 4(b), well-dispersed nanopar-
ticles could be seen in the samples treated with silver nitrate.
EDX analysis also showed a peak in the silver region, con-
firming the formation of silver nanoparticles (Figure 4(c)).
The optical absorption peak is observed approximately at
3 keV, which is typical for the absorption of metallic silver
nanoparticles due to surface Plasmon resonance [37]. In
addition, other peaks for Cl and O were observed which are
possibly due to emissions from proteins or enzymes present
in the culture supernatant [30].

3.6. TEM Analysis of AgNPs. The TEM image analysis (Fig-
ures 5(a) and 5(b)) revealed that silver nanoparticles were
spherical in shape.Themicrograph showedNPswith variable
shape; most of them present in spherical in nature. The
TEM micrograph also confirmed the size of NPs, which
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Figure 4: ((a) and (b)) FE-SEM images of AgNPs synthesized by
Nocardiopsis sp. MBRC-1. (a) 100 nm scale, (b) 1 𝜇m scale, and (c)
EDX analysis of AgNPs synthesized by Nocardiopsis sp. MBRC-1.

were in the range of 30–90 nm with an average particle size
of 45 ± 0.15 nm. Majority of the AgNPs were aggregates
with only a few of them showing scattering of varying
sizes as observed under TEM. The particle size distribution
histogram plot constructed from the TEM micrograph is
shown in Figure 5(c). Synthesis of AgNPs by treating AgNO

3

solution with the culture supernatant of K. pneumonia
(belonging to the family Enterobacteriaceae) has also been
reported, in which the particles range in size from 28.2 to
122 nm and possess an average size of 52.5 nm [14]. A study
on synthesis of AgNPs usingMorganella sp. (belonging to the
family Enterobacteriaceae) reported spherical nanoparticles
of ∼20 nm size [38].

3.7. Antimicrobial Activity of the AgNPs. In this study, the
antimicrobial activity of AgNPs using a novel biosynthetic
method was evaluated. In this analysis, the AgNPs displayed
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Table 1: Antimicrobial activity of the AgNPs against various pathogenicmicro-organisms.The data is presented as themean± value standard
deviation of three replicates.

Micro-organisms Zone of inhibition (mm in diameter)
10𝜇g/mL 20𝜇g/mL 30 𝜇g/mL 40𝜇g/mL 50𝜇g/mL Antibiotics 30 𝜇g/mL

Bacteria Amoxicillin
Escherichia coli ATCC 10536 7.5 ± 0.35 15.2 ± 0.31 18.8 ± 0.30 23.3 ± 0.20 27.3 ± 0.15 19.3 ± 0.10
Bacillus subtilis ATCC 6633 11.2 ± 0.35 19.4 ± 0.25 22.5 ± 0.10 28.1 ± 0.20 33.2 ± 0.20 23.8 ± 0.25
Enterococcus hirae ATCC 10541 6.3 ± 0.20 13.3 ± 0.14 17.2 ± 0.15 21.8 ± 0.30 25.4 ± 0.25 19.5 ± 0.10
Pseudomonas aeruginosa ATCC 27853 9.1 ± 0.15 17.7 ± 0.30 19.4 ± 0.20 23.6 ± 0.35 28.3 ± 0.20 21.3 ± 0.30
Shigella flexneri ATCC 12022 5.2 ± 0.20 11.2 ± 0.21 15.4 ± 0.15 19.3 ± 0.25 22.5 ± 0.10 17.5 ± 0.30
Staphylococcus aureus ATCC 6538 7.8 ± 0.25 15.1 ± 0.32 19.1 ± 0.20 24.2 ± 0.20 27.1 ± 0.15 21.3 ± 0.10

Fungi Nystatin
Aspergillus niger ATCC 1015 6.7 ± 0.32 13.6 ± 0.22 17.3 ± 0.25 21.4 ± 0.20 25.3 ± 0.15 18.1 ± 0.10
A. brasiliensis ATCC 16404 4.8 ± 0.25 10.2 ± 0.15 14.6 ± 0.20 19.4 ± 0.10 23.4 ± 0.15 15.8 ± 0.30
A. fumigates ATCC 1022 7.2 ± 0.35 15.4 ± 0.22 19.3 ± 0.20 24.3 ± 0.10 26.3 ± 0.30 21.4 ± 0.15
Candida albicans ATCC 10231 9.5 ± 0.20 18.1 ± 0.21 22.4 ± 0.25 25.2 ± 0.25 28.4 ± 0.25 24.5 ± 0.20

Table 2: Minimum inhibitory concentration of the AgNPs against
various bacterial and fungal strains. The data is presented as the
mean ± value standard deviation of three replicates.

Micro-organisms
Minimum inhibitory

concentration
AgNPs
(𝜇g/mL)

Antibiotics
(𝜇g/mL)

Bacteria Amoxicillin
Escherichia coli ATCC 10536 13 11
Bacillus subtilis ATCC 6633 7 6
Enterococcus hirae ATCC 10541 16 14
Pseudomonas aeruginosa ATCC 27853 10 9
Shigella flexneri ATCC 12022 18 15
Staphylococcus aureus ATCC 6538 14 12

Fungi Nystatin
Aspergillus niger ATCC 1015 16 14
A. brasiliensis ATCC 16404 18 16
A. fumigates ATCC 1022 13 12
Candida albicans ATCC 10231 10 7

antimicrobial activity against a range of different pathogenic
microorganisms (Table 1). The mean of three replicates of
the diameter of the zone of inhibition (30𝜇g/mL) for each
microorganism was determined to be about 18.8 ± 0.30,
22.5 ± 0.10, 17.2 ± 0.15, 19.4 ± 0.20, 15.4 ± 0.15, 19.1 ± 0.20,
17.3 ± 0.25, 14.6 ± 0.20, 19.3 ± 0.20, and 22.4 ± 0.25mm,
respectively, forEscherichia coli, Bacillus subtilis,Enterococcus
hirae, Pseudomonas aeruginosa, Shigella flexneri, Staphylo-
coccus aureus, Aspergillus niger, A. brasiliensis, A. fumigates,
and Candida albicans. The highest antimicrobial activity was
observed against Bacillus subtilis, Pseudomonas aeruginosa,
and Candida albicans. These findings are in agreement with
previous studies that examined the antimicrobial activity of
AgNPs against Bacillus subtilis and Candida albicans [3]. The
antimicrobial activity of silver nanoparticles was reported

to be due to the penetration into the bacteria, damage of
cell membrane, and release of cell contents [39]. Another
possibility suggested that [40, 41] was the release of silver
ions from the nanoparticles, which may contribute to the
bactericidal properties of silver nanoparticles.

3.8. Determination of Minimum Inhibitory Concentration.
Minimum inhibitory concentration of AgNPs (Table 2)
was evaluated against various pathogenic bacteria and
fungi. The silver nanoparticles exhibited lowest minimum
inhibitory concentration (MIC) against Bacillus subtilis at
7 𝜇g/mL, Bacillus subtilis 10𝜇g/mL, and Candida albicans
at 10 𝜇g/mL, suggesting the broad spectrum nature of their
minimum inhibitory concentration. Kumar and Mamidyala
[35] reported the minimum inhibitory concentration of
AgNPs against Gram-positive, Gram-negative, and different
Candida species at concentrations ranging between 4 and
32 𝜇g/mL.

3.9. Cytotoxic Activity. The in vitro potential cytotoxic activ-
ity of AgNPs against cervical cancer cell lines HeLa. The use
of synthetic AgNPs, there are only a few studies to determine
that the cytotoxic effects of biologically synthesized AgNPs.
MTT assay was used to assess the effect of AgNPs on
the cytotoxicity of cancer cells. This study to evaluate the
marine sediment samples isolated species Nocardiopsis sp.
MBRC-1 derived AgNPs cytotoxicity against HeLa cancer
cell lines. AgNPs inhibit the viability of the HeLa can-
cer cell lines in dose dependent manner. The IC

50
value

of biosynthesized AgNPs against HeLa cells at 200𝜇g/mL
concentrations (Figure 6(a)). Previously, synthesized AgNPs
inducing cytotoxicity were discussed by Sriram et al. [42] and
Safaepour et al. [43].

3.10. Cytomorphological Changes of HeLa Cells Induced by
AgNPs. Themorphological examinations of the HeLa cancer
cells were observed and photographed using phase contrast
microscope. The morphological alteration was observed in
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Figure 5: HR-TEM images of AgNPs formed by Nocardiopsis sp.
MBRC-1. (a) 10 nm scale, (b) 2 nm scale and selected area diffraction
pattern. (c) Particle-size distribution under unoptimized conditions.
The particle-size distribution revealed that the particles ranging
from 30 to 90 nm had the maximum intensity, and thereafter the
intensity was reduced.The average particle size was found to be 45 ±
0.15 nm.

control and AgNPs treated HeLa cancer cells. The HeLa
cells were treated with AgNPs at 100 and 200𝜇g/mL con-
centrations for 24 hrs showing that significant morphological
changes, which are characteristic features of apoptotic cells,
such as loss of membrane integrity, cell shrinkage, and
reduced cell density (Figures 6(b) and 6(c)).
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Figure 6: (a) MTT assay results confirming the in vitro cytotoxicity
of AgNPs against HeLa cell lines. ((b) and (c)) Morphology of
control and AgNPs treated HeLa cell lines (10x magnification). (b)
Control. (c) IC

50

concentration (200𝜇g/mL).

4. Conclusions

In conclusion, silver nanoparticles are synthesized by the
biomass of the marine actinobacterium, Nocardiopsis sp.
MBRC-1. Marine actinobacteria are easy to handle and can
be manipulated genetically without much difficulty. Consid-
ering these advantages, a bacterial system could prove to be
an excellent alternative for synthesis of AgNPs. Nocardiopsis
sp. MBRC-1 can be a good candidate for the synthesis
of the AgNPs using silver nitrate of average size 45 ±
0.15 nm. Nocardiopsis sp. MBRC-1 genetics and enzymatic
activities, sophisticated molecular breeding can produce
strains and biotechnological processes, which could eliminate
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many types of contaminants in an economical, efficient,
and simple process and environmentally friendly manner.
The biosynthesized silver nanoparticles showed excellent
antimicrobial activity and possessed considerable cytotoxic
effect against in vitro HeLa cancer cell lines. IC

50
value

was found to be 200 𝜇g/mL of AgNPs against HeLa cell
lines. The data represented in our study contribute to a
novel and unexplored area of nanomaterials as alternative
medicine. Furthermore, the biosynthesized AgNPs displayed
a pronounced antimicrobial and cytotoxicity activity against
clinical pathogenic microorganisms and HeLa cancer cell
lines. Taken together, the data collected in this study suggests
that it would be important to understand the mode of action
of the biosynthesized nanoparticles prior to their use in
nanomedicine applications.
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