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Raman spectroscopy has enabled researchers to map the specific chemical makeup of surfaces, solutions, and even cells. However,
the inherent insensitivity of the technique makes it difficult to use and statistically complicated. When Raman active molecules
are near gold or silver nanoparticles, the Raman intensity is significantly amplified. This phenomenon is referred to as surface-
enhanced Raman spectroscopy (SERS). The extent of SERS enhancement is due to a variety of factors such as nanoparticle size,
shape, material, and configuration. The choice of Raman reporters and protective coatings will also influence SERS enhancement.
This review provides an introduction to how these factors influence signal enhancement and how to optimize themduring synthesis
of SERS nanoparticles.

1. Introduction

Raman spectroscopy is a vibrational spectroscopy technique
that has great promise for the identification of solids, liquids,
and gases. Similar to infrared (IR) spectroscopy, Raman spec-
troscopy is a technique used to study molecular vibrations.
One advantage that Raman spectroscopy has over traditional
IR spectroscopy is that it avoids elaborate sample preparation.
Despite this advantage, Raman spectroscopy was not initially
as popular as IR spectroscopy due to difficulty in detecting
Raman scattering. Statistically, for every 1–10 million pho-
tons bombarding a sample, only one will result in Raman
scattering [1, 2]. Thanks to technological advances such as
mercury lamps, lasers, spectrometers, and charge-coupled
devices (CCDs), Raman has gained popularity as a means
of chemical identification [3]. Raman continued to gain
tractionwith the aid of signal enhancementmethods. In 1974,
three scientists from Southampton University (Fleischmann,
Hendra, and McQuillan) observed that the Raman spectrum
of pyridine on a roughened silver electrode showed unusually
large inelastic light scattering [4]. The phenomenon, later
termed surface-enhanced Raman spectroscopy (SERS), can
enhance the inelastic light scattering events by a factor of
106 or more [5]. This enhancement allows researchers to

develop extremely sensitive methods for quantification and
identification of small molecules and molecular biomarkers.

Two mechanisms are behind the increased inelastic
light scattering seen in SERS, electromagnetic and chemical
enhancement.The electromagnetic enhancement is the dom-
inant effect and is due to localized surface plasmon resonance
(LSPR). LSPR is an optically excited electron wave resonance
state on the surface of a nanostructure, which can increase
both elastic (Rayleigh) and inelastic (Raman) light scattering
from the sample [6]. The chemical enhancement mechanism
is caused by molecular charge-transfer interactions between
the molecule and the metallic surface [7, 8]. Together, these
mechanisms of enhancement increase the Raman intensity
to a point where SERS can be used for applications which
require greater molecular sensitivity.

There are two SERS methodologies, intrinsic and extrin-
sic SERS. Intrinsic SERS involves the direct measurement of
the target molecule. In this process, a unique spectrum of
the molecular vibration is acquired, which is referred to as a
Raman signature. Intrinsic SERS is advantageous in under-
standing structural information about the target molecule
and providing qualitative differences between similar sam-
ples. Intrinsic SERS has been used for many biological
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Figure 1: An illustration of an extrinsic SERS nanoparticle for
targeting of a specific antigen.

applications such as detecting small molecules like glucose
[9, 10], antioxidants [11], and amino acids [12]. It has also been
used to detectmacromolecules such as proteins [13] andDNA
[14]. Drawbacks to intrinsic SERS include insensitivities of
the molecule to Raman shifts and difficulty in detecting low
concentrations. In cases of very dilute samples or where the
sample is fairly Raman insensitive, extrinsic SERS provides an
alternative mode of detection.

Extrinsic SERS is an indirect method of measuring target
molecules because the acquired spectrum is of a Raman
reporter rather than the target itself. A Raman reporter is
a molecule that has inherently strong Raman active modes.
An illustration of a nanoparticle used for extrinsic SERS
is provided in Figure 1, where a Raman reporter molecule
is bound to the metal surface and encased in a protective
layer. This protective layer prevents nanoparticle aggrega-
tion and reporter leaching by steric hindrance and charge
neutralization. The nanoparticle is then functionalized with
an antibody or other ligand to target specific molecular
sites. Nanoparticles for extrinsic SERS can be applied in a
variety of situations where it is difficult to take intrinsic SERS
measurements. For example, nanoparticles used for extrinsic
SERS can target specific cell biomarkers [15] and cancer cells
[16], while intrinsic SERS applications do not have targeting
capabilities. In addition, nanoparticles for extrinsic SERS are
synthesized to prevent aggregation in a variety of environ-
ments [17]. This trait accommodates in vivo measurements.
For example, extrinsic SERS has been used tomeasure in vivo
liver function [18]. In contrast, nanoparticles used in intrinsic
SERS applications are susceptible to aggregation, preventing
analysis in certain environments.

Regardless of the SERS method employed, the SERS
enhancement factor (EF) is calculated in a variety of ways
[19]. However, the simplest and most used definition relies
on an estimate of the number of adsorbed reporter molecules
and is calculated as follows:

EF =
𝐼SERS /𝑁SERS
𝐼Normal/𝑁Normal

, (1)

where 𝐼SERS is the SERS intensity, 𝑁SERS is the number
of molecules adsorbed to the metal surface in the SERS
excitation volume, 𝐼Normal is the non-SERS intensity of the
solution, and 𝑁Normal is the number of molecules in the
non-SERS excitation volume. There has been some debate
about this formula as it depends on several experimental
conditions such as excitation wavelength, molecular species
being evaluated, and molecular adsorption properties. Due
to variations in these experimental conditions, it is difficult
to make an accurate comparison of SERS EFs [19]. EFs are
also difficult to compare as there are different types of EF
measurements, the maximum EF and the average EF. The
maximum EF, although larger, is seldom used in practice
because it is difficult to locate SERS hot spots (locations of
maximum SERS enhancement). The average SERS EF is the
average enhancement for the scattering volume and is more
repeatable. Maximum SERS EFs are typically on the order of
1010 while average SERS EFs are typically between 104 and 106
[19].

The lack of a rigorous definition of SERS EF and calcula-
tion errors has resulted in SERSEFswhich have been reported
as high as 1014 [5]. For example, in a study on single molecule
detection of crystal violet, the SERS intensity of crystal violet
is compared to the non-SERS intensity of methanol. This
comparison resulted in a high SERS EF which is inaccurate
because the author failed to account for the non-SERS
intensity of crystal violet [19]. Other sources of error include
failing to account for the following parameters: molecule
orientation and surface selection rules [20], differentiation
between average and maximum EF [21], and photobleaching
[22]. In addition, errors can result from inaccurate measure-
ments of metal bound analyte concentration due to shape
irregularity and surface roughness [23]. A detailed discussion
and rigorous definition of EF has been presented by Le Ru
et al., and further details will not be discussed here [19].

The SERS enhancement effect has been observed with
alkaline metals [24], various transition and noble metals
[24, 25],metals oxides [25] and even semiconductormaterials
like silicone and graphene [25, 26]. The SERS enhancement
of semiconductors is primarily due to chemical mechanisms
and is weaker than the enhancement observed with noble
metals [25]. Despite the lower enhancement, semiconductors
have potential applications in the development of photode-
tectors and biosensors [27].

Typically, SERS is observed with coinage metals such as
gold, silver, and copper due to the large SERS enhancement
they produce. Of these metals, silver provides the highest
enhancement factor due to its absorption properties. Optical
absorption in metals is increased by interband transitions.
The interband transition of silver is found in the ultraviolet
range. As a result, there will be less absorption in the visible
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or near-IR Raman wavelengths resulting in large SERS inten-
sities. In contrast, gold and copper have interband transitions
in the visible wavelength range which results in a decrease
in the maximum SERS intensity [28, 29]. Despite the greater
enhancement capability of silver, gold is often used as it
is more stable, is biocompatible, and has an easier surface
chemistry than silver [30]. The decision to use gold or silver
will depend on several factors such as application, excitation
wavelength, LSPR wavelength, and experimental setup.

It has been reported that SERS enhancement is dependent
on the distance between the SERS surface and themolecule of
interest [31]. Although the targetmolecule does not need to be
touching the surface for SERS enhancement to occur, litera-
ture suggests that it needs to be within 1–30 nm for reasonable
SERS enhancement [32–34]. The actual distance for SERS
enhancement is highly dependent on the nanoparticle sur-
face. Calculations for metallic spherical nanoparticles have
predicted that the SERS intensity will decay with increasing
distance, 𝑟, between the target molecule and particle surface.
The distance for electromagnetic enhancement is propor-
tional to 𝑟−12. Due to the addition of surface molecules, the
decay relationship increases slightly and is proportional to
𝑟

−10 [31, 33].
To effectively optimize nanoparticle EF, the LSPR peak

should be taken into account. Initially, it was proposed
that the largest amount of Raman scattering should be
observed when the particle was excited at its LSPR peak
[35]. Experimental studies have found that the optimal
excitation wavelength will be slightly blue-shifted from the
nanoparticle LSPR peak [36]. One approach to estimating
the optimal excitation wavelength for SERS enhancement is
to design nanoparticles with an LSPR peak (𝜆LSPR) between
the excitation wavelength (𝜆

0
) and the Raman wavelength

of the interest (𝜆
𝑅
). This can be expressed as 𝜆LSPR =

(𝜆
0
+ 𝜆
𝑅
)/2 [37]. This approach has been validated by a

number of independent researchers and appears to apply to
many nanostructures investigated [37–39]. However, there
are deviations from this rule due to the excitation wavelength
used as well as the shape of the nanoparticle [40]. As a
general guideline, SERS enhancement has been observed for
excitation wavelengths from 600 nm to 1200 nm for gold and
from 400 nm to 1000 nm for silver [41].

To synthesize SERS nanoparticles with an optimal EF
for intrinsic applications, it is requisite to understand how a
nanoparticle’s material, size, shape, and configuration influ-
ence EFs. Synthesis of nanoparticles for extrinsic SERS appli-
cations requires additional understanding of how Raman
reporters and protective layers influence EF. This paper
provides an introduction to how these factors influence EF
(Sections 2 and 3) and how to control them during synthesis
(Sections 4 and 5).

2. Enhancement Dependency on Nanoparticle
Properties for Intrinsic SERS

2.1. Enhancement Dependency on Nanoparticle Size. En-
hancement and LSPR dependency on size is demonstrated in
Figure 2, which shows the theoretical (Mie theory) extinction
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Figure 2: Normalized extinction cross-sectional area for spherical
gold nanoparticles of diameters ranging from 20–100 nm. Data was
obtained from a Mie theory simulation available online [42].

cross section for gold spheres ranging from 20 to 100 nms
in diameter. The Mie theory is the solution to the Maxwell
equations for how light interacts with a spherical particle.The
theory predicts that the smallest spheres have a maximum
LSPR at shorter wavelengths. Details concerning the Mie
theory can be found in literature and will not be covered
here [43, 44].The relationship between LSPRwavelength and
particle size has also been demonstrated experimentally [45–
47].

The effect of nanoparticle size on SERS enhancement has
been studied by several researchers [48–52]. Previous studies
show that spherical gold particles with a 50 nm diameter
produced the maximum SERS EF [48, 51]. Others have
reported the optimal size particles for SERS enhancement to
be in a range from 30 to 100 nm [50, 52]. Regardless of the
exact size for optimal enhancement, there is an effective SERS
range.When particles are too small, the effective conductivity
and light scattering properties, which are needed for SERS
enhancement, diminish [50]. As particles increase in size, the
SERS effect increases as it depends on the number of electrons
available [53]. When the particle size approaches the scale of
the excitation wavelength, the particles become preferentially
excited in nonradiative modes, leading to a diminished SERS
effect [50].

2.2. Enhancement Dependency on Shape. Variations in par-
ticle shape can expand the LSPR range. For example, gold
nanorods with aspect ratios from 1 to 19 have a LSPR
peak range from 508 nm to 2135 nm [54]. Controlling par-
ticle shape and size allows researchers to accurately tune
nanoparticles for a specific LSPR peak and optimize EF.
Shape also influences SERS enhancement due to locations of
high curvature such as sharp corners or tips. These locations
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produce unusually large electromagnetic enhancement. This
enhancement is referred to as the lightning rod effect because
similar to a pointed lightning rod, the electric field induced at
the tip will be much stronger than other areas on the surface
[55].The influence of the lightning rod effect can be observed
near high curvature points on many different shapes [56, 57].
The lighting rod effect allows nanostructures to act as an
optical antenna providing an enhanced electromagnetic field
[58–60]. More details about the lighting rod effect can be
found in literature [61, 62].

2.3. EnhancementDependency onMaterial andConfiguration.
SERS core-shell configurations can be made by coating a
nanoparticle with gold or silver. Some common core mate-
rials include organic polymers [63–65], silica [66–68], iron
oxide (Fe

3
O
4
) [69, 70], or other metals [71–73]. In core shell

configurations, the materials used [73], the overall particle
size [74], the shell thickness [75], and the core/shell ratio [74]
will influence SERS EF due to shifts in the LSPR peak. For
the purpose of this paper, only the influence of core-shell
materials and shell thickness on SERS enhancement factor
will be covered.

When two metals with different dielectric constants are
placed next to each other in a core shell configuration, a LSPR
shift will occur. By using the Mie theory, researchers have
predicted that increasing the shell thickness of a nanoparticle
will shift the LSPR peak to shorter wavelengths [75, 76].
This shift has been confirmed experimentally in a number of
cases [75–77]. For example, Oldenburg et al. [75] observed a
blue shift in the extinction peak as the gold shell thickness
increased over a silica core once the shell was fully formed.
The same trend can be seen in nanorods with a core-shell
configuration. Ma et al. [76] observed how the LSPR peak
shifted to lower wavelengths as the shell thickness increased
for silver coated gold nanorods. Not only was there a blue
shift, but the intensity also increased according to shell
thickness. In the case of silver-gold core-shell arrangements,
there will be a red shift as gold has a plasmon resonance peak
at a longer wavelength than silver. As the gold shell thickness
increases, the absorbance peak also diminishes [78, 79]. In
addition to these changes, silver-gold or gold-silver core-
shell arrangements create two plasmon resonance peaks [76,
78, 80] corresponding to silver and gold. Changes in LSPR
wavelengths can be modified using core-shell nanoparticles
by controlling composition materials and shell thickness
among other parameters. The LSPR can be tuned to a
position to create a maximum enhancement factor by proper
placement in relationship to the excitation and emission
wavelengths [40].

Another approach to SERS enhancement is due to SERS
hot spots. They are locations between particle aggregates
which amplify the electromagnetic field near the particle.
Researchers have often used nanoparticle junctions or aggre-
gates to create repeatable hot spot locations for single mole-
cule SERS measurements [81–83]. By carefully controlling
the placement of the reporter molecule within the particle
junction, a maximum SERS EF is observed because hot spot
locations are known in advance [84].

Table 1: A list of molecules used for SERRS enhancement for
excitation wavelengths (𝜆

0
) from 514–785 nm and their associated

absorption maximums (𝜆max).

Raman reporter 𝜆max (nm) 𝜆
0
(nm) Reference

Carboxyfluorescein (FAM) 494 514.5 [85]
Rhodamine 6G (R6G) 524 514.5, 532 [85–88]
TRITC-DHPE 540 514.5 [89]
Carboxy-X-rhodamine
(ROX) 585 514.5, 632.8 [85]

BIODIPY TR-X 588 632.8 [85]
Crystal violet (CV) 590 514.5, 647.1 [86, 90]
Malachite green (MG) 618 632.8 [91]
Malachite green
isothiocyanate (MGITC) 625 632.8 [91]

Methylene blue 570–760∤ 785 [92, 93]
Cy5.5 683 632.8 [85]
3,3-
diethylthiatricarbocyanine
iodide (DTTC)

765 785 [94]

∤Methylene blue (MB) has various different maximum absorption points
due to the formation of molecular aggregates and protonation states. The
formation of dimer and trimer aggregates andMB protonation causes a shift
in themaximum absorption. As a result, themaximum absorption is directly
related to the state of the MB molecule during measurement [93].

3. Enhancement Dependency on Nanoparticle
Properties for Extrinsic SERS

3.1. Enhancement Dependency on Raman Reporter Properties.
Fluorescent dyes and other chromophores are often used
as Raman reporters because they have large Raman scat-
tering cross sections, are photostable, and have resonance
Raman capabilities. In resonance Raman scattering, the laser
excitation wavelength is matched to the reporter molecule’s
absorption maximum and an approximate 103–106 increase
in Raman scattering occurs [95]. By carefully matching
the excitation wavelength and nanoparticle composition,
surface-enhanced resonance Raman scattering (SERRS) can
be observed. SERRS is especially suited for extrinsicmeasure-
ments if the reporter molecule and excitation wavelengths
are known before analysis and can be selected to provide the
highest enhancement possible. Table 1 shows molecules that
have been used for SERRS studies.

Other characteristics which are important when selecting
a Raman reporter molecule are its polarizability, photosta-
bility, and binding affinity. Polarizability is the ability of an
external electromagnetic field to produce a change in the
electron distribution in the molecule. Polarizable molecules
have bond configurations which allow an excitation of the
vibrational modes of the molecule in response to incident
light. A Raman active molecule has a net change in its
polarizability when excited by light which causes a shift in
the wavelength of the scattered light [96]. Raman reporters
should be highly Raman active.

The photostability of a Raman reporter molecule plays
an important role in the SERS EF and in determining
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the maximum laser power to use. Photobleaching effects can
account for SERS EF differences on the order of 102–103,
which is comparable to the EF contribution due to chemical
enhancement [97]. Photobleaching effects are related not
only to the power of the incident light but also to the actual
electromagnetic enhancement experienced by the reporter.
As a result, even non-resonant molecules may experience
photobleaching [98]. Due to the photobleaching effect, SERS
nanoparticles experience a laser power dependent SERS EF.
Lower laser power will reduce photobleaching effects and
result in more consistent SERS measurements [97]. The use
of near IR or IR lasers for excitation will also reduce the
photobleaching effect and is recommended for photosensi-
tive reporters [99].

Molecules with strong binding affinities to a gold or
silver surface give stronger enhancement due to the chem-
ical enhancement mechanism [91]. High binding affinity
molecules that are frequently used are thiol or amine con-
taining molecules because they will easily bind to the gold
surface through the gold thiolate bond. Also, positively
chargedmolecules such as crystal violet can associatewith the
negatively charged nanoparticle surface and are frequently
used as Raman reporters [90]. Qian et al. showed how strong
binding affinity affects the SERS enhancement factor when
using two very similar Raman reporters: malachite green
and malachite green isothiocyanate (MGITC) [91]. Although
both molecules have similar Raman scattering cross sections
and vibrational modes, MGITC showed an approximate 200-
fold higher SERS EF under identical measurement condi-
tions. They attributed this EF increase to stable anchoring of
the MGITC molecule (by the isothiocyanate group) which
enabled charge transfer and chemical enhancement to occur
[91].

3.2. Enhancement Dependency on Protective Coating. The
SERS protective coating can influence the enhancement effect
due to its laser transparency and binding affinity. Coating
materials must allow laser light to penetrate the coating and
interact with the Raman reporters. Manymaterials have been
used and include polymers [100], silica [101], or proteins [102].
Some coating materials can have an adverse effect on SERS
response. For example, Huang et al. [103] observed a 60%
decrease in the SERS signal due to the silica coating. Often,
(3-mercaptopropyl)trimethoxysilane (MPTMS) is used as a
silane functionalizing group because of its ability to bind
to the gold surface through a thiolate bond. When the
reporter and MPTMS are added simultaneously, the sulfur
group binds preferentially, decreasing reporter density and
the resulting SERS intensity [104]. This effect highlights the
importance of controlling the reporter density on the particle
surface as this will have an impact on the SERS enhancement.

4. Controlling Nanoparticle Geometry

The two main approaches for nanoparticle synthesis are
the top-down and bottom-up approaches. The top-down
approach starts with larger particles and disperses them to
smaller particles.The bottom-up approach starts with smaller

particles which build upon each other to form nanoparticles
[105]. Top-down approaches typically produce particles in
solution that are not as stable or reproducible as those
produced from bottom-up approaches [105]. Therefore, this
section will focus on bottom-up methods. Some examples
of bottom-up approaches include chemical reduction [106–
109], sonochemical synthesis [63, 110, 111], photochemical
reduction [112], and radiolytic reduction [113]. As this is
an introduction to optimal SERS nanoparticle synthesis, the
most common chemical reduction methods will be covered.

Chemical reduction methods for synthesis of gold or
silver nanoparticles incorporate the use of capping and
reducing agents. A capping agent binds to the surface of
the nanoparticle and prevents aggregation by repulsive or
steric forces. It can also be used to functionalize nanopar-
ticles in extrinsic SERS applications by providing a link to
bind the nanoparticle to reporters and antibodies. Some
examples include sodium citrate [106], dodecanethiol [107],
thiol polyethylene-glycol (PEG) [114], cetrimonium bromide
(CTAB) [115], tannic acid [116], hydroxylamine hydrochlo-
ride [117], and polyvinylpyrrolidone (PVP) [118]. A reducing
agent changes a metal ion in solution to a solid particle.
For example, sodium borohydride (NaBH

4
) reduces Au+3 to

solid Au in the Brust-Schiffrin method of gold nanoparticle
synthesis [107]. Some common reducing agents used for gold
nanoparticle synthesis include sodium citrate [106], NaBH

4

[107], and hydroxylamine [69].
A common chemical reduction method is the Turkevich

method. It was introduced in the early 1950s [106] and
was a modification of a previous method to synthesize
gold nanoparticles by Hauser and Lynn [119]. Although the
Turkevich method was introduced over 60 years ago, it is
one of themost commonly usedmethods today and elements
of this method can be seen in many techniques to coat
particles and surfaces with gold or silver. In this method,
sodium citrate is added to a boiling aqueous solution of
chloroauric acid (HAuCl

4
). Sodium citrate acts as the capping

and reducing agent. The Lee-Meisel method [108] uses the
same concept to form silver nanoparticles by reducing silver
using sodium citrate.The Turkevich and Lee-Meisel methods
produce irregularly shaped nanoparticles [120, 121] with
diameters ranging from 10 to 150 nm [122] and 60 to 200 nm
[120], respectively. It should be noted that several adaptations
have been incorporated to these methods to improve control
of nanoparticle size and shape [120, 123].

Nanoparticle size is most affected by the strength and
concentration of the reducing agent. Stronger reducing agents
produce smaller nanoparticles and weaker reducing agents
producing larger particles [124]. Sodium citrate is a weak
reducing agent, and as such, the Turkevich and Lee-Meisel
methods produce relatively large nanoparticles. The Brust-
Schiffrin method [107] uses sodium borohydride as a reduc-
ing agent, which is much stronger. As a result, this method
creates well-dispersed gold nanoparticles ranging from 1 to
3 nm [107].

The size distribution of particles can be refined by
controlling the nucleation and growth stages during chemical
reduction. In the nucleation process, metal atoms combine to



6 The Scientific World Journal

form clusters and finally crystal nuclei. In the growth step, the
crystal nuclei or “seeds” grow in size to form nanoparticles.
These steps can be separated for greater control of size
and shape and the process is referred to as seed-mediated
growth. In these methods, direct synthesis is used to produce
the seeds. Consistent seeds are vital to control subsequent
nanoparticle shape and size [115, 125, 126]. Several journal
articles give further details of seeding methods [115, 120, 125–
129] and will not be covered here.

Nanoparticle shape can be controlled by adding surfac-
tants during synthesis which will cause a change in surface
energy and control particle aggregation. The surfactant will
stabilize specific crystal planes in the growing nanostructure,
allowing controlled growth on that plane [130]. By care-
fully choosing a surfactant and particle material, multiple
nanoparticle shapes have been created including nanorods
[111, 131], nanocubes [132], nanostars [92, 133], nanotriangles
[36, 134], nanoplates [135], nanowires [136], and nanoshells
[137–139].

5. Tailoring Nanoparticles for
Extrinsic SERS Applications

5.1. Coating Extrinsic Nanoparticles. A common approach
for coating Raman reporter encoded gold nanoparticles is to
bind a thiol PEGmolecule to the gold nanoparticle surface by
a gold thiolate bond. For citrate stabilized gold nanoparticles,
the thiol group will easily replace the citrate molecule and
will provide stabilization [140]. The surface charge of the
particles can be controlled by varying the molecular weight
of PEG. A simple one-step method to synthesize PEG coated
gold nanoparticles has recently been developed [141]. Briefly,
it involves heating an aqueous PEG and NaOH solution at
50∘C. An aqueous solution of HAuCl

4
is then added rapidly

while slowly increasing the temperature to 80∘C.Thismethod
avoids the two-step process of making the gold nanoparticles
and then coatingwith PEG. It also avoids the use of additional
chemicals as reduction agents.

The use of a silica shell for coating Raman reporter
encoded nanoparticles provides increased stability even
in the presence of multiple solvents [142]. To coat the
Raman reporter labeled nanoparticles, aminosilanes, such
as (3-aminopropyl)triethoxysilane (APTES) or (3-amino-
propyl)trimethoxysilane (APTMS), are used to functional-
ize the particle surface. Tetraethyl orthosilicate (TEOS) or
another activated cross-linking agent is used to form the
silca shell. TEOS is highly sensitive to water and forms
silica dioxide when added to the aminosilane activated gold
nanoparticles [143]. Upon formation of the silica shell, these
particles are extremely stable and have been used for in vivo
SERS measurements without loss of the SERS response [16].

5.2. Addition of Antibodies or Other Affinity Ligands. An
important factor in the design of extrinsic SERS nanopar-
ticles’ is the ability for targeting of specific recognition
sites through antibody antigen interactions [15] or DNA
hybridization [143]. To bind these ligands to the particle shell,

multiple techniques have been used [138, 143–145]. A com-
mon approach is the use of a PEG N-hydroxysuccinimide
(NHS) ester for covalent linkage to primary amines in the
N terminus or lysine residues. For additional information
see [146]. Ligands can be bound to silica coated particles
using (3-glycidoxypropyl)methyldiethoxysilane (GPTMS).
Li et al. [143] used GPTMS to provide a link between a
silica surface and DNA. This binding is due to a highly
reactive epoxide group associated with GPTMS. Another
approach of surface functionalization involves the addi-
tion of a carboxyl group to the surface of the silica shell
for further bioconjugation through EDC carbodiimide and
NHS chemistry. In this approach, the nanoparticles are
first suspended in dimethylformamide (DMF) and then 3-
(triethoxysilylpropylcarbamoyl)butyric acid is added to the
nanoparticles’ silica surface. The resulting COOH function-
alized silica particles can be used for bioconjugation of
oligonucleotides or antibodies [147].

6. Future Applications

6.1. Hybrid Intrinsic/Extrinsic SERS. A potential application
of SERS nanoparticles is the development of hybrid nanopar-
ticles. Extrinsic methods generally use Raman reporters and
antibodies for indirect sensing of the target molecule, while
intrinsic methods directly enhance the target molecules’
Raman spectrum. Hybrid applications combine elements
of both intrinsic and extrinsic methods. This results in
a nanoparticle which can target and enhance the Raman
signature of a molecule providing structural information.
An approach to develop hybrid SERS nanoparticles is to
expose parts of the nanoparticle surface so that it can
interact with the target molecule. Kneipp et al. [148] used
unprotected nanoparticles with bound reporter molecules to
investigate cellular uptake and endosome formation inside
various different cells [148–150]. The presence of the reporter
molecule enabled multiplexing and specific particle localiza-
tion. Additionally, the unprotected particle surface allowed
the detection of Raman bands related to intracellular compo-
nents such as lipids, nucleotides, and proteins [149].

A critical factor in the design of hybrid nanoparticles is
minimizing the distance between the particle and the target
molecule. As mentioned previously, the target molecule must
be within approximately 1–30 nm for SERS enhancement to
occur. Several researchers have applied different techniques
to minimize the distance between the nanoparticle and the
target using hybrid SERS applications. For example, Hodges
et al., used antibody conjugated gold nanoparticles to bind to
specific cell surface regions for targeted SERS enhancement
[151]. The large size of the antibody resulted in a large
separation between the nanoparticle and the target molecule
which limited the SERS enhancement. In order to increase
the SERS enhancement, the distance between the metal
surface and the target molecule was reduced by using the
gold nanoparticles as nucleation centers for silver deposition.
The deposited silver allowed for SERS enhancement of only
the region around the antibody binding site [151]. Another
technique to minimize the distance between the nanoparticle
and the target molecule is through the use of antibody
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fragments. An antibody fragment is composed of the antigen
binding site but does not contain the tail region.As a result the
binding capacity is preserved but the total distance occupied
by the fragment is less than that of a full antibody.Wang et al.
demonstrated that nanoparticles with conjugated antibody
fragments can significantly increase the SERS intensity while
still maintaining targeting capabilities [152].

7. Summary

The optimization of SERS nanoparticles to achieve the high-
est enhancement factor is a complex process that incorporates
multiple variables which must be precisely controlled by
synthesis methods. Nanoparticles for intrinsic SERS appli-
cations can be synthesized to control composition, size,
shape, and configuration which will affect the LSPR peak
location and SERS EF. Smaller particles result in a shorter
LSPR wavelength in accordance with the Mie theory. Size
can be set during chemical synthesis by proper control of
nucleation and growth steps as well as the strength of the
reducing agent. Stronger reducing agentswill result in smaller
particles. Shape will also influence SERS enhancement due
to electromagnetic enhancement at edges or sharp corners.
Shape can be controlled during synthesis by the addition of
surfactants. The proper choice of Raman reporters and pro-
tective coatings will determine the enhancement associated
with extrinsic SERS.An appropriate Raman reporterwill have
a strong binding affinity to the nanoparticle surface and allow
for resonance Raman enhancement. Care must be taken in
the synthesis of the protective layer to prevent loss of the
SERS signal. Controlled synthesis of intrinsic and extrinsic
SERS nanoparticles can be tuned for specific systems and
applications providing optimal SERS enhancement.
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A series of advanced WO
3
-based photocatalysts including CuO/WO

3
, Pd/WO

3
, and Pt/WO

3
were synthesized for the

photocatalytic removal of microcystin-LR (MC-LR) under simulated solar light. In the present study, Pt/WO
3
exhibited the best

performance for the photocatalytic degradation ofMC-LR.TheMC-LR degradation can be described by pseudo-first-order kinetic
model. Chloride ion (Cl−) with proper concentration could enhance the MC-LR degradation. The presence of metal cations (Cu2+
and Fe3+) improved the photocatalytic degradation of MC-LR. This study suggests that Pt/WO

3
photocatalytic oxidation under

solar light is a promising option for the purification of water containing MC-LR.

1. Introduction

Eutrophication in superficial freshwater bodies induced fre-
quent cyanobacteria blooms worldwide. The occurrence of
toxic cyanobacterial blooms in eutrophic lakes, reservoirs,
and other recreational water has been identified as an increas-
ingly serious problem in many countries [1]. The toxins
released into freshwater by cyanobacteria are well docu-
mented [2].

Microcystins (MCs) are the most commonly occurr-
ing toxins released by cyanobacteria. MCs are cyclic hepta-
peptides containing the unique C

20
amino acid, 3-amino-

9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid
(ADDA). MCs are strongly hepatotoxic because they inhibit
serine/threonine protein phosphatases 1 and 2A [3]. Acute
exposure may result in hepatic injury, promote primary liver
cancer, and even cause the death of animals and humans.
One of the most common occurring MCs is the highly
toxic microcystin-LR (MC-LR), which has leucine (L) and
arginine (R) in the variable positions. The World Health

Organization (WHO) has determined a provisional guideline
value of 1.0 𝜇g L−1 for MC-LR in drinking water. Various
water treatment processes have been evaluated to determine
their performance in decomposing these toxins. However,
MCs are chemically stable across a range of pH values and
temperatures, due to their cyclic structure. Consequently,
traditional water treatment processes are not reliable for the
removal of MCs [4–6].

Photocatalytic oxidation as an advanced oxidation tech-
nology has been considered an environment-friendly water
treatment method [7–11]. When the photocatalyst exposure
to a light with appropriate wavelength happens, electron (e−)
and hole (h+) pairs are generated on the catalyst surface. The
photogenerated electrons and holes react with oxygen and
water molecules or hydroxyl groups adsorbed on photocata-
lyst surface to formhighly reactive species, such as superoxide
radicals (∙O

2

−) and hydroxyl radicals (∙OH) [12]. These
radicals can oxidize a number of organic pollutants including
dyes, pesticides, and herbicides [7–11, 13]. Previous research
proved that photocatalytic oxidation with TiO

2
photocatalyst
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could effectively destroy MCs, even at extremely high toxin
concentrations [14, 15]. However, TiO

2
has a large band gap

energy (𝐸
𝑔
) of 3.2 eV that restricts the wide use of this

photocatalyst, because it can only absorb UV light which
accounts for 5% of the solar light [16]. Many efforts have been
made to enhance the photocatalytic performance of TiO

2

under solar light. For example, Ag-modified TiO
2
thin film

was developed for bacteria disinfection under solar light [17,
18]. TiO

2
-film/CuO microgrid heterojunction and P-doped

TiO
2
nanoparticles were synthesized for the decomposition

of organic dye [19, 20]. By contrast, tungsten trioxide (WO
3
)

can utilize solar light more effectively than TiO
2
, because it

has an 𝐸
𝑔
between 2.4 and 2.8 eV [10]. In addition, WO

3

is inexpensive to prepare and stable in‘acidic and oxidative
conditions, whichmakes it a promisingmaterial for photocat-
alytic applications. Previous research showed that photocat-
alytic degradation of organic pollutants such as organic dyes
usingWO

3
under solar lightwas intensified by the presence of

suitable dopants, such as Pt, Pd, and CuO [21–23]. However,
there is little research on the photocatalytic degradation of
MCs using WO

3
-based photocatalysts under solar light.

In the present study, three types of WO
3
-based photo-

catalysts including CuO/WO
3
, Pd/WO

3
, and Pt/WO

3
were

synthesized for photocatalytic degradation of MC-LR under
simulated solar light. The characteristics of developed WO

3
-

based photocatalysts were analyzed by BET surface area, X-
ray diffraction (XRD), and scanning electron microscopy
(SEM). A series of batch experiments were carried out to
evaluate the photocatalytic performance of the developed
photocatalysts forMC-LR degradation under simulated solar
light. On the other hand, chlorides and metal cations are
common in water, and they are important in many treatment
technologies such as breakpoint chlorination and electro-
chemical oxidation methods [24]. Therefore, in this study,
the effects of chloride ions (Cl−) and metal cations (Cu2+
and Fe3+) on the photocatalytic degradation ofMC-LR under
solar light were also investigated.

2. Experimental

2.1. Reagents. WO
3
powder, microcystin-LR (MC-LR) stan-

dard (≥95% purity; FW 995.2 gmol−1), terephthalic acid
99%, and Cu(NO

3
)
2
⋅3H
2
O (99.9% purity) were purchased

from Wako (Wako Pure Chemical Industries, Ltd., Japan).
Hexachloroplatinic acid (H

2
PtCl
6
⋅6H
2
O) and Pd powder

with a surface area of 40–60m2 g−1 were supplied by Sigma-
Aldrich (Sigma-Aldrich Co. LLC., USA).

2.2. Photocatalyst Preparation. TheWO
3
loaded with 0.1 wt%

CuO (marked as CuO/WO
3
) was synthetized by an impreg-

nation method [21]: Cu(NO
3
)
2
aqueous solution was mixed

with WO
3
powder, and the mixture was dried on hot plate

and then calcined at 300∘C for 30min in air.
The Pd doped WO

3
photocatalyst (Pd/WO

3
) was pre-

pared by themechanical mixing of Pd (wt% versusWO
3
) and

WO
3
in a ceramic mortar [25].

The Pt modified WO
3
sample (Pt/WO

3
) was developed

using a photodeposition method [21] from H
2
PtCl
6
⋅6H
2
O

on the fine particulate WO
3
under visible light irradiation

in pure water and subsequently in an aqueous methanol
(10 vol.%) solution.

2.3. Photocatalyst Characterization. The crystalline phases of
the prepared photocatalysts were determined using a powder
X-ray diffraction (XRD) (Rigaku RINT2200, Japan). The
morphology of the prepared photocatalysts was analyzed by
a scanning electron microscopy (SEM) (JEOL, JSM-5600,
Japan).The specific surface area of the prepared photocatalyst
was measured using a BET surface area analyzer (Coulter
SA3100, USA).

2.4. Photocatalytic Removal of MC-LR. The photocatalytic
degradation of MC-LR by prepared WO

3
-based photocat-

alyst was performed in a 6mL glass vessel placed on a
magnetic stirrer. A simulated solar lamp (XC-100B, SERIC
Ltd., Japan) equipped axially at the center region above the
glass vessel was employed as the irradiation source. In the
present experiments, pure WO

3
and the developed three

types of WO
3
-based photocatalysts (CuO/WO

3
, Pd/WO

3
,

and Pt/WO
3
) were previously dispersed in water using an

ultrasonic bath sonicator for 30min.Then the photocatalysts
dispersed solutions were transferred to the glass vessels
containing MC-LR to obtain a final volume of 5mL. The
initialMC-LR concentration in each glass vessel was 1mg L−1.
Before irradiation, the suspension was magnetically stirred
for 60min in the dark to achieve adsorption equilibrium.
After that, the lamp was switched on to initiate the photo-
catalytic reaction. Temperature of the whole laboratory was
controlled at 25 ± 1∘C by an air conditioner. In addition, a
mini-air-circulator was also employed near to the reactor to
make sure constant local temperature during the photocat-
alytic reaction exists. During irradiation, 0.25mL of sample
was withdrawn at a time interval of 30min, centrifuged at
10000 rpm for 10min, and filtered through a 0.22 𝜇m filter
membrane before the HPLC analysis.

The concentration of MC-LR was measured using a
high performance liquid chromatography (HPLC) (Jasco-
1500, Jasco, Japan) equipped with a high-resolution diode
array detector (Jasco UV-1570) set at 238 nm. Samples were
separated on a C18 column (4.6 × 250mm, 5 𝜇m) using a
mixture of acetonitrile and 0.05M phosphate buffer (pH 6.8;
32 : 68 v/v) as the mobile phase at a flow rate of 1mLmin−1.
All the experiments were replicated three times under the
same conditions and the average value was used for analyses.

2.5. Detection of Hydroxyl Radicals (∙𝑂𝐻). The detection
of hydroxyl radicals generated by the prepared WO

3
-based

photocatalysts was carried out according to Ishibashi et al.
[26]. Terephthalic acid was used as a probe molecule to
detect the photogenerated ∙OH radicals in the photocatalytic
reaction system. A sample of 4mg developed WO

3
-based

photocatalyst powderwas dispersed in a 20mL solutionmade
of terephthalic acid at 5 × 10−4M dissolved in a 2 × 10−3M
NaOH aqueous solution. The simulated solar light was used
as an irradiation source. During the irradiation, samples were
withdrawn and centrifuged at a 20min time interval. Then,
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Figure 1: XRD patterns of WO
3
and modified WO

3
samples: (a)

Pd/WO
3
, (b) Pt/WO

3
, (c) CuO/WO

3
, and (d) pure WO

3
.

the centrifuged solution was transferred in a quartz cell and
the photoluminescence spectra of 2-hydroxyterephthalic acid
generated by the reaction of terephthalic acid with ∙OHwere
measured on aHitachi F-4500 fluorescence spectrophotome-
ter.The spectrawere recorded between 350 and 550 nmunder
an excitation at 315 nm.

3. Results and Discussion

3.1. Characterization of WO
3
-Based Photocatalysts. The crys-

talline phases of the developed WO
3
-based photocatalysts

were measured by a powder X-ray diffraction (XRD) (Rigaku
RINT2200, Japan). Characteristic peaks are observed for
all diffraction patterns, which are indexed to the standard
card (JCPDS 43-1035). As shown in Figure 1, all samples
have monoclinic WO

3
structure and the metal doping does

not influence the crystal structures of WO
3
. No extra peaks

except for monoclinic WO
3
are observed (Figure 1). This

phenomenon can be explained by the small amount of
CuO, Pd, and Pt species content and high dispersion in the
samples.

The morphology and microstructure of the developed
photocatalysts were analyzed by scanning electron micros-
copy (SEM) (Figure 2).The SEM images of pure andmodified
WO
3
photocatalysts showed that they are composed of

particles with size ranging from 100 to 200 nm. The specific
surface area of the pure WO

3
was about 5m2 g−1 which is in

agreement with other reports [22]. The specific surface area
of modified WO

3
photocatalysts (CuO/WO

3
, Pd/WO

3
, and

Pt/WO
3
) was slightly increased to 6.0, 6.5, and 7.0m2 g−1,

respectively, due to the metals loading and a grind of WO
3

powders in the preparation process.

3.2. Photocatalytic Removal of MC-LR Using Various WO
3
-

Based Photocatalysts. As shown in Figure 3, the concentra-
tion of MC-LR was virtually unchanged after 180min solar
light irradiation when there was no photocatalyst in the solu-
tion.This result indicated that MC-LR was stable under solar

light irradiation. After 180min photocatalysis, approximately
24.8% of MC-LR was removed from the aqueous solution in
which only pure WO

3
was added. The modified WO

3
-based

photocatalysts (CuO/WO
3
and Pd/WO

3
) achieved 31.4% and

42.9% MC-LR removal, respectively. The Pt/WO
3
composite

achieved a 100% degradation of MC-LR after 180min solar
light irradiation.ThemodifiedWO

3
-based photocatalysts are

supported by many previous researches. Arai et al. reported
that the photocatalytic activity of Pd/WO

3
was 2 times higher

than that of CuO/WO
3
in the degradation of acetaldehyde,

and the performance of Pt/WO
3
was better than that of

CuO/WO
3
for decomposing formaldehyde [22, 23]. In this

present study, Pt/WO
3
exhibits the best photocatalytic per-

formance for the degradation of MC-LR under solar light
irradiation.

3.3. The Mechanism of MC-LR Degradation by WO
3
-Based

Photocatalysts. The relative more positive conduction band
level of WO

3
(+0.5 V versus NHE) compared to potential for

the single-electron reduction of oxygen (O
2
/O
2

−
= −0.56V

versus NHE; O
2
/HO
2
= −0.13 V versus NHE) was the main

reason for the relative slow reaction rate of WO
3
-induced

photocatalytic reactions. In the presence of CuO, Pd, and Pt,
the reduction of O

2
molecules can be promoted effectively

by a multielectron process (O
2
/H
2
O
2
= +0.68V versus NHE;

O
2
/H
2
O = +1.23V versus NHE) [22, 27]. In a photocatalytic

reaction, the following chain reactions have been postu-
lated:

Catalyst + ℎV → e− + h+ (1)

O
2
+ 2e− + 2H+ → H

2
O
2

(2)

H
2
O
2
→ 2 ∙OH (3)

H
2
O + h+ → ∙OH +H+ (4)

Photocatalytic degradation ofMC-LRwas initiated by the
attack of hydroxyl radical (∙OH) on the conjugated diene
structure of ADDA [28], indicating the primary reactive
species inMC-LR degradation is ∙OH radical.The photogen-
erated ∙OH radicals can be detected by photoluminescence
spectra analysis. Figure 4 shows the photoluminescent spec-
tral changes of Pt/WO

3
during 60min solar light irradiation.

At the wavelength of 425 nm, the photoluminescence inten-
sity gradually increased from 2.5 to 43.8 a.u with increasing
the irradiation time to 60min, indicating that ∙OH radicals
were generated on the photocatalyst-water interface via
photocatalytic reactions [26, 27].

Figure 5 presents the photoluminescence intensity of pure
WO
3
and modified WO

3
-based photocatalysts at 425 nm

as a function of irradiation time. The photoluminescence
intensity induced by simulated solar light in terephthalic
acid solution was linearly related to the irradiation time. The
number of ∙OH radicals generated on the surface of these
photocatalysts was proportional to the irradiation time and
followed zero-order kinetic model [26, 28]. Furthermore, the
slopes of the regression lines represent the generation rate
of ∙OH radicals (Figure 5). Without a dopant, WO

3
could
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Figure 2: SEM images of WO
3
and modified WO

3
samples: (a) CuO/WO

3
, (b) Pd/WO

3
, (c) Pt/WO

3
, and (d) pure WO

3
.
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Figure 3: The effect of catalysts on the efficiency of photocatalytic
degradation of MC-LR. (Experimental conditions: MC-LR concen-
tration of 1mg L−1, catalyst concentration of 100mg L−1, and simu-
lated solar light intensity of 0.4mWcm−2.)

only generate a small number of ∙OH radicals under solar
light irradiation. The generation rate of ∙OH radicals on the
surface of pure WO

3
is merely 0.04 a.umin−1. When doped

with CuO, Pd, and Pt, the generation rate of ∙OH radicals
on WO

3
surface was obviously enhanced. During 60min

solar light irradiation, Pt/WO
3
achieved the highest gener-

ation rate (0.72 a.umin−1) of ∙OH radicals, which was much
higher than those byCuO/WO

3
(0.17 a.umin−1) andPd/WO

3

(0.42 a.umin−1). Since the photocatalytic degradation ofMC-
LR was initiated by the attack of ∙OH radical, Pt/WO

3

seems to be the most promising photocatalyst for MC-LR
removal due to its higher generation rate of ∙OH radicals.
Therefore, in the following part, Pt/WO

3
was selected as the

photocatalyst forMC-LR removal under simulated solar light
irradiation.

3.4. Kinetic Analysis in a Range of Light Intensities. The kinet-
ics of photocatalytic oxidation for MC-LR were analyzed
using Langmuir-Hinshelwood (L-H) model expressed as fol-
lows:

𝑟 =
𝑑𝐶

𝑑𝑡
=
𝑘𝐾𝐶

(1 + 𝐾𝐶)
. (5)
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Figure 4: Photoluminescence spectral changes observed during
irradiation of the Pt/WO

3
sample. (Experimental conditions: NaOH

concentration of 2 × 10−3M, terephthalic acid concentration of 5 ×
10
−4M, Pt/WO

3
concentration of 200mg L−1, and simulated solar

light intensity of 0.4mWcm−2.)

Since𝐾𝐶 is much less than 1, if neglecting the term of𝐾𝐶, the
L-H model can be simplified to a pseudo-first-order kinetic
equation:

ln(
𝐶
0

𝐶
) = 𝑘𝐾𝑡 = 𝑘app𝑡, (6)

where 𝑟 is the reaction rate (mg L−1min−1), 𝐶
0
is the initial

concentration of MC-LR after dark adsorption (mg L−1), 𝐶
is the concentration of MC-LR at time 𝑡 (mg L−1), 𝑡 is the
irradiation time (min), 𝑘 is the reaction rate constant (min−1),
𝐾 is the adsorption coefficient of MC-LR on a photocatalyst
particle (Lmg−1), and 𝑘app is the apparent rate constant for
the photocatalytic degradation of MC-LR.

The kinetic curves for the degradation of MC-LR by
Pt/WO

3
under various intensities of solar light irradiation

are shown in Figure 6. The correlation coefficient (𝑅2) values
of linear regression in all the cases are greater than 0.99,
which confirms the photocatalytic degradation of MC-LR by
Pt/WO

3
under simulated solar light well follows the pseudo-

first-order kinetic equation. The corresponding 𝑘app values
of MC-LR degradation were 0.148, 0.196, and 0.241min−1
under 0.2, 0.4, and 0.8mWcm−2 solar light irradiation,
respectively. At higher intensity of solar irradiation, more
electron-hole pairs were expected to generate on photo-
catalyst surface, resulting in the enhancement of MC-LR
degradation. According to Ohko et al. [29], if photocatalytic
reaction proceeded under purely light-limited conditions,
the degradation rate would depend on adsorbed photon
numbers (light intensity) linearly. In this present study, a
nonlinear relationship of photodegradation rate with light
intensity was observed (figure was not shown) that seemingly
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Figure 5: Photoluminescence intensity of pure WO
3
and modified

WO
3
-based photocatalysts as a function of irradiation time. (Exper-

imental conditions: NaOH concentration of 2 × 10−3M, tereph-
thalic acid concentration of 5 × 10−4M, catalyst concentration of
200mg L−1, and simulated solar light intensity of 0.4mWcm−2.)
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implies the photocatalytic reaction proceeded under a light-
rich condition. In that case, the surface adsorptive property of
photocatalyst has a major influence on the photodegradation
rate. Although MC-LR concentration showed a very slight
decrease during 60min dark adsorption (removal rate was
less than 5%), a systematic study on the effects of initial
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Figure 7: Efficiency of photocatalytic degradation of MC-LR as a
function of Cl− concentration. (Experimental conditions: MC-LR
concentration of 1mg L−1, Pt/WO

3
concentration of 100mg L−1, and

simulated solar light intensity of 0.4mWcm−2.)

MC-LR concentration should be carried out in the future
research. That is helpful to understand clearly that the pho-
todegradation proceeds under light-rich or light-limited
condition. Since the average intensity of natural solar light is
generally 0.8mWcm−2, Pt/WO

3
appears to be a promising

photocatalyst for the degradation of MC-LR in practical
water.

3.5. Effect of Chloride Ion (Cl−) on the Photocatalytic Degrada-
tion of MC-LR. Sodium chloride (NaCl) was introduced into
the reaction solution at different concentrations to investigate
the effect of Cl− on the photocatalytic degradation ofMC-LR.
As shown in Figure 7, withoutCl− addition, about 88.6%MC-
LR was removed after 120min solar light irradiation. With
Cl− addition at the concentration of 0.02mM, the percentage
removal of MC-LR increased to 94.8%, whereas the percent-
age removal of MC-LR decreased to 79.8% and 74.2%, when
the Cl− concentrations were 0.1mM and 0.2mM, respec-
tively. The results indicate that Cl− at proper concentration
could enhance the photocatalytic degradation of MC-LR,
whereas excessive Cl− could inhibit the degradation. This
phenomenon can be ascribed to the formation of Cl radicals
(∙Cl) in the photocatalytic reaction system.WithCl− addition
at an appropriate concentration, the photogenerated holes on
the catalyst surface were scavenged by the Cl− ions to form
∙Cl radicals [30, 31]. The ∙Cl radical is also a kind of high
reactive species that can oxidize many organic substances.
Guo et al. reported that Cl− ions adsorbed on TiO

2
surface

promoted the photocatalytic oxidation of propylene [32].
However, excessiveCl− ions can also scavenge ∙OHradicals to
formCl

2
molecules very quickly, and the reactivity of Cl

2
was

lower than that of ∙OH [33]. Consequently, when adding Cl−
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Figure 8:The effect of 0.2mMofmetal ions on the efficiency of pho-
tocatalytic degradation of MC-LR. (Experimental conditions: MC-
LR concentration of 1mg L−1, Pt/WO

3
concentration of 100mg L−1,

and simulated solar light intensity of 0.4mWcm−2.)

at an excessive concentration, the Cl− ions began to scavenge
∙OH radicals preferentially that decreased the photocatalytic
degradation of MC-LR.

3.6. Effect of Metal Cations (Cu2+ and Fe3+) on the Photocat-
alytic Degradation ofMC-LR. The fast recombination of pho-
togenerated electrons and holes on the catalyst surface is an
important factor that limits the photocatalytic degradation
of organic substances. Consequently, to enhance the pho-
tocatalytic activity of catalysts, improving the separation of
photogenerated electron-hole pairs is very essential. Metal
cations can be used as the scavengers of photogenerated
electrons and seem to be an effect additive for suppressing the
recombination of photogenerated electrons and holes. The
enhanced photocatalytic activity of WO

3
by addition of Cu2+

and Fe3+ in the reaction solution has been reported for the
degradation of various organic substances such as phenol and
sucrose [34, 35].

In order to investigate the effects of metal cations on pho-
tocatalytic degradation of MC-LR, Cu(NO

3
)
2
and Fe(NO

3
)
3

were introduced into the reaction solutions at a concentration
of 0.2mM. As shown in Figure 8, without metal cations
addition, about 87.6% MC-LR was removed after 120min
solar light irradiation. In the presence of 0.2mM Cu2+ and
Fe3+, the percentage removal of MC-LR increased to 100%
and 94.7%, respectively. The addition of Cu2+ and Fe3+
obviously enhanced the photocatalytic degradation of MC-
LR under solar light irradiation.

The possible mechanism for the enhanced photocata-
lytic activity of Pt/WO

3
by Cu2+ and Fe3+ addition can be

described as follows. (1) The consumption of photogenerated
electrons by the reduction of Cu2+ and Fe3+ ions suppressed
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the recombination of electrons and holes that increased the
number of ∙OH radicals in the reaction system (7) and (8)
[36]. In addition, (2) the Cu2+ and Fe3+ can react with H

2
O
2

generated in a photo-Fenton reaction to produce additional
∙OH radicals in the reaction system (9) and (10). Consider

Cu2+ + e− → Cu+ (7)

Fe3+ + e− → Fe2+ (8)

Cu+ +H
2
O
2
+H+ → Cu2+ + ∙OH +HO− (9)

Fe2+ +H
2
O
2
+H+ → Fe3+ + ∙OH +HO− (10)

Then, the increased number of ∙OH radicals in the reaction
solution promoted the photocatalytic degradation of MC-
LR [37, 38]. According to Irie et al. [39] and Liu et al. [40],
electrons in the surface grafted Fe3+ and Cu2+ ions efficiently
cause multielectron reduction of adsorbed O

2
molecules to

achieve high quantum efficiency value. Therefore, the H
2
O
2

produced during themultielectron reduction ofO
2
molecules

also promoted the photodegradation of MC-LR in aqueous
solution.

3.7. Photocatalytic Degradation Pathway of MC-LR. The deg-
radation pathway of MC-LR through photocatalytic reaction
has been in detail reported by Su et al. [41]. As shown in
Figure 9, MC-LR is a relatively large molecule with a cyclo-
structure, which consists of a usual 20-carbon amino acid
(ADDA) that expresses biological toxicity and an amino acid
N-methyldehydroalanine (MDHA). The MC-LR molecule
is more readily attacked by ∙OH radicals at four sites of
the toxin: three on the ADDA chain ((A) aromatic ring,
(B) methoxy group, and (C) conjugated double bonds) and
one on the cyclic structure ((D) MDHA amino acid) [28].
Among these, the conjugated double bond (site (C)) at the
ADDA moiety of MC-LR molecule has been reported to be
susceptible to photocatalytic attack [42, 43]. The destruction
of MC-LR molecule by the attack of ∙OH radicals on these
sensitive sites leads to production of many kinds of interme-
diate products, which can be degraded to final products by
further reaction with ∙OH radicals.

In this present study, although the complete removal of
MC-LR was obtained after 180min solar irradiation when
using Pt/WO

3
as photocatalyst, less than 50%of the totalMC-

LR was mineralized.This can be attributed to the production
of many kinds of intermediates which are stable against
photocatalytic destruction and do not undergo complete oxi-
dation. Since MC-LR was not completely mineralized, it
is important to confirm that the intermediate products are
nontoxic. Lawton et al. [14] assessed the toxicity of intermedi-
ates produced in photocatalytic degradation of MC-LR using
brine shrimp bioassay method, and they could not detect any
measureable toxicity.

4. Conclusions

A series of advanced WO
3
-based photocatalysts includ-

ing CuO/WO
3
, Pd/WO

3
, and Pt/WO

3
were developed for
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Figure 9: The molecular structure of microcystin-LR and the main
attack sites ((A) benzene ring; (B) methoxy group; (C) conjugated
double bond; (D) unsaturated double bond of MDHA) of hydroxyl
radicals during photocatalytic reaction. ADDA: 3-amino-methoxy-
10-phenyl-2,6,8-trimethyl-deca-4,6-dienoic acid.

the photocatalytic removal of microcystin-LR (MC-LR)
under simulated solar light irradiation. In this present study,
when doped with CuO, Pd, and Pt, the generation rate
of ∙OH radicals on WO

3
surface was obviously enhanced.

Pt/WO
3
achieved the highest generation rate of ∙OH radicals

and exhibited the best photocatalytic performance for the
degradation of MC-LR under solar light irradiation. The
photocatalytic degradation ofMC-LR by Pt/WO

3
under solar

light well followed the pseudo-first-order kinetic equation.
Cl− addition at an appropriate concentration could enhance
the photocatalytic degradation of MC-LR by Pt/WO

3
under

solar light irradiation. The addition of Cu2+ and Fe3+ obvi-
ously enhanced the photocatalytic degradation of MC-LR
under solar light irradiation. The developed Pt/WO

3
is a

promising photocatalyst for enhancing the photocatalytic
removal of recalcitrant organic compounds like MC-LR in
water under solar light irradiation.
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Of global concern, environmental pollution adversely affects human health and socioeconomic development. The presence of
environmental contaminants, especially bacterial, viral, and parasitic pathogens and their toxins as well as chemical substances,
poses serious public health concerns. Nanoparticle-based biosensors are considered as potential tools for rapid, specific, and highly
sensitive detection of the analyte of interest (both biotic and abiotic contaminants). In particular, there are several limitations
of conventional detection methods for water-borne pathogens due to low concentrations and interference with various enzymatic
inhibitors in the environmental samples.The increase of cells to detection levels requires long incubation time.This review describes
current state of biosensor nanotechnology, the advantage over conventional detection methods, and the challenges due to testing
of environmental samples. The major approach is to use nanoparticles as signal reporter to increase output rather than spending
time to increase cell concentrations. Trends in future development of novel detection devices and their advantages over other
environmental monitoring methodologies are also discussed.

1. Introduction

Environmental pollution is the major source of problem
to human health and sustainable development of society
and economy. The presence of environmental pathogens
and their toxins, heavy metals, and organic pollutants is a
serious environmental issue that drew scientific interest and
public concern [1–3]. Several environmental microorganisms
cause different clinical diseases and morbidities, resulting
in public health burden. Particularly, the presence of water-
borne pathogens in water streamline is critical issue for
regulatory agencies, healthcare agencies, and industry sec-
tors. These pathogens should therefore be routinely mon-
itored under clinical diagnostic procedures. For instance,

Cryptosporidium parvum, one of water-borne pathogens that
contaminated drinking water, can cause disease even at
low levels. The detection of water-borne pathogen using
commercially available assays has been successfully achieved
with detection limit of 10–1,000 organisms per mL (such as
the widely used MERIFLUOR Cryptosporidium/Giardia test
from Meridian Biosciences). Owing to low numbers of tar-
get microorganisms, step of culture preenrichment become
necessary to increase their numbers to detectable level for
several hours. Likewise, sensitive polymerase chain reaction-
(PCR-) based techniques require preenrichment culturing
process to efficiently detect environmental pathogens. In
accordance with the US Environmental Protection Agency
(EPA) Methods 1622 and 1623, preconcentration by filtration
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of 10-liter water sample is essential for detection ofC. parvum
oocysts.

The environmental sector urgently needs diagnostic sys-
tem and test kits which are sensitive, cost-effective, and
portable. Potential applications of nanotechnology enable
researchers to use pathogen diagnostics as well as developing
a new generation of biosensors and imaging techniques with
higher sensitivity and reliability. Particularly, high sensitiv-
ity fluorescent dye doped nanoparticles provide important
feature for increasing the signals by the magnitude of 105 to
106 times as well as tagging pathogens, enabling the instru-
ment to detect specimens at very low levels. Furthermore,
nanobiotechnology improves the performance of instrument
for wider commercial deployment of the instrument at
environmental site.

Nanoparticles (about 1–100 nm in diameter) display
unique properties over bulk-sized materials and thus have
beenwidely used in various areas, including biomedical, elec-
tronic, environmental, pharmaceutical, cosmetic, and energy
[4, 5]. Indeed, environmental monitoring and diagnostics
have been improved by using nanoparticles for detecting
biotic and abiotic contaminants (e.g., pathogens and their
toxins as well as metal ions and organic pollutants, resp.).
Incorporating the nanoparticles into nanosensors provides
advantages of rapid and high-throughput detecting ability
on a portable device. The nanoparticles are considered as
potential sensing materials due to strong physical confine-
ment of electrons at nanoscale. Their tiny size correspond
high surface-to-volume ratios. Additionally, their physical
properties can be customized since they are directly related to
size, composition, and shape. Surface-modified nanocolloids,
such as gold nanoparticles (GNPs) [6], magnetic nano-
particles (MNPs) [7], quantum dots (QDs) [8], and carbon
nanotubes, exhibit specific target-binding properties. There-
fore, the distinct small size and nanoscale properties of nano-
particles are useful for new-generation environmental detec-
tion.

Use of fluorescence nanoparticles in combination with
magnetic beads capable of capturing and concentrating target
specimens in the sampling process has been established to
overcome the limitation of fluorescence intensity [9–12]. Flu-
orescent nanoparticles (about 10–20𝜇m diameter in range)
including semiconductor nanoparticles, quantumdots, metal
nanoparticles, silica nanoparticles, and polymer nanopar-
ticles have been focused for research and development.
Fluorescent nanoparticles display distinct features, such as
high fluorescence intensity, photostability, photobleaching
resistance, and biocompatibility.Their emission spectra show
narrow peaks. The emission wavelength peak or fluorescent
color can be adjusted based on their particle size during
production. Based on the fact that one excitation source
or wavelength with spectrum of ultraviolet or blue that
excites certain fluorescent nanoparticles with different sizes
simultaneously yields multiple emission spectra, multicol-
orimetric or multiplex assay format can be accomplished
using a single light source [13]. The fluorescent nanoparticles
are also served as multivalent scaffolds for supramolecular
assemblies as well as versatile synthetic platform for surface

coatings via chemical conjugation to bioreceptors (such
as antibodies, aptamers, and other agents) [14]. Owing to
their excellent properties, they become powerful tools for
monitoring several different species under both biological
and environmental purposes. For example, antibody- and
DNA aptamer-based assays with and without the use of
magnetic beads-mediated capture and filtration can detect
bacteria as low as 10 cells per mL and several thousands of
C. parvum oocysts [15–17]. In this review, the applications
and developments of fluorescent nanoparticles and other
potential nanoparticles are focused in terms of chemical and
biological sensing within the environmental samples.

2. Potential Applications of Nanotechnology

Conventional molecular-based detection techniques are
commonly used to identify pathogenic agents with high
degree of sensitivity and reproducibility [18]. Mostly, these
techniques cannot be employed in the field (e.g., rivers and
drinking water distributors) since they usually require com-
plex instrumentation and well-trained operator. Expensive
and short shelve half-life of certain reagents (e.g., enzymes
and oligonucleotides) also limits the utility of conventional
pathogen detection techniques in rural areas of developing
countries. Despite their high sensitivity, current technologies
like enzyme-linked immunosorbent assay (ELISA) and poly-
merase chain reaction (PCR) still require extensive sample
preparation and have long readout periods, resulting in
delayed response and disease containment. Thus, taking
advantage of the unique properties of nanoparticles (e.g.,
electrical, magnetic, luminescent, and catalytic capacity),
economical detection assays with high speediness and sen-
sitivity can be developed to promptly monitor environmental
specimens, especially microbial pathogens. Nanoparticles
when acting as signal reporter will increase signal signifi-
cantly and, hence, reduce or eliminate the time to increase
target cells to detectable level. Apart from high sensitivity and
speediness, nanotechnology-based systems are developed to
have reasonable reproducibility, cost-effectiveness, robust-
ness, and user-friendly properties, allowing their applications
even in field applications. The techniques with nanoparticles
require universal testing instrument available in most labo-
ratories such as spectrophotometer, fluorescent microscope,
and luminometer and some reactions could be observed with
naked eyes.

Moreover, assays without any sample preparation have
been established using innovative nanotechnological tools,
leading to user-friendly platforms with rapid and reliable
results [19]. As presented in Figure 1, different nanoparticles
show specific optical, fluorescence, and magnetic properties,
and integrations between these properties hold great promise
for environmental screening. In particular, the applications
of nanoparticle-based technology enable us to monitor or
even improve quality of air, water, and soil. For example,
silica nanoparticles are considered an appropriate choice with
multiple functional abilities as to deliver antimicrobial agents
for treating towards particular pathogenic microorganisms
and to sense the microorganisms [20].Therefore, this further
section summarizes the impact of sensing nanotechnology
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Figure 1: Schematic diagram illustrating different nanoparticles conferring optical (e.g., gold nanoparticles (GNPs)), fluorescence (e.g.,
quantum dots (QDs)), and magnetic (e.g., magnetic nanoparticles (MNPs)) properties, and combinations between these particles as
nanocomposites conferring multifunctionalities provide distinct advantages for environmental monitoring.

on improving the current testing procedures for accurate and
precise monitoring of environmental pathogens and other
contaminants.

3. Necessary Characteristics for Development
of Nanoparticle-Based Biosensor

Biosensor is typically comprised of two main components:
a bioreceptor and a transducer [21]. The bioreceptor is a
biomolecule that recognizes the target analyte whereas the
transducer converts the recognition event into a measurable
signal. The bioreceptor is a biological molecular species
(e.g., antibody, enzyme, and nucleic acid), a living biolog-
ical system (e.g., cells, tissue, or whole organisms), or
biomimetic material (e.g., synthetic bioreceptor) that utilizes
a biochemical mechanism for recognition. The transducer is
a device capable of converting a signal in one form to another
form of energy. For transducer classification, common tech-
niques include optical (e.g., luminescence and absorption),
electrochemical (e.g., current and voltage), and mechanical
measurements (e.g., magnetic resonance). In principle, the
detection occurred by the specific binding of target analyte to
the complementary biorecognition element (namely, biore-
ceptor) immobilized on an appropriate supportive medium.
The specific interaction causes alteration in one or more

physicochemical properties that is detectable using the sec-
ond component, so-called transducer. Usually, magnitude
of signal is proportionally related to the concentration of a
specific analyte captured by the biorecognition element [22]
(Figure 2).

For development of a biosensor system, some require-
ments for commercialization are as follows [23].

(a) Specificity. The biosensor device should be highly
specific to the target analyte and exhibits minimum
or no cross reactivity withmoieties conferring similar
chemical structure.

(b) Sensitivity. The biosensor device should be able to
measure in the range of a given target analyte of
interest with minimum additional steps such as pre-
cleaning and preconcentration of the samples.

(c) Response Linearity. The linear response range of the
system should cover the concentration range over
which the target analyte is measurable.

(d) Reproducibility. When samples at same concentra-
tions are analyzed several times, they should produce
same signal intensity or magnitude.

(e) Short Response and Recovery Time. The biosensor
device response should be rapid enough for real-time
monitoring of the target analyte. The recovery time
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Figure 2: Scheme representing nanobiosensor components consisting of different bioreceptors (e.g., antibodies, aptamers, cell-surface
molecules, enzymes, oligonucleotide probes, and phages) and major transducers depending on types of signal response (i.e., optical,
electrochemical, and mechanical signal). Output can be displayed as UV-visible or photoluminescence spectra and magnetic resonance
images.

of the biosensor system should be short enough for
efficient reusability.

(f) Stability and Operating Life. The signal of biosensor
device response should be stable enough for real-time
monitoring of the target analyte. The components of
biosensor device should be resistant to deterioration
throughout the operating period. The operating life-
time should be long enough for monitoring of the
target analyte. Of concern, most of the biological
components are unstable in different biochemical
conditions.

4. Characteristics of Environmental
Nanobiosensors Based on
Potential Nanomaterials

Biosensor is defined as a device or an assay with use of a
biorecognition element coupled to a signal transducer for
measurement an analyte of interest [24]. Common biorecog-
nition elements include oligonucleotide probes, antibodies,
enzymes, aptamers, cell-surface molecules [25], and phages
[26]. Transducers are divided into three main types: optical,
electrochemical, and mechanical. As shown in Figure 3,
schemes illustrate fundamental principle of biosensor-
based detection: the full spectrum of biorecognition ele-
ments and transduction methods was reportedly estab-
lished for detection of particular water-borne pathogens,
with oligonucleotide probes and antibodies being the most
common.

4.1. Nanoparticle-Based Optical Sensors. Gold nanoparticles
(GNPs) that are widely used have various nanostructures.

Owing to their low dimensionality and relevant properties,
they are thus introduced into novel applications in photonic,
electronic, and sensing sections. With color and fluorescence
properties of gold nanoparticles and quantum dots, they are
commonly utilized in optical sensors for detection of toxins,
heavy metals, and other environmental contaminants, as
discussed below. Typically, gold nanoparticles display various
colors (ranging from red to purple or blue) depending on
interparticle reactions during aggregation or dispersion of
the aggregates (Figure 3(b)) [27] while quantum dots exhibit
changes in photoluminescence intensity (Figure 3(b)) [27].
Optical sensors are served as powerful tools for detecting
environmental contaminants since they exhibit high signal-
to-noise ratios.

Potential natural toxins, such as ochratoxin A (OTA),
zearalenone (ZEA), and aflatoxin B1 (AFB1), are produced
from certain fungi Aspergillus ochraceus, Aspergillus flavus,
Aspergillus parasiticus, and Fusarium graminearum. They are
often contaminated in cereals, cereal products, and cof-
fee beans and exhibit teratogenic, mutagenic, and immu-
nosuppressive activity in human. Moreover, another class
of toxins is also generated from particular bacteria Bacillus
botulinus, Escherichia coli, or Ricinus communis that are
usually found in animal tissues and plant. These toxins
can produce high toxicity and induce injury to human.
Owing to high affinity of the toxin ricin to sugar under-
lying the naturally occurring infection mechanism, gold
nanoparticles were coated with sugar to detect ricin and
readout can be visualized [28]. Combination of chro-
matographic technology with conventional immunoassays
(namely, immune-chromatographic strip assays) facilitates a
rapid and afforda ble tool for toxin diagnosis [29]. Different
types of immune-chromatographic assays with use of gold
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Figure 3: Scheme depicting principle of biosensor-based detection using (a) gold nanoparticles and (b) quantum dots as well as (c) magnetic
nanoparticle aggregates for detection of microcystin-LR (MC-LR), naturally occurring toxin produced from cyanobacteria.

nanoparticles-antibody conjugates were developed for detec-
tion of ochratoxin A [29, 30], zearalenone [31], and aflatoxin
B1 [32].The immune-chromatographic strip assay has advan-
tages in terms of format simplicity, speediness, and stability
over a wide range of conditions, allowing for on-site testing
by untrained users.

Of ongoing global concern, heavy metal contamination
in environment can cause problems on both public human
and environmental health.Hence, environmentalmonitoring
of aqueous heavy metal ions becomes crucial. A variety
of nanoparticles-based sensors for sensing selective heavy
metal ions have been successfully conducted. By using hyper-
Rayleigh scattering technique, a gold nanoparticle-based sen-
sor was utilized for rapid screening of mercury (Hg2+) ions
in aqueous solutions with a sensitivity of 5 ng/mL (ppb) [33].
Additionally, L-cysteine-functionalized gold nanoparticles
were employed to detect aqueous copper (Cu2+) by changing
solution color from red into blue [34]. This colorimetric
nanosensor enables rapid, quantitative detection of Cu2+ with
a sensitivity of 10−5M. Likewise, based on mediated T-T base
pairs at room temperature, a novel and practical colorimetric
detection of Hg2+ was developed using 14 nm nanoparticles
with sensitivity as low as 3.0 ppb of Hg2+ by unaided eye
[35].

Numbers of optical sensors have been continuously
established based on photoluminescent-quenching charac-
teristics. A gold nanoparticle-rhodamine 6G-based fluores-
cent sensor was developed for sensing Hg2+ in aqueous
solution with a detection limit of 0.012 ppb [36]. Similarly,
photoluminescence-based assays were performed for moni-
toring level of Hg2+ (with sensitivity of 2.0 ppb) by the fact
that Hg2+ concentration is directly proportional to photolu-
minescent intensity [37]. In addition, a homogeneous Cu2+
sensing assay was conducted based on photoluminescent-
quenching between a perylene bisimide chromophore and
gold nanoparticles in the presence of Cu2+ [38].

G-quadruplex-based DNAzymes, nucleic acid enzymes
with peroxidase-like activity, were utilized for colorimetric
and chemiluminescent detection of various metal ions in
aqueous samples. In principle that Hg2+-induced T-T base
pair can stimulate appropriate folding of G-quadruplex
DNAs but inhibit the DNAzyme activity, G-quadruplex-
based DNAzymes were conducted for detecting aqueous
Hg2+ with detection limit of 50 nM (10 ppb) [39].

Amultiplex assay for detectingHg2+ and silver (Ag+) ions
was developed using an electron-transfer-quenching path
[40]. Hg2+ or Ag+ ions could modify quantum dots by
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inducing formation of T-T and C-C base pairs, respectively,
resulting in colorless complexes of Hg2+-thymine (T) or Ag+-
cytosine (C) that cannot transfer energy from the quantum
dots. Consequently, concentration of Hg2+ or Ag+ ions is
inversely proportional to photoluminescence intensity via
electron-transfer quenching. Nevertheless, this assay was
not sensitive enough for sensing such Hg2+ or Ag+ ions.
Amore sensitive assay was thus developed for highly selective
detection of Hg2+ ions (with detection limit of 5.0 nM),
based on aggregation-mediated fluorescence quenching
of 11-mercaptoundecanoic acid- (11-MUA-) protected gold
nanoparticles in presence of 2,6-pyridinedicarboxylic acid
[41]. The aggregation mainly occurred by interaction of
Hg2+ ions with carboxylate groups on 11-MUA-protected gold
nanoparticles [40].

Furthermore, nanoparticles can be effectively employed
to detect small molecules (e.g., hydrogen, carbon dioxide,
nitrogen oxide, oxygen, and ammonium ions). Contamina-
tion with nitrite (NO

2
) ions from chemical fertilizers, live-

stock, and organic waste becomes environmental problem.
The in situ precipitation of gold nanoparticles, a sensitive
colorimetric assay for selective detection of nitrite and
nitrate contaminants, was developed using gold nanoparticle
probe functionalized with nitrite-reactive groups [42]. The
2,4,6-trinitrotoluene (TNT) compound is commonly used
as nitroaromatic explosives for mining-related purposes and
consequently contaminated into soil and ground water. This
TNT compound can be detected by reaction between TNT
and cysteine on the gold nanoparticle surface using so-called
cysteine-modified gold nanoparticle-based surface enhanced
Raman spectroscopy probe in label-free system [43]. In
presence of TNT, a gold nanoparticle color becomes altered
with a detection limit of 2 pM TNT in aqueous solution.

A fluorescence nanoparticles-based assay for rapid and
selective nitrite detection was constituted which relied on
nitrite-induced fluorescence quenching of the nanoparticles
through a simple diazotization reaction [44]. Under opti-
mal conditions, nitrite was quantitatively determined using
organic fluorescence nanoparticles (namely, 1-aminopyrene
nanoparticles) under linearity range of 20–1400 ng/mL with
a correlation coefficient of 0.9987 and detection limit of
3 ng/mL nitrite in solution. For quantitative determination,
this method for nitrite analysis can be applied to water
samples.

In addition, gold nanorods can be incorporated into
optical sensors for detecting bacterial pathogens. Coliform
bacteria (e.g., Escherichia coli) contaminated in the environ-
ment is still a serious public health concern. Of necessity,
a sensitive assay based on an antibody-conjugated gold
nanorod was successfully constituted by using two-photon
scattering technique for determining E. coli, with detection
limit as low as 50 colony forming unit (CFU)/mL [45]. Using
gold nanorod assemblies with basic side-by-side and end-
to-end modalities, a rapid and sensitive detection method
for microcystin-LR (MC-LR) containing two substitutions
of leucine (Leu) and arginine (Arg) was further developed,
with detection limit of 0.45 ng/mL and 5 pg/mL, respectively
[46]. The assemblies with different geometries of MC-LR

were determined using adsorption spectroscopy and light
scattering. BesidesMC-LR, themeasurable immunoassembly
methods can be extensively utilized for detection of other
various environmental toxins.

4.2. Nanoparticle-Based Electrochemical Sensors. Electro-
chemical sensors are of interest to sensor-focused research
field. Several enzyme-based systems, similar to glucose sen-
sor, were developed.Nanoparticle-based labels for analyte not
only are useful for spectroscopicmethods but are also applied
in electrochemical detection. Since metal nanoparticles can
be oxidized to form ions that are electrochemically detectable,
electrochemical sensors thus were often utilized for screening
environmental contaminants.

An electrochemical sensor for copper (Cu2+) ions was
accomplished with detection limit of less than 1 pM [47].
Electrodes were initially established with gold nanoparticles,
and then the gold colloid surface was subsequently func-
tionalized with cysteine for sensing Cu2+ ions. Single-walled
carbon nanotubes (SWNTs) impregnating porous fibrous
materials (e.g., fabrics and papers) were employed to render
biosensors high performance [48]. SWNTs and antibodies
were utilized to create paper-based sensors for sensitive and
specific detection of MC-LR. A paper-based sensor was
successfully employed to detect microcystin-LR (MC-LR)
in Tai lake sample, with detection limit of 0.6 ppb and at
least 28 times quicker response period in comparison to that
obtained by an enzyme-linked immunosorbent assay [49].
This nanoparticle-based electrochemical sensing technology
facilitates the preparation of several other sensitive envi-
ronmental sensors. Additionally, a sensitive electrochemical
immunosensor using analyte-functionalized single-walled
carbon nanohorns was developed for detecting MC-LR in
Tai lake water [50]. In competitive immunoassay format,
the immunosensor using horseradish peroxidase-conjugated
MC-LR antibodies showed broad spectrum response of
linearity (0.05–20 𝜇g/mL) with detection limit of 0.03𝜇g/mL.
Such nanoparticle-based electrochemical sensing technology
would improve prominent tool performance for detecting
various pathogens and their potential toxins as well as for on-
site monitoring of environmental pollutants.

4.3. Magnetic-Relaxation Sensors. Magnetic-relaxation sen-
sors have been established based on the switching events
between target analyte-induced aggregation and disaggre-
gation of magnetic nanoparticles (MNPs). Biocompatible
magnetic nanoparticles can serve as magnetic-relaxation
switches (MRS) by generating spin-spin relaxation times of
water T

2
signals and by resulting switches between dispersed

and aggregated forms. Magnetic-relaxation switches-based
methods evolve radiofrequency, hence being indifferent to
light-based interference (e.g., scattering, absorption, or fluo-
rescence) in fluids or tissues. Magnetic-relaxation switches-
based sensing technology is used for detecting analytes,
especially environmental toxins in various matrices. In rele-
vance to radiofrequency, magnetic-relaxation switches-based
assays enable sensing such complex and nonoptical matrices
(e.g., multicomponent environmental samples, blood, or



The Scientific World Journal 7

Environmental
sample

Filtration
and

concentration

Immuno
separation

Lysis or disruption Purification Amplification 
or 

hybridization

Fluorescence

Chemiluminescence

Amperometry

Mechanical

Immunosensor

Impedance, resistance

Label and detect

Direct detection

Chemiluminescence

Electrochemical 

Mechanical

DNA-biosensor

Fluorescence 

Label and detect

Direct detection

Chemiluminescence

Electrochemical 

Mechanical

Fluorescence 

Label and detect

Direct detection

Green-biosensor
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culture media). Consequently, the handling capability with
complex samples expedites multiple processing steps, relative
to the traditional optical applications [51–54].

In addition,magnetic-relaxation switches-basedmethod-
ologies provide advantages over similar detection tests in
vitro. Specific and highly sensitive assays with the use of
MRS sensors were able to quantitatively determine bacte-
rial pathogens in environmental samples [55]. For sensing
MC-LR residual, stable and sensitive immunosensors were
successfully developed on basis of relaxation of magnetic
nanoparticles [56]. By using antigenMC-LR conjugatedmag-
netic nanoparticles, MC-LR specific antibodies can aggregate
them into clustered forms in liquid media (Figure 3) [27].
In water sample, the MC-LR was quantitatively determined
at range of 1–18 ppb with detection limit of 0.6 ppb. Due
to advantage of magnetic-relaxation switches-based assay, it
is regarded as a potential platform for rapid monitoring of
hazardous pollutants in complex environmental samples and
may extend its use of choices in wider fields [8].

5. Improvements for Environmental
Nanobiosensors Regarding Bioreceptors

Recently, nucleic acid biosensor-based researches have been
increasingly focused. Nucleic acid biosensors offer desirable
sensitivity for detecting particularly water-borne pathogens
even at low levels (Figure 4) [57, 58]. At diverging point,
immunosensors (left panels) require only filtration, con-
centration, and detection while DNA biosensors (central
panels) possibly need consecutive preprocessing of cellular
component disruption, genetic material purification, and

often enzymatic amplification and/or hybridization. Afore-
mentioned sensors can be established in either label-based
or label-free detection system. Typical detection methods are
exemplified in column boxes.

To improve efficacy of these biosensors, step of purifica-
tion and concentration of pathogens of interest, followed by
lysis step of several components (e.g., cell membrane, oocyst
wall, spore coat, or viral capsid) and nucleic acid purification
prior to amplification and detection, are required. Although
market ready-to-use kits for these procedures (e.g., Qiagen’s
nucleic acid purification kits) are available, such preprocess-
ing steps consume time. The assay procedures need to be
simplified and shortened.

In respect to miniaturization, confining reaction within
a micro- or nanoscale, fluidic panel has potential to shorten
assay time using its higher diffusion ability [59] and to sim-
plify assay steps by combining multiple operations together
into micro total analysis systems (𝜇TAS) [60]. Microfluidic
devices with sample preparation steps including immunosep-
aration and preconcentration have been accomplished for
mRNA isolation [61], PCR-based amplification [62–65], and
isothermal amplification reactions [66].

Of particular interest, immunosensors-based methods
have proved to enhance sensitivity. Similar to PCR-based
methods, these methods possess low detection limits toward
detection of numerous pathogens but amplification step
is unnecessary. This technology is promising due to the
reduction of both assay time and complexity. For instance,
biobarcode assays have been employed to accomplish signal
amplification in S. entericaEnteritidis-sensing assays. A sand-
wich hybridization assay combining target-specific probe
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coated-gold nanoparticles and fluorescein-labeled barcode
DNA (a 1 : 100 ratio) with magnetic beads was achieved to
detect 0.25 fmol target DNA [67]. The detection limit of
this method is similar to that of using liposomal signal
amplification in DNA-based sensors [68, 69]. Nevertheless,
its sensitivity is insufficient to detect nonamplified target
DNA. The use of multiple liposome-tagged probes in a rapid
lateral flow assay was capable of selectively detecting 16S
rRNA as a potential target as 80% of the total RNA (135 ng)
in an intact bacterial cell, without enzymatic amplification
within 20 minutes [70, 71]. This implies further potential
utilization of liposome-based signal amplification.

Another method with use of up-converting phosphor
technology (UPT) provides specific signals in assays without
enzymatic amplification. Usually, UPT uses inorganic micro-
crystals that confer visible light emission when an infrared
laser is exited, yielding specific signals with very low noise
due to nonautofluorescent property [72]. PCR-based assays
using these UPT-based molecules as reporters were achieved
to detect low level of specific target DNA [73]. Moreover,
amplification-free hybridization-basedDNA assay using four
probes (two labeled with biotin for capture of the specific
target and two labeled with digoxigenin) and UPT-reporters
labeled with an antidigoxigenin antibody was developed to
detect Streptococcus pneumonia [74]. With the utility of the
multiple probes, this assay enables the detection of target
genomic DNA at 1 ng or about 106 bacterial cells.

6. Future Perspectives with
Advanced Nanotechnology

Of considerable interest, we summarize recent progress in
environmental sensor-based research with “individual or
combinatorial” uses of fluorescent nanoparticles and mag-
netic nanomaterials as environmental monitoring tool, and
the utility of newly developed nanoparticles for detection of
various environmental pollutants [75].

Due to facile synthetic processes of nanoparticles with
desirable sizes and structures, this will definitely facili-
tate development of nanomaterial fabrication. Accordingly,
nanocomposites comprising of discrete domains of different
materials display novel physicochemical properties that will
be important for wider applications in several fields, includ-
ing environment. For instance,magnetic Fe

3
O
4
nanoparticles

with silica shell in Fe
3
O
4
/SiO
2
core-shell structures were

synthesized. The Fe
3
O
4
/SiO
2
core-shell absorbed with gold

nanoparticles by electrostatic adsorption to amino groups on
the surfacewas established to formFe

3
O
4
/SiO
2
/Au structures

[76]. Composite core-shell nanostructures possessing optical,
magnetic, catalytic, and surface plasmon resonance prop-
erties offer advantages over individual single-component
materials.

Typically, environmental screening is constituted using
instrumental analysis (e.g., thin layer chromatography
(TLC) [77], high-pressure liquid chromatography (HPLC)
[78, 79], gas chromatography-mass spectrometry (GC-MS)
[80], liquid chromatography-mass spectrometry (LC-MS),
and immunoassay [81–84]). TLC is a simple and economic

method for environmental contaminant determination but
its sensitivity is low. Traditional instrument-based methods
(e.g., HPLC, GC-MS, and LC-MS) are commonly applied
for environmental pollutant measurement. However, they
are cost- and time-ineffective due to complicated sample
preparation [85]. Hence, these methods are inappropriate
for routine monitoring of numerous samples. Nanoparticle-
based sensors conferring sensitive and specific potential in
possible portable platform offer advantages over traditional
instrument analysis and enzyme-linked immunosorbent
assay in more rapid results and higher throughputs.

Applications of nanoparticle-based sensors inwidespread
surveillance of environmental toxicants+ are due to their sen-
sitivity, selectivity, speediness, and affordability.Thedetection
of environmental pollutants with fewer steps is possible with
nanoparticle-based sensors (e.g., optical and magnetic reso-
nance sensors). Numerous nanosensors have been developed
as portable devices. In addition, immune-chromatographic
strip-based assays can be readout by unaided eyes. However,
quantitative analysis of analytes usually needs an array
scanner or similar instrumentation. Portable strip readers
for quantitative dry-reagent strip sensors have been designed
to assess the color intensity of membrane bands, enabling
them for on-site detection [86–88]. On basis of magnetic
nanomaterials, magnetic-relaxation sensing method can be
undertaken using miniaturized diagnostic magnetic reso-
nance systems containing planar microcoils, microfluidic
channels, and a portable magnet [89]. This portable device
has been established for rapid, quantitative, and multiplex
measurement of multicomponent environmental samples
with high sensitivity using smaller device [8].

In commercial setting, these technologies include im-
munomagnetic separation (IMS) with semiautomated pro-
cedure (TCS Biosciences Isolate System), immunofluores-
cence assay (FA) microscopy in antibodies-labeled well slide
platform (Meridian Biosciences MERIFLUOR), cytometry
using fluorescent cell labeling and laser scanning technology
(highly-automated, ChemScan RDI Solid-Phase Cytometry,
bioMérieux), and molecular biology- and PCR-based detec-
tionmethods of target specific sequences (RT-PCRDetection
Kits, CEERAM, and Norgen Biotek).

Advanced nanotechnology refers to the study of how
nanotechnology can benefit the environment and hence aims
for products and processes that are safe and energy efficient,
reduce waste, and lessen greenhouse gas emissions. The so-
called “green” nanotechnology is also about manufacturing
processes that are economically and environmentally sus-
tainable. Green nanotechnology is increasingly referred to
in connection with other concepts such as green chemistry
and sustainable and green engineering and manufacturing.
This green nanotechnology enables advance development of
nanotechnology to minimize potential environmental and
human health risks associated with the manufacture and
use of engineered-nanomaterial products and to encourage
replacement of existing products with novel nanomaterial-
based products that are more eco-friendly throughout their
lifecycle.

Intriguingly, selective colorimetric assay with the use of
green synthesized silver nanoparticles from plant extracts



The Scientific World Journal 9

has been recently developed for sensing toxic metal ions in
aqueous solution across a wide pH range (2.0–11.0) [90]. The
green silver nanoparticles were synthesized by coordinating
metal with organic functional groups present in the plant
extracts (e.g., fresh and sun-dried neem leaf, fresh and sun-
dried mango leaf, green tea, and pepper seed). Fresh neem
leaf extracts-based silver nanoparticles were selectively capa-
ble of detectingHg2+ while sun-dried neem leaf extract-based
silver nanoparticles were found to selectively determine Hg2+
and Pb2+ at micromolar concentrations. Neem bark extract-
based silver nanoparticles displayed selective colorimetric
sensing of Hg2+ and Zn2+. Similarly, silver nanoparticles
synthesized from mango leaf (fresh and sun-dried) and
green tea extracts exhibited selective colorimetric sensing of
Hg2+ and Pb2+ ions. Interestingly, pepper seed extracts-based
silver nanoparticles showed selective colorimetric sensing
properties toward Hg2+, Pb2+, and Zn2+. These green syn-
thesized silver nanoparticles offer versatility with use of plant
extracts via green nanotechnology as well as applicability in
environmental sensor, especially in decontamination of toxic
metal ions over broad pH range.

Taken together, high-throughput and ultrasensitive de-
tection nanotechnology provide effective screening meth-
ods for various environmental pollutants. Nanosensors
offer potential advantages: sensing capability of microbial
pathogens or chemical contaminants at very low levels,
convenient handling as portable device for on-site screening
or real-timemonitoring, cost-, labor-, and time-effectiveness,
and simultaneous multiplex detecting ability. Furthermore,
advanced nanotechnology encourages a fresh way of design-
ing new products, with the environment and sustainabil-
ity in mind. This nanobiotechnology will further promote
widespread applications in several fields, particularly in
environmental monitoring. The benefits of nanotechnology
have thus an important role in keeping the environmental
health safer.

7. Concluding Remarks

Of global health concern, particular water-borne pathogens
and other potential toxicants contaminated in environ-
mental conditions are critical. Development of detection
methods with sensitivity, selectivity, and speediness is
urgently required for screening their occurrence in cor-
respondence with safety regulations at clinically signifi-
cant levels. This will promote for betterment of the pub-
lic health and individual life quality. Even though nucleic
acid-based biosensors have potential at sensing very low
concentrations, they still require time-ineffective purification
steps at upstream processes. Immunosensors need rela-
tively fewer steps of sample preparation processes, giving
rise to shorter assay time; however, antibodies of need
are complicated and noneconomical. Using different signal
amplification and background-reduction techniques coupled
with the miniaturization with enhanced sensitivity, nucleic
acid/antibody-based detection methods offer sensitive and
selective tools for screening various forms of water-borne
pathogens.

So far, current investigations have been focused on detec-
tion of pathogens in the actual environmental samples as
well as on prerequisite of preprocessing steps. Combinatorial
use of fluorescent nanoparticles and magnetic nanomaterials
will facilitateminiaturization techniques, multiplex detection
systems, and nanomaterials-based research for simultane-
ously sensing relevant pathogens in a specific environmental
scenario. However, some artifacts relating to interfering sub-
stances, nonspecific binding, aggregation, and toxicity of such
nanoparticles should be addressed prior to their full potential
and implementation as biosensors. The significant advantage
includes rapid results because the approach to increase
signal rather than the target analytes has revolutionized the
paradigm of detection.

Taken together, these methodologies conjugated with
green nanotechnology will expedite potential existing meth-
ods thatwould offer sensitivity, specificity, speediness, robust-
ness, and self-cleaning to complement or replace the typical
standards as well as promote accessibility of safe drinking
water and decrease the global health problem due to water-
borne diseases, in particular. Taking care of environmental
concerns up front pays back in long-term benefits.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This research was supported by a grant from the Faculty
of Environment and Resource Studies, Mahidol University,
and a 2557 Grant from Mahidol University, and National
Research Council of Thailand (NRCT)/Thailand Research
Funds (TRF). Additionally, this paper is supported by Korea
Ministry of Environment as “The Eco-Innovation Project”
(412-112-011).

References

[1] K. A. Kvenvolden and C. K. Cooper, “Natural seepage of crude
oil into the marine environment,” Geo-Marine Letters, vol. 23,
no. 3-4, pp. 140–146, 2003.

[2] G. Duan, Z. Zhang, J. Zhang, Y. Zhou, L. Yu, and Q. Yuan,
“Evaluation of crude toxin andmetabolite produced byHelmin-
thosporium gramineum Rabenh for the control of rice sheath
blight in paddy fields,” Crop Protection, vol. 26, no. 7, pp. 1036–
1041, 2007.

[3] F. Busetti, S. Badoer, M. Cuomo, B. Rubino, and P. Traverse,
“Occurrence and removal of potentially toxic metals and heavy
metals in the wastewater treatment plant of fusina (Venice,
Italy),” Industrial and Engineering Chemistry Research, vol. 44,
no. 24, pp. 9264–9272, 2005.

[4] M. Auffan, J. Rose, J.-Y. Bottero, G. V. Lowry, J.-P. Jolivet, and
M. R.Wiesner, “Towards a definition of inorganic nanoparticles
from an environmental, health and safety perspective,” Nature
Nanotechnology, vol. 4, no. 10, pp. 634–641, 2009.

[5] J. Cheon and J.-H. Lee, “Synergistically integrated nanoparticles
as multimodal probes for nanobiotechnology,” Accounts of
Chemical Research, vol. 41, no. 12, pp. 1630–1640, 2008.



10 The Scientific World Journal

[6] P. K. Jain, X. Huang, I. H. El-Sayed, and M. A. El-Sayed,
“Noble metals on the nanoscale: optical and photothermal
properties and some applications in imaging, sensing, biology,
andmedicine,”Accounts of Chemical Research, vol. 41, no. 12, pp.
1578–1586, 2008.

[7] J. Gao, H. Gu, and B. Xu, “Multifunctional magnetic nanopar-
ticles: design, synthesis, and biomedical applications,” Accounts
of Chemical Research, vol. 42, no. 8, pp. 1097–1107, 2009.

[8] C. Peng, Z. Li, Y. Zhu et al., “Simultaneous and sensitive deter-
mination of multiplex chemical residues based on multicolor
quantum dot probes,” Biosensors and Bioelectronics, vol. 24, no.
12, pp. 3657–3662, 2009.

[9] P. Tuitemwong, N. Songvorawit, and K. Tuitemwong, “Facile
and sensitive epifluorescent silica nanoparticles for the rapid
screening of EHEC,” Journal of Nanomaterials, vol. 2013, Article
ID 706354, 8 pages, 2013.

[10] H. Yu and J. G. Bruno, “Immunomagnetic-electrochemilu-
minescent detection of Escherichia coli O157 and Salmonella
typhimurium in foods and environmental water samples,”
Applied and Environmental Microbiology, vol. 62, no. 2, pp. 587–
592, 1996.

[11] J. G. Bruno and H. Yu, “Immunomagnetic-electrochemilu-
minescent detection of Bacillus anthracis spores in soil matri-
ces,” Applied and Environmental Microbiology, vol. 62, no. 9, pp.
3474–3476, 1996.

[12] X.-L. Su and Y. Li, “Quantum dot biolabeling coupled with
immunomagnetic separation for detection of Escherichia coli
O1517:H7,” Analytical Chemistry, vol. 76, no. 16, pp. 4806–4810,
2004.

[13] E. R. Goldman, A. R. Clapp, G. P. Anderson et al., “Multiplexed
toxin analysis using four colors of quantum dot fluororeagents,”
Analytical Chemistry, vol. 76, no. 3, pp. 684–688, 2004.

[14] J. A. Kloepfer, R. E. Mielke, M. S. Wong, K. H. Nealson,
G. Stucky, and J. L. Nadeau, “Quantum dots as strain- and
metabolism-specific microbiological labels,” Applied and Envi-
ronmental Microbiology, vol. 69, no. 7, pp. 4205–4213, 2003.

[15] J. G. Bruno and J. L. Kiel, “Use of magnetic beads in selection
and detection of biotoxin aptamers by electrochemilumines-
cence and enzymatic methods,” BioTechniques, vol. 32, no. 1, pp.
178–180, 2002.

[16] S. Dwarakanath, J. G. Bruno, A. Shastry et al., “Quantum
dot-antibody and aptamer conjugates shift fluorescence upon
binding bacteria,” Biochemical and Biophysical Research Com-
munications, vol. 325, no. 3, pp. 739–743, 2004.

[17] M. Ikanovic, W. E. Rudzinski, J. G. Bruno et al., “Fluorescence
assay based on aptamer-quantum dot binding to bacillus
thuringiensis spores,” Journal of Fluorescence, vol. 17, no. 2, pp.
193–199, 2007.

[18] S. B. Shinde, C. B. Fernandes, andV. B. Patravale, “Recent trends
in in-vitro nanodiagnostics for detection of pathogens,” Journal
of Controlled Release, vol. 159, no. 2, pp. 164–180, 2012.

[19] C. Kaittanis, S. Santra, and J. M. Perez, “Emerging nano-
technology-based strategies for the identification of microbial
pathogenesis,” Advanced Drug Delivery Reviews, vol. 62, no. 4-
5, pp. 408–423, 2010.

[20] J. Song, H. Kim, Y. Jang, and J. Jang, “Enhanced antibacte-
rial activity of silver/polyrhodanine-composite-decorated silica
nanoparticles,” ACS Applied Materials and Interfaces, vol. 5, no.
22, pp. 11563–11568, 2013.

[21] M. N. Velasco-Garcia, “Optical biosensors for probing at the
cellular level: a review of recent progress and future prospects,”

Seminars in Cell and Developmental Biology, vol. 20, no. 1, pp.
27–33, 2009.

[22] T. Vo-Dinh, “Nanosensing at the single cell level,” Spectrochim-
ica Acta B, vol. 63, no. 2, pp. 95–103, 2008.

[23] M. S. Thakur and K. V. Ragavan, “Biosensors in food process-
ing,” Journal of Food Science and Technology, vol. 50, no. 4, pp.
625–641, 2013.

[24] A. P. F. Turner, I. Karube, and G. S. Wilson, Biosensors: Funda-
mentals and Applications, Oxford University Press, New York,
NY, USA, 1987.

[25] T. H. Rider, M. S. Petrovick, F. E. Nargi et al., “A B cell-based
sensor for rapid identification of pathogens,” Science, vol. 301,
no. 5630, pp. 213–215, 2003.

[26] S. K. Arya, A. Singh, R. Naidoo, P. Wu, M. T. McDermott, and
S. Evoy, “Chemically immobilized T4-bacteriophage for specific
Escherichia coli detection using surface plasmon resonance,”
Analyst, vol. 136, no. 3, pp. 486–492, 2011.

[27] L. Wang, W. Ma, L. Xu et al., “Nanoparticle-based environmen-
tal sensors,”Materials Science and Engineering R, vol. 70, no. 3–
6, pp. 265–274, 2010.

[28] H. Uzawa, K. Ohga, Y. Shinozaki et al., “A novel sugar-probe
biosensor for the deadly plant proteinous toxin, ricin,” Biosen-
sors and Bioelectronics, vol. 24, no. 4, pp. 923–927, 2008.

[29] B.-H. Liu, Z.-J. Tsao, J.-J. Wang, and F.-Y. Yu, “Development of
a monoclonal antibody against ochratoxin A and its application
in enzyme-linked immunosorbent assay and gold nanoparticle
immunochromatographic strip,” Analytical Chemistry, vol. 80,
no. 18, pp. 7029–7035, 2008.

[30] X.-H. Wang, T. Liu, N. Xu, Y. Zhang, and S. Wang, “Enzyme-
linked immunosorbent assay and colloidal gold immunoassay
for ochratoxin A: investigation of analytical conditions and
sample matrix on assay performance,” Analytical and Bioana-
lytical Chemistry, vol. 389, no. 3, pp. 903–911, 2007.

[31] W. B. O. Shim, K. Y. Kim, and D. H. Chung, “Development
and validation of a gold nanoparticle immunochromatographic
assay (ICG) for the detection of zearalenone,” Journal of Agricul-
tural and Food Chemistry, vol. 57, no. 10, pp. 4035–4041, 2009.

[32] W.-B. Shim, Z.-Y. Yang, J.-S. Kim et al., “Development of
immunochromatography strip-test using nanocolloidal gold-
antibody probe for the rapid detection of aflatoxin B1 in grain
and feed samples,” Journal of Microbiology and Biotechnology,
vol. 17, no. 10, pp. 1629–1637, 2007.

[33] G. K. Darbha, A. K. Singh, U. S. Rai, E. Yu, H. Yu, and P. C. Ray,
“Selective detection of mercury (II) ion using nonlinear optical
properties of gold nanoparticles,” Journal of the American
Chemical Society, vol. 130, no. 25, pp. 8038–8043, 2008.

[34] W. Yang, J. J. Gooding, Z. He, Q. Li, and G. Chen, “Fast colori-
metric detection of copper ions using L-cysteine functionalized
gold nanoparticles,” Journal of Nanoscience and Nanotechnol-
ogy, vol. 7, no. 2, pp. 712–716, 2007.

[35] X. Xue, F. Wang, and X. Liu, “One-step, room temperature, col-
orimetric detection ofmercury (Hg2+) usingDNA/nanoparticle
conjugates,” Journal of the American Chemical Society, vol. 130,
no. 11, pp. 3244–3245, 2008.

[36] J. Chen, A. Zheng, A. Chen et al., “A functionalized gold
nanoparticles and Rhodamine 6G based fluorescent sensor
for high sensitive and selective detection of mercury(II) in
environmental water samples,”Analytica ChimicaActa, vol. 599,
no. 1, pp. 134–142, 2007.

[37] C. C. Huang and H. T. Chang, “Selective gold-nanoparticle-
based “turn-on” fluorescent sensors for detection ofmercury(II)



The Scientific World Journal 11

in aqueous solution,” Analytical Chemistry, vol. 78, no. 24, pp.
8332–8338, 2006.

[38] X.He,H. Liu, Y. Li et al., “Gold nanoparticle-based fluorometric
and colorimetric sensing of copper(II) ions,” Advanced Materi-
als, vol. 17, no. 23, pp. 2811–2815, 2005.

[39] T. Li, S. Dong, and E. Wang, “Label-free colorimetric detection
of aqueous mercury ion (Hg2+) using Hg2+-modulated G-
quadruplex-based dnazymes,” Analytical Chemistry, vol. 81, no.
6, pp. 2144–2149, 2009.

[40] R. Freeman, T. Finder, and I. Willner, “Multiplexed analysis of
Hg2+ and Ag+ ions by nucleic acid functionalized CdSe/ZnS
quantum dots and their use for logic gate operations,” Ange-
wandte Chemie, vol. 48, no. 42, pp. 7818–7821, 2009.

[41] C.-C.Huang, Z. Yang, K.-H. Lee, andH.-T. Chang, “Synthesis of
highly fluorescent gold nanoparticles for sensing mercury(II),”
Angewandte Chemie, vol. 46, no. 36, pp. 6824–6828, 2007.

[42] W. L. Daniel, M. S. Han, J.-S. Lee, and C. A.Mirkin, “Colorimet-
ric nitrite and nitrate detection with gold nanoparticle probes
and kinetic end points,” Journal of the American Chemical
Society, vol. 131, no. 18, pp. 6362–6363, 2009.

[43] S. S. R. Dasary, A. K. Singh, D. Senapati, H. Yu, and P.
C. Ray, “Gold nanoparticle based label-free SERS probe for
ultrasensitive and selective detection of trinitrotoluene,” Journal
of the American Chemical Society, vol. 131, no. 38, pp. 13806–
13812, 2009.

[44] L. Wang, L. Dong, G.-R. Bian, L.-Y. Wang, T.-T. Xia, and H.-Q.
Chen, “Using organic nanoparticle fluorescence to determine
nitrite in water,” Analytical and Bioanalytical Chemistry, vol.
382, no. 5, pp. 1300–1303, 2005.

[45] A. K. Singh, D. Senapati, S. Wang et al., “Gold nanorod based
selective identification of Escherichia coli bacteria using two-
photon rayleigh scattering spectroscopy,” ACS Nano, vol. 3, no.
7, pp. 1906–1912, 2009.

[46] L. Wang, Y. Zhu, L. Xu et al., “Side by side and end to end
gold nanorod assemblies for environmental toxin sensing,”
Angewandte Chemie International Edition, vol. 49, no. 32, pp.
5472–5475, 2010.

[47] J. J. Gooding, J. Shein, and L. M. H. Lai, “Using nanoparticle
aggregation to give an ultrasensitive amperometric metal ion
sensor,” Electrochemistry Communications, vol. 11, no. 10, pp.
2015–2018, 2009.

[48] B. S. Shim, W. Chen, C. Doty, C. L. Xu, and N. A. Kotov, “Smart
electronic yarns and wearable fabrics for human biomonitoring
made by carbon nanotube coating with polyelectrolytes,” Nano
Letters, vol. 8, no. 12, pp. 4151–4157, 2008.

[49] L. Wang, W. Chen, D. Xu et al., “Simple, rapid, sensitive,
and versatile SWNT-paper sensor for environmental toxin
detection competitive with ELISA,” Nano Letters, vol. 9, no. 12,
pp. 4147–4152, 2009.

[50] J. Zhang, J. Lei, C. Xu, L. Ding, and H. Ju, “Carbon nanohorn
sensitized electrochemical immunosensor for rapid detection of
microcystin-LR,” Analytical Chemistry, vol. 82, no. 3, pp. 1117–
1122, 2010.

[51] T. J. Lowery, R. Palazzolo, S. M. Wong, P. J. Prado, and S.
Taktak, “Single-coil, multisample, proton relaxationmethod for
magnetic relaxation switch assays,” Analytical Chemistry, vol.
80, no. 4, pp. 1118–1123, 2008.

[52] E. Y. Sun, R. Weissleder, and L. Josephson, “Continuous analyte
sensing with magnetic nanoswitches,” Small, vol. 2, no. 10, pp.
1144–1147, 2006.
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Electrical discharge using a capacitance of 450𝜇F at 7.0 and 8.0 kJ input energies was applied to mechanical alloyed Ti
5
Si
3
powder

without applying any external pressure. A solid bulk of nanostructured Ti
5
Si
3
with no compositional deviation was obtained in

times as short as 159𝜇sec by the discharge. During an electrical discharge, the heat generated is the required parameter possibly to
melt the Ti

5
Si
3
particles and the pinch force can pressurize the melted powder without allowing the formation of pores. Followed

rapid cooling preserved the nanostructure of consolidated Ti
5
Si
3
compact. Three stepped processes during an electrical discharge

for the formation of nanostructured Ti
5
Si
3
compact are proposed: (a) a physical breakdown of the surface oxide of Ti

5
Si
3
powder

particles, (b) melting and condensation of Ti
5
Si
3
powder by the heat and pinch pressure, respectively, and (c) rapid cooling for

the preservation of nanostructure. Complete conversion yielding a single phase Ti
5
Si
3
is primarily dominated by the solid-liquid

mechanism.

1. Introduction

Syntheses of intermetallic compounds with high melting
points via mechanical alloying have been attempted in
numerous studies [1, 2]. In general, combustion reactions
have been initiated by ball milling in a variety of highly
exothermic reaction mixtures. The formation of inter-
metallics from their elemental components accelerates dur-
ing ball milling to become a self-sustaining high temperature
reaction [3, 4]. Among intermetallic compounds, Ti

5
Si
3
has

attracted more interest recently because a number of their
properties have potential in materials applications. Char-
acteristics which make them promising high temperature
structural materials include low temperature toughness, high
temperature strength and creep resistance, oxidation resis-
tance, and relatively low density [5, 6].There are various ways
to improve the fracture toughness of Ti

5
Si
3
, such as reduction

of grain size and alloying with other elements [7–9].

Conventionally, a solid bulk typed Ti
5
Si
3
can be synthe-

sized by reacting mixed stochiometric powders of Ti and
Si at higher temperature or arc melting of Ti and Si pieces
[10, 11]. In spite of their research significance, in recent years
there have been relatively few studies on the consolidation of
Ti
5
Si
3
in the form of powder. The usual sequence in powder

metallurgy operations is to compact a metal powder in a die
at room temperature and subsequently sinter it at elevated
temperatures. Not only are high pressure, high temperature,
and long times required, but in the case of reactive materials,
such as Ti and its alloys, an inert atmosphere is also inevitably
required. The high temperatures involved in these processes,
however, result in detrimental changes in the microstructure
and mechanical properties.

Lee and coworkers reported that Ti, Ti-6Al-4V, and
Ti
5
Si
3
powders can be successfully consolidated into a solid

bulk type without detrimental changes in the microstructure
and mechanical properties by using an electrical discharge
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Figure 1: A schematic diagram of the experimental setup for the electrical discharge consolidation (EDC) technique.

technique [12–15]. However, the formation of nanostructured
Ti
5
Si
3
compact by the discharge has not been reported.

This paper thus analyzes the electrical discharge char-
acteristics in terms of input energy, capacitance, and dis-
charge time. It also systematically describes means by which
the electrical discharge consolidates the mechanical alloyed
Ti
5
Si
3
powder particles to produce a solid compact with a

nanostructure.

2. Materials and Methods

Elemental Ti and Si powders were mechanically alloyed
(MAed) for 30 minutes at a fixed rpm of 1200 in an Ar
atmosphere using a high speed Spex 8000D mixer/mill
(SPEX Industries, Inc.) and a cylindrical partially stabilized
zirconia (PSZ) vial (60mm i.d. and 87mm long) with high
Cr hardened steel balls (10.0 and 4.7mm in diameter). The
charged atomic ratio of the reactants corresponded to the
reaction stoichiometry (Ti-37.5 at.% Si). The purity of the
powders was better than 99.95%. The mass of the powder
charge was 10 g and the mass ratio of ball to powder was 5 : 1.

MAed powder without any surface treatment was
mounted on the spectrometer probe tip by means of double-
sided adhesive tape and examined by XPS (X-ray photo-
electron microscopy) for any possible surface modification.
Under the current conditions employed, the full width at half
maximum (FWHM) of the Ag 3d

5/2
peak was 1.1 eV, and the

binding energy difference between Ag 3d
5/2

and Ag 3d
3/2

was
6.0 eV. When the Ag 3d

5/2
peak was used as the reference

peak, the binding energy of the C1s peak of adventitious
carbon on the standard silver surface was 285 eV. All binding
energies were referenced to the C1s peak to correct for sample
charging.

0.34 grams of MAed powder was vibrated into a quartz
tube with an inner diameter of 4.0mm that had a tungsten
electrode at the bottom and top. The discharging chamber
was evacuated to 2 × 10−2 torr. A capacitor bank of 450𝜇F
was charged with two different electrical input energies
(7.0 and 8.0 kJ). The charged capacitor bank instantaneously
discharged through the MAed powder column without
applying any pressure by on/off high vacuum switch which

closes the discharge circuit. The voltage and current that
the powder column experiences when the circuit is closed
were simultaneously picked up by a high voltage probe and a
high current probe, respectively. Outputs from these probes
are fed into a high speed oscilloscope that stores them as a
function of discharge time. The overall process is referred to
as electrical discharge consolidation (EDC). A schematic of
the EDC apparatus is shown in Figure 1.

The phase compositions of the MAed powder and EDC
compacts were investigated by X-ray diffraction (XRD) using
Cu K
𝛼
radiation. Each EDC compact was sliced every two

millimeters and the resulting cross-sections were examined
under scanning electronmicroscopy (SEM) and transmission
electron microscopy (TEM). The average hardness values
were obtained from at least 20 measurements on the cross-
sections of each sample.

3. Results and Discussion

Figure 2(a) shows SEM micrograph of the MAed powder
with a mean particle size of 3.4 𝜇m, which was used in
current experiment. XRD patterns of the powder, shown in
Figure 2(b), confirmed that the powder is mainly composed
of Ti
5
Si
3
phase.

To investigate the surface chemical states of MAed Ti
5
Si
3

powder, XPS was carried out. Figure 3(a) shows narrow
scan spectra of the Ti 2p region before and after light Ar+
etching for 5 minutes. For the MAed Ti

5
Si
3
powder before

etching, a Ti 2p
3/2

peak at 459.2 eV is shown, with 5.8 eV
splitting between the Ti 2p

1/2
and Ti 2p

3/2
peaks. The Ti

2p
3/2

peak at 459.2 eV corresponds to TiO
𝑥
, implying that

the surface of MAed Ti
5
Si
3
powder is primarily in the form

of titanium oxide [16, 17]. However, after etching the MAed
Ti
5
Si
3
powder, the Ti 2p

3/2
peak shifted to lower binding

energy, 453.4 eV, which indicates the presence of titanium
silicide [18]. It can thus be known that the MAed Ti

5
Si
3

powder was lightly oxidized. Figure 3(b) shows narrow scan
spectra of the Si 2p region before and after light Ar+ etching
for 5 minutes. For the MAed Ti

5
Si
3
powder before etching,

a Si 2p peak at 102.5 eV corresponds to SiO
𝑥
[18]. After

etching the MAed Ti
5
Si
3
powder, the Si 2p peak shifted to
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Figure 2: (a) SEM micrograph and (b) XRD patterns of MAed Ti-37.5 at.% Si powder mixture.
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Figure 3: XPS narrow scan spectra of the (a) Ti 2p and (b) Si 2p region of MAed Ti
5
Si
3
powder before and after light Ar+ etching for 5

minutes.

lower binding energy, 98.2 eV, which indicates the presence of
titanium silicide [18].This result also supports that theMAed
Ti
5
Si
3
powder was lightly oxidized.

The MAed Ti
5
Si
3
powder was consolidated by a con-

ventional hot-pressing process. As shown in Figure 4(a), the
consolidation process at 1200∘C in a vacuum of 2 × 10−6 torr
for two hours by applying a pressure of 10 tons did not
successfully produce the compact in a bulk type, resulting in
the formation of a porous structure. As listed in Table 1, the
hardness of MAed Ti

5
Si
3
powder was found to be about Hv

1120, but that of the hot-pressed Ti
5
Si
3
compact decreased

down to Hv 800. The decreased hardness can be attributed
to the release of strain energy during a hot-pressing and also
to the porous structure of the compact. The cross-section
views of EDC Ti

5
Si
3
compacts at the input energy of 7.0

and 8.0 kJ are shown in Figures 4(b) and 4(c), respectively.

The compacts were composed of powder particles that were
completely deformed and welded together by the electrical
discharge. The density of the solid core of EDC Ti

5
Si
3
com-

pacts is approximately ∼99% of theoretical value. From XRD
patterns of the EDC Ti

5
Si
3
compacts as shown in Figure 5,

only peaks corresponding to the phase of Ti
5
Si
3
have been

found. It can be known that the unique phase of Ti
5
Si
3
has not

been altered by the electrical discharge process. The average
crystallite size of EDCTi

5
Si
3
compactswas determined as 93–

101 nm by using Suryanarayana and Grant Norton’s formula
[19].Measured hardness of EDCTi

5
Si
3
compacts is also listed

inTable 1, indicating that the hardness can be increased by the
electrical discharge.

Figure 6 shows a typical TEM bright-field image (a) and
selected area diffraction patterns ((b) and (c)) of the EDC
Ti
5
Si
3
compact discharged at 7.0 kJ of input energy [13].
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Figure 4: SEMmicrographs of the cross-sections of consolidated Ti
5
Si
3
compacts obtained by (a) hot-pressing at 1200∘C in a vacuum of 2 ×

10−6 torr for two hours with a pressure of 10 tons and electrical discharge consolidation using (b) 7.0 kJ and (c) 8.0 kJ of input energy.

Table 1: Microhardness of MAed Ti5Si3 powder, hot-pressed Ti5Si3
compact, and EDC Ti5Si3 compacts.

MAed Ti5Si3
powder

Hot-pressed Ti5Si3
compact

EDC Ti5Si3 compact
Input energy

7.0 kJ 8.0 kJ
Hv 1120 Hv 800 Hv 1410 Hv 1450

TEMbright-field image in Figure 6(a) presents the facet grain
boundary, which is quite flat suggesting that the grain bound-
aries of the Ti

5
Si
3
compound are quite stable. The diffraction

peaks in Figures 6(b) and 6(c) correspond to [001] and
[100] zone axis of hexagonal Ti

5
Si
3
compound (P6

3
/mcm),

respectively. Based on the analysis of the diffraction patterns,
a value of the lattice parameter for the EDC Ti

5
Si
3
compact

can be calculated as 𝑎 = 7.42 Å and 𝑐 = 5.17 Å, which is
almost identical to the value of the lattice parameter in the
standard hexagonal Ti

5
Si
3
compound; that is, 𝑎 = 7.46 Å and

𝑐 = 5.15 Å [14]. This indicates that there is no compositional
deviation even after the electrical discharge process. This
result supports that physical breakdown of the oxide film of
MAed powder occurs first in the initial stage of an electrical
discharge.

To investigate the consolidation mechanism of nanos-
tructured Ti

5
Si
3
solid compact by electrical discharge, elec-

trical discharging characteristics were considered in terms
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Figure 5: XRDpatterns of theTi
5
Si
3
compacts obtained by electrical

discharge consolidation of MAed Ti
5
Si
3
powder using 7.0 and 8.0 kJ

of input energy.

of input energy and capacitance under current experimental
conditions. A typical discharge curve (Figure 7(a)) shows
voltage and current in terms of discharge time. 450 𝜇F of
capacitance and 5.58 kV of input voltage were employed
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Figure 7: (a) Typical discharge curve measured current and voltage on oscilloscope and (b) typical power curve versus discharge time
(discharge condition: 450 𝜇F, 7.0 kJ).

Table 2: Peak voltage, peak current, discharge time, and heat generated (Δ𝐻) during a discharge.

Capacitance (𝜇F) Input energy (kJ) Peak voltage (kV) Peak current (kA) Discharge time (𝜇F) Δ𝐻 (J)
450 7.0 5.04 58.4 159 5880
450 8.0 5.36 60.8 159 6640
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Table 3: Temperature rise (Δ𝑇), current density (𝑗), and pinch pressure (𝑃) produced by an electrical discharge.

Input energy (kJ) Temperature rise (∘C) Current density (A/m2) Pinch pressure (MPa)
7.0 29,163 7.75 × 1011 300
8.0 33,371 8.06 × 1011 322

Uniform current

P

r

B
B
B

Figure 8: Linear pinch effect with a uniform current distribution.

to yield 7.0 kJ. The input energy (𝐸) is predetermined by
controlling input voltage (V) according to

𝐸 =
𝐶V2

2
, (1)

where 𝐶 is the capacitance of a capacitor. Figure 7(a) shows
that the peak current was 58.4 kA and the peak voltage was
5.04 kV. From the results shown in Figure 7(a), the power
(watt) curve is plotted in Figure 7(b) against the discharge
time. The power was obtained from the following equation:

𝑃 (watt) = current (A) × voltage (V) = 𝐼2𝑅 (J/sec) . (2)

The discharge times for the duration of the first cycle at two
different input energies are identical to be approximately 159
𝜇sec. The amount of heat generated (Δ𝐻) during a discharge
can be obtained by using

Δ𝐻 = ∑[𝑖
2
(𝑡) 𝑅 (𝑡) Δ𝑡] . (3)

Typical discharge characteristics under the current condi-
tions are tabulated in Table 2 in terms of peak current,
peak voltage, discharge time, and Δ𝐻. It is known that
Δ𝐻 increases with an increase in input energy at constant
capacitance.

As a usual sintering process, the consolidation of metal
powder requires a heat. To understand the effects of Δ𝐻 as
one of discharge characteristics for the consolidation process,
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calculated from the voltage and current recordings during an
electrical discharge.

the temperature rise (Δ𝑇), which is caused by an input energy,
is now considered and estimated using

𝑊 = 𝑚𝐶𝑝Δ𝑇, (4)

where 𝑚 is the mass of the MAed Ti
5
Si
3
powder and 𝐶𝑝 is

the specific heat of Ti
5
Si
3
.The electrical input power (𝑊) was

calculated by integrating current and voltage as a function
of discharge time. The resulting data for the heat generated
by the electrical discharge process are listed in Table 3. It
can be known that the electrical discharge produces the heat
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significantly greater than the melting temperature of Ti
5
Si
3
.

Such a heat generated through the MAed Ti
5
Si
3
powder is

supposed to be high enough to vaporize the Ti
5
Si
3
powder.

However, the duration of the heat rise as 159 𝜇sec could be
too short for the complete vaporization process, resulting
in the phase transformation into liquid. Moreover, it can be
expected that the consolidated Ti

5
Si
3
compact contains some

pores since the electrical discharge process of Ti
5
Si
3
powder

was carried out without applying any pressure.Therefore, one
possible force which can pressurize the liquidus powder can
be considered as a function of input energy.

When a capacitor bank is discharged through a powder
column, a long cylindrical metal powder column conducting
an axial current, distributed axisymmetrically as shown in
Figure 8, tends to contract radially inwards. At this moment
the magnetic field generated by the current flow causes a
diametric contraction, which is known as the pinch effect
[20].Themagnitude of themagnetic field (𝐵) can be obtained
by using

𝐵 =
1

2
𝜇𝑟𝑗, (5)

where 𝜇 is the permeability, 𝑗 is the current density, and 𝑟
is the distance from the center of the powder column. The
resulting pinch pressure (𝑃) is the mechanical force acting on
the powder column that will produce a solid core. The pinch
pressure is given by

𝑃 =
𝜇𝑗
2
(𝑎
2
− 𝑟
2
)

4
, (6)

where 𝑎 is the radius of the cylindrical powder column. Allow
the diameter (2𝑎) of the contact region to be approximately
one-tenth of the diameter of an average powder particle, as is
often the case in solid mechanics [21]. MAed Ti

5
Si
3
powder

particles are considered to be stacked in such a linear manner
that only one contact point is formed, resulting in the parallel
straight current passage. The geometrical parameters needed
for estimating the pinch pressure can be obtained and are
tabulated in Table 4. Using these parameters, the maximum
pinch pressure can be estimated in the center of the contact
area (at 𝑟 = 0).The resulting pinch pressures calculated under
current experimental conditions are also listed in Table 3.
It can be known that the pinch pressures between 300
and 322MPa by the discharge were generated and could

Table 4: Geometric parameters in the pinch pressure calculation.

Number of particles on cross-section of powder
column 614

Contact area of particle (m2) 1.23 × 10−10

Mean cross-sectional area of powder particle (m2) 7.55 × 10−8

Radius of the powder column (m) 1.2 × 10−4

pressurize the liquidus powder particles, producing a bulk-
typed Ti

5
Si
3
compact without containing pores.

Since the pinch pressure is maximal at the center of Ti
5
Si
3

powder column, its distribution across the cross-section of
the compact should be different. The distribution of pinch
pressures generated across the Ti

5
Si
3
powder column with

two different input energies is shown in Figure 9. The pinch
pressure decreases down to 0 at the surface of the Ti

5
Si
3

powder column. Since the pinch pressure is maximal at the
center of the powder column, the solid core is formed easily,
especially in the center of the Ti

5
Si
3
compact. Therefore, it is

very logical that the heat generated is the required parameter
to melt the MAed Ti

5
Si
3
powder particles and the pinch

pressure can condense them without allowing a formation of
pores across the compact.

Figure 10 shows the resistance change through the MAed
Ti
5
Si
3
powder column during an electrical discharge, which

was determined from the recordings of voltage and current. It
can be seen that there are three distinct regions: 0 to 6𝜇sec as
stage 1, 7 to 146 𝜇sec as stage 2, and 147 to 159 𝜇sec as stage 3. In
stage 1, electronic and physical breakdown of the oxide layer
of MAed Ti

5
Si
3
powder occurred, causing the rapid drop of

resistance. In stage 2, the resistance decreased very slowly.
The heat generated during a discharge would liquefy the
MAed Ti

5
Si
3
powder. Both condensation and densification

of melted Ti
5
Si
3
powder are promoted by the pinch force,

especially in the center of the powder column. In stage 3,
another rapid drop of resistance occurred. The rapid cooling
occurs in this stage, resulting in the preservation of nanosized
crystallite of Ti

5
Si
3
compact.

Figure 11 shows the formation sequence of nanostruc-
tured Ti

5
Si
3
compact by the electrical discharge of MAed

Ti
5
Si
3
powder, indicating that the heat generated, pinch

pressure, and rapid cooling are required parameters for the
consolidation process of nanostructured Ti

5
Si
3
.
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4. Conclusions

Electrical discharges of mechanical alloyed Ti-37.5 at.% Si
powder mixture using a capacitance of 450 𝜇F at input ener-
gies of 7.0 and 8.0 kJ were carried out without applying any
external pressure. The MAed Ti

5
Si
3
powder was successfully

consolidated in times as short as 160 𝜇sec into a solid bulk
of Ti
5
Si
3
compact with nanosized crystallites. It is proposed

that, during an electrical discharge, physical breakdown of
the oxide film of MAed Ti

5
Si
3
powder occurs first. Both

melting and condensing the Ti
5
Si
3
powder are promoted

by the heat and the pinch force especially in the center of
the powder column, respectively. And then rapid cooling
occurred, resulting in the formation of nanostructured Ti

5
Si
3

compact.
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A vacuum ultraviolet (VUV) field emission lamp was developed by using a neodymium ion doped lutetium fluoride (Nd3+ : LuF
3
)

thin film as solid-state phosphor and carbon nanofiber field electron emitters. The thin film was synthesized by pulsed laser
deposition and incorporated into the lamp. The cathodoluminescence spectra of the lamp showed multiple emission peaks at 180,
225, and 255 nm. These emission spectra were in good agreement with the spectra reported for the Nd3+ : LuF

3
crystal. Moreover,

application of an acceleration voltage effectively increased the emission intensity. These results contribute to the performance
enhancement of the lamp operating in the VUV region.

1. Introduction

Vacuum ultraviolet (VUV) light has been used in numerous
fields, such as cleaning, surface modification, and steriliza-
tion, because short wavelength light with high photon energy
is capable of breaking strong chemical bonds [1–3].Therefore,
performance improvements of VUV lamps contribute to the
progress of these applications. The VUV gas lamp has widely
been used [4–6] but presents limited stability, lifetime, and
size. VUV lamps using a solid-state phosphor have attracted
considerable attention as alternate light sources because they
exhibit less deterioration, less fluctuation, and higher density
than gas lamps [7, 8]. These lamps require wide band gap
materials but few solid-state phosphors have substantial band
gaps. Group III nitrides are suitable because they present a
direct transition type band structure with a wide band gap

[9, 10]. However, even when using AlN, which emits light at
a relatively short wavelength, the operating wavelength was
limited to deep UV region [9, 11–13]. The wide band gap
of diamond can be applied to UV but not to VUV lamps
[14]. On the other hand, some fluorides have band gaps that
are sufficiently wide to enable light emission in the VUV
region [15, 16]. Fluoride compositematerials have beenwidely
studied as laser materials, scintillation materials, and optical
materials because of their extremely wide band gap [17–
24]. Specifically, a KMgF

3
thin film acting as a solid-state

phosphor and carbon nanofiber (CNF) field electron emitter
has previously been incorporated into a VUV lamp [25].
The emission spectra from the lamp showed two emission
peaks at 155 and 180 nm in the 140–200 nmwavelength range,
showing that solid-state phosphors can be exploited in VUV
lamps.
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Figure 1: Schematic diagram of VUV field emission lamp. SEM image of CNFs is shown in the insert.

Neodymium ion doped lutetium fluoride (Nd3+ : LuF
3
),

whose cathodoluminescence (CL) efficiency is almost equiv-
alent to KMgF

3
, was selected as a phosphor to develop a

new VUV lamp. This lamp also consisted of CNFs field
electron emitters. Among Nd3+ ion doped fluoride materi-
als that emit VUV light, such as Nd3+ : LuF

3
, Nd3+ : LaF

3
,

and Nd3+ : LuLiF
4
[26–28], Nd3+ : LuF

3
single crystals have

reported the highest X-ray excited luminescence conversion
efficiency [26]. However, large Nd3+ : LuF

3
single crystals

have proven difficult to grow because of the occurrence of
a hexagonal to orthorhombic phase transition (ca. 950∘C)
during the crystal growth process [26]. The stress caused
by this structural reconfiguration results in crack formation
in Nd3+ : LuF

3
single crystals. In contrast, growth of thin

film suppresses these cracks owing to reducing stress by
depositing small particles. For this reason, we fabricated
Nd3+ : LuF

3
thin film by pulsed laser deposition (PLD) to

deposit small particles. In addition, PLD has produced fewer
chemical composition discrepancies between source targets
and deposited thin films. Consequently, the fabrication of
fluoride thin films by PLD does not require the utilization of
the toxic fluorine gas [29].

2. Experimental Methods

2.1. Thin Film Fabrication. The target was prepared by press-
ing a 1 : 9 NdF

3
-LuF
3
powdermixture. A (001)-orientedMgF

2

crystal (20mm × 20mm × 0.5mm) mounted on a rotating
holder was used as a substrate and was maintained at 400∘C
during PLD. This substrate temperature was chosen because
previous experiments on the growth of Nd3+ : LaF

3
thin films

showed that substrate heating improved crystalline quality
and VUV luminescence quantum efficiency and resulted
in optimal performance at 400∘C [27]. The thin film was
deposited by irradiating the Nd3+ : LuF

3
target with the third

harmonics of a Nd : YAG laser (355 nm in wavelength). The
2mm diameter laser spot was focused on the target at a
fluence of 2.5 J/cm2 and a repetition rate of 10Hz. The
deposition was carried out for 8 h at an average pressure of
3 × 10−4 Pa without atmosphere control.

2.2. Field Emission Lamp Construction. CNFs were grown
by bombarding a grassy carbon substrate with Ar+ at room
temperature [30–32]. The ion beam, which had a diameter
of 6 cm, was set at an incident angle of 45∘ and energy of
1 keV, respectively. The length and diameter of CNFs were
0.3–2 and 20mm, respectively, with an approximate density
of 5 × 108 cm−2. Figure 1 shows the schematic of the lamp. In
addition to the CNFs and the thin film, the lamp contained
two copper mesh electrodes with a mesh width of 0.1mm.
Two teflon spacer plates were used to prevent short circuits
and provide space for electron acceleration. A 200𝜇m thick
spacer was placed between CNFs and a copper electrode and
a 5mm thick spacer was placed between the two copper
electrodes. In this lamp, electrons were emitted from CNFs
using the extraction voltage and accelerated toward the
thin film using the acceleration voltage. VUV CL from the
Nd3+ : LuF

3
thin film was emitted through the substrate. A

substrate with high transmittance in the VUV region was
needed to output light efficiently and MgF

2
, which exhibited

94% transmittance at 180 nm, satisfied this condition. The
lamp benefited from a low power consumption and reduced
thermal effects when the field electron emitters were used as
cold cathodes [33, 34]. The lamp was operated in the vacuum
chamber at an average pressure of 8 × 10−5 Pa.

3. Results and Discussion

Thethickness and surfacemorphology of theNd3+ : LuF
3
thin

film was investigated by using scanning electron microscopy
(SEM). The thin film contained some droplets with cracks
that originate from structural phase transitions. In contrast,
the uniform layer was about 15 nm thick without any cracks.
The crystallographic properties were also evaluated by using
X-ray diffraction. The high and sharp diffraction patterns
indicated the well crystallization of the thin film.The detailed
data of these evaluations are described in [29].

Figure 2 shows the CL spectra of the Nd3+ : LuF
3
thin

film at different acceleration voltages ranging from 1 to 20 kV.
The electron beam current was kept at 600 pA during the CL
measurements. The spectra showed a dominant peak in the
VUV region at 179 nm and two additional emission peaks at
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Figure 2: CL spectra of the Nd3+ : LuF
3
thin film at acceleration

voltages ranging from 1 to 20 kV.
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Figure 3: Output CL intensity of the Nd3+ : LuF
3
thin film at 179 nm

for acceleration voltages ranging from 1 to 25 kV.

223 and 255 nm,which are consistent with the emission peaks
observed for Nd3+ : LuF

3
single crystals [17]. These results

show that although the PLD target was obtained by pressing
NdF
3
and LuF

3
powders together (undoped material), Nd3+

acted as a dopant for LuF
3
and a luminescent center in the

thin film.
The influence of the acceleration voltage on the CL

intensity of the Nd3+ : LuF
3
thin film at 180 nm was also

investigated as shown in Figure 3.The CL intensity increased
with increasing acceleration voltage before saturation at
25 kV. This result suggests that incident electrons passed
through the thin film before giving all their energy to the thin
film at 25 kV.
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Figure 4: Emission spectra of the lamp at acceleration voltages
ranging from 1 to 2.5 kV.
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Figure 5: Output CL intensity of the lamp at 180 nm for acceleration
voltages ranging from 1 to 2.5 kV.

The emission spectra of the lamp were measured at
different acceleration voltages ranging from 1 to 2.5 kV. The
extraction voltage was kept at 600V during the measure-
ments.The emission spectra (Figure 4) presented a dominant
peak in theVUV region at 180 nmand two additional peaks at
225 and 255 nm. These spectra closely matched the emission
spectra obtained for the Nd3+ : LuF

3
thin film.

The influence of the acceleration voltage on the CL
intensity of the lamp at 180 nm was evaluated. The CL
intensity (Figure 5) showed a nonlinear dependence on the
acceleration voltage, which was attributed to an increase of
the electron diffusion region in the thin film. The output
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power of this lampmay amount to severalmicrowatts because
Nd3+ : LuF

3
and KMgF

3
show quasiequivalent conversion

efficiencies [16]. An increase in acceleration voltage may
therefore efficiently enhance the output power of this lamp.

The luminescence area of this VUV lamp can easily
generate a large area with little thermal effect and low power
consumption by employing a CNF field electron emitter. In
addition a solid-state phosphor brings many benefits in the
VUV lamp such as safety, longevity, stability, and downsizing.

4. Conclusions

In summary, a VUV field emission lamp consisting of a
Nd3+ : LuF

3
thin film as a solid-state phosphor and CNF

field electron emitter was fabricated. The CL spectra of
the lamp showed multiple emission peaks at 180, 225, and
255 nm, whichwere in good agreement with emission spectra
previously reported for the Nd3+ : LuF

3
crystal. This result

suggested that Nd3+ ion acted as a luminescent center and
doped LuF

3
in the synthesized thin film although the target

used during PLD was obtained by pressing NdF
3
and LuF

3

powders into a pellet. Furthermore, the output emission
intensity showed a nonlinear response to the acceleration
voltage, indicating that an increase in acceleration voltage
may significantly enhance this output emission intensity.
Although recent gas lamps are improving their performances,
this lamp may soon become one of the candidates of VUV
light sources. These techniques are essential to numerous
applications, such as sterilization, surface cleaning, and syn-
thesis and degradation of chemical material.
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The particle size, morphology, and stability of Ag-NPs were investigated in the present study. A Q-Switched Nd: YAG pulsed laser
(𝜆 = 532 nm, 360mJ/pulse) was used for ablation of a pure Ag plate for 30min to prepare Ag-NPs in the organic compound such as
ethylene glycol (EG) and biopolymer such as chitosan.The media (EG, chitosan) permitted the making of NPs with well dispersed
and average size of Ag-NPs in EG is about 22 nm and in chitosan is about 10 nm in spherical form. Particle size, morphology, and
stability of NPs were compared with distilled water as a reference.The stability of the samples was studied by measuring UV-visible
absorption spectra of samples after onemonth.The result indicated that the formation efficiency of NPs in chitosan was higher than
other media and NPs in chitosan solution were more stable than other media during one month storage.This method for synthesis
of silver NPs could be as a green method due to its environmentally friendly nature.

1. Introduction

Recently, a lot of researches interested in metallic nanostruc-
ture materials have come up due to their unusual properties
which are different from their bulk materials such as their
electronic, optical, magnetic, and chemical properties [1].
Due to these properties the main attraction for scientists is
applications of these nanoparticles (NPs) in technology. For
instance antibacterial and nano-composite are numbers of
the most crucial applications of silver nano particles (Ag-
NPS) [2–4]. Hence, various NPs or nanocomposite materials
have been investigated for their antimicrobial activity as
growth inhibitors [5]. A lot of methods such as chemical
methods, sol gel, sonochemial method, and laser ablation
(LA) were used to prepare the Ag-NPs [6–9].

Nevertheless, such chemical reduction method is not
recommended since the chemicals are highly reactive and

known to pose a potential environmental hazard and bio-
logical risks. Instead, a variety of green technologies for the
preparation of Ag-NPs have been developed [10]. Newly,
plasma assisted methods based in LA. The advantage of
LA compared to chemical synthesis is the simplicity of the
procedure and also absence of chemical reagents in solution.
Furthermore, the laser pulse has appeared to be more flexible
and promising technique for the reason that it is proficient
to ablate different type of materials such as metals, ceramic
and polymer considers the ultra-high energy density. In
LA, the control over the growth process was provided by
manipulating the process parameters like irradiation time,
duration, energy density, wavelength, and so forth [11]. LA
technique is based on ablating a solid target in a gas or a liquid
environment. The more effective collection of synthesized
NPs can be achieved by LA in a liquid phase. The most
important features of the LA technique have been studied by
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Figure 1: The LA setup for the colloidal NPs production.

many researchers [12, 13], due to the aqueous media which
is highly effective on the particle size and stability. Recently,
using an organic solvent as a stabilizer for synthesis of NPs
has been investigated [14, 15]. Among all organic solvents,
ethylene glycol (EG) (HOCH

2
CH
2
OH) got more attraction

due to widespread chemical and physical properties and
applications. EG is a colorless, practically odorless, with
relatively low-volatility, and is hygroscopic liquid with low
viscosity. Indeed, it is completely miscible with water, many
organic liquids, and many polar solvents (e.g., alcohols,
glycol, ethers, and acetone) and vaguely soluble in nonpolar
solvent such as toluene, benzene, and chloroform [16–19].

On the other hand, among the natural polymers, chitosan
is the second most naturally abundant polysaccharide that
can be easily isolated from crustacean shell. Since chitosan
is nontoxic and has been approved by Food and Drug
Administration [20], in this case, the dispersed Ag-NPs in
chitosan solution does not necessarily need to be separated
and purified [21].

In this work, we preformed LA silver plate in EG and
chitosan to prepare Ag-NPs. In the LA process, we hypothe-
sized that the Ag-NPs size decreases. Conversely, the stability
of NPs increases in these media to compare with in distilled
water (DW).

2. Experiment

The schematic diagram of the LA experimental setup is
indicated in Figure 1. A pulsed Q-Switched Nd: YAG laser
(SL400/SL800 system) with pulse duration of 10 ns and 30Hz
repetition rate at a second harmonic wavelength (532 nm)
was applied to prepare the Ag-NPs. A silver plate (99.99%
purity; Sigma Aldrich) was located in cubic cell containing
10mL of EG and chitosan that the appropriate amounts of
0.2 g chitosan were dissolved separately 100mL in distilled
water at 60∘C and stirred for 1 hr. Prior to ablation, the
silver plate was cleaned by using an ultrasonic bath for
30min, and it was immersed in the solution.The solutionwas
magnetically stirred at room temperature during the ablation
process to disperse the producedNPs.The laser output power
35mJ/pulse was measured by the optical power detector. The
laser beam was focused on the silver target by a 25 cm focal
length lens.The ablation was carried out at room temperature
for 30min. The same experiment has repeated for DW as
the solvent as a making reference to measure. The prepared
samples have been characterized using a UV-visible, double
beam photospectrometer (UV-1650 PC, Shimadzu) with 1 cm
optical path cell, transmission electron microscopy (TEM,
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Figure 2: UV-visible absorption spectra of Ag-NPs prepared for
30min ablation times in EG, chitosan, and DW.

Figure 3: TEM images of Ag-NPs in ethylene glycol.

Hitachi H-7100; Hitachi) at 120KV accelerating voltages,
and Fourier transform infrared (FT-IR) spectrometer (1650;
Perkin Elmer, Waltham, MA).

3. Results and Discussion

The solutions are observed to change color from its colorless
and transparent form to slightly yellowish one after a few
minutes during the ablation of the silver plate. The dark
yellow will be achieved for higher concentration. This was
also confirmed by UV-visible absorption spectra. Figure 2
indicates the optical absorption spectra of the solutions
containing Ag-NPs. The peak at 400 nm is the signature
of plasmon peak of Ag-NPs, which confirmed the Ag-NPs,
and was formed inside the aqueous media. To compare
with DW the peak intensity increase [22] and had a blue
shift toward high energy, which shows an increase in the
formation efficiency of the NPs and indicates a reduction of
particle size following the Mie theory [23]. Furthermore, the
spectrum peaks at this wavelength signify that the NPs in the
solutions are spherical which is confirmed by TEM results
shown in Figures 3 and 4 [24]. From Figure 2, the intensity of
absorption peak at 400 nm was increased that can conclude
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Figure 5: FT-IR spectra of Ag-NPs in (a) EG and (b) chitosan using LA.

the number of generatedNPswas also increased.The increase
of formation efficiency is due to the increment of the density
and viscosity of solvent.

In contrast, in Figure 4(a) size reduction can be explained
by the interaction between the EG molecules and laser
products. In this step silver atoms interact with EGmolecules;
therefore the initial silver particles are formed because of
this interatomic interaction. The mechanism of protecting
particles from aggregation by EG can be explained by the
hydroxyl group. In the fact of competition, the EGmolecules
now can absorb particles and prevent them from aggregation
and growth [25]. On the other hand, Figure 4(c) shows Ag-
NPs in chitosan and their corresponding size distribution that
the obtained mean particle size is about 10.5 nm. Referring
to Figure 4(c), TEM analysis also indicates that Ag-NPs are
well dispersed with spherical morphology and there is no
evidence of agglomeration.

Figures 3 and 4 depict the TEM images that Figure 3
indicates the spherical shape of Ag-NPs [26]. This type of
NPs shape is suitable for drug loading and most biological
applications, such as antibacterial properties [27]. Measure-
ments of the mean size of Ag-NPs are 22.08 nm in EG and
are about 10.5 nm in chitosan and the mean size of Ag-NPs is
27.41 nm in DW which ablation time for all cases completed
in 30min. Indeed, confirms the observation of particle size
decrement with respect to the media as shown in Table 1.
The formation efficiency of NPs in chitosan is higher than
in EG and that in EG is higher than in DW (chitosan > EG
> DW) due to the confinement on the Ag plate produced by
ablation and it becomes stronger with the increase of solvent
density and viscosity. In this case, chitosan has higher density
and viscosity than other solutions; for these reasons the effect
of size decrement for Ag-NPs is observed. The plasma is
generated close to the plate with high pressure, which is
confined surface, and it can etch the surface to make NPs
[28, 29]. The procedure called secondary ablation [30] can

Table 1: Particle size of Ag-NPs with their standard deviation for
particle of size (nm) in ethylene glycol and distilled water.

Ablation time
(min) Media Particle size

(nm)
Standard deviation

(nm)
30 Ethylene glycol 22.08 9.788
30 Distilled water 27.41 15.041
30 Chitosan 10.50 3.481

improve efficiency of the formation of Ag-NPs. The other
interesting point that can be observed fromFigure 2 is that, by
increasing the efficiency of formation of NPs due to increase
of the density and viscosity of aqueous media, the plasmon
peak also shifts toward higher energies. According to Mie’s
theory, the blue shift of spectra shows that the particle sizes
were decreased.

Infrared spectroscopy, IR radiation is passed through
a sample. Some of the infrared radiation is absorbed by
the sample and some of it is passed through (transmitted).
The resulting spectrum represents the molecular absorption
and transmission, creating a molecular fingerprint of the
sample. FT-IR spectra in Figure 5 confirm the formation of
Ag NPs inside the solutions. The spectrum in Figure 5(a)
indicates absorption peak at about 512.07 cm−1 which is a
signature of Ag-NPs bonding with oxygen from hydroxyl
groups [31] and Figure 6 shows the mechanism of protecting
particles from aggregation by this stabilizer. The absorption
peaks at about 3296.48, 1660.69 cm−1 which presented O–H
groups. Furthermore, the peaks in 2936.57, 2875.14 cm−1 were
assigned to symmetric and asymmetric of C–H

2
stretching

[32] the band at 1410.27 cm−1 corresponds to C–H
2
bending.

However, the peak at 1205.34 cm−1 corresponds to C–H
stretching [31] and the peak at 1080.10 cm−1 indicates the
bending of C–C–O [32].
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Figure 6: Mechanism of capping Ag-NPs by (a) ethylene glycol and (b) chitosan.
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Figure 7: UV-visible absorption spectra of Ag-NPs in EG, DW, and
chitosan for freshly prepared and after 1 month.

In competition, the chitosan molecules can absorb par-
ticles and prevent their aggregation and growth [33]. The
mechanism of protecting particles from aggregation by chi-
tosan can be explained by those nitrogen atoms of amino
group in chitosan which hold a free electron doublet that is
responsible for the uptake of NPs by chelating mechanism
[34]. Some researchers have attributed a key role to the
amine in the Ag+ reduction due to its decrease in the
potential of Ag+/Ag (EAg+/Ag) promoting the reaction [32].
However, there is still no substantial evidence that confirms
this assumption.

As well, the UV-visible spectra of the Ag-NPs in EG,
chitosan, and the water weremeasured after 1month to inves-
tigate the capability of fluids as a stabilizer. The absorption
spectrum in Figure 7 does not show a significant change in
the fresh sample compared to old sample in chitosan, but a
large reduction can be seen in EG and water. It shows the
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Ag-NPs in chitosan were stable. Moreover, there is a red shift
which indicates some agglomeration of theAg-NPs in EGand
water; hence the vague descent in the absorption intensity is
due to the slight sedimentation of the larger particles [35].

4. Conclusions

The synthesis of Ag-NPs in chitosan and EG using a LA
technique was presented as a simple and green method. For a
similar laser ablation time (30min) the obtained particle size
is smaller (10.5 nm) for chitosan than (22.08 nm) for EG and
DW (27.41 nm). The particle size reduced with the effective
solvent rather than with pure water. The obtained NPs are
stable for quite a long time in chitosan because it controls
the particle size and thus prevents agglomeration between the
ablated NPs.
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[33] F. Mafuné, J.-Y. Kohno, Y. Takeda, and T. Kondow, “Formation
and size control of silver nanoparticles by laser ablation in
aqueous solution,”The Journal of Physical Chemistry B, vol. 104,
no. 39, pp. 9111–9117, 2000.

[34] S. S. Silva, R. A. S. Ferreira, L. Fu et al., “Functional nanostruc-
tured chitosan-siloxane hybrids,” Journal of Materials Chem-
istry, vol. 15, no. 35-36, pp. 3952–3961, 2005.

[35] R. Zamiri, A. Zakaria, H. Abbastabar,M.Darroudi,M. S. Husin,
and M. A. Mahdi, “Laser-fabricated castor oil-capped silver
nanoparticles,” International Journal of Nanomedicine, vol. 6,
no. 1, pp. 565–568, 2011.



Research Article
Green Nanoparticles for Mosquito Control

Namita Soni and Soam Prakash

Advance and Environmental Parasitology, Vector Control Biotechnology and Biomedical Laboratories, Department of Zoology,
Faculty of Science, Dayalbagh Educational Institute, Dayalbagh, Agra 282 110, India

Correspondence should be addressed to Soam Prakash; soamprakashdayalbagh@gmail.com

Received 18 June 2014; Revised 7 July 2014; Accepted 7 July 2014; Published 27 August 2014

Academic Editor: Xiao-Feng Zhao

Copyright © 2014 N. Soni and S. Prakash. 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.

Here, we have used the green method for synthesis of silver and gold nanoparticles. In the present study the silver (Ag) and gold
(Au) nanoparticles (NPs) were synthesized by using the aqueous bark extract of Indian spice dalchini (Cinnamomum zeylanicum)
(C. zyelanicum orC. verum J. Presl). Additionally, we have used these synthesized nanoparticles formosquito control.The larvicidal
activity has been tested against the malaria vector Anopheles stephensi and filariasis vector Culex quinquefasciatus. The results were
obtained using UV-visible spectrophotometer and the images were recorded with a transmission electron microscope (TEM). The
efficacy tests were then performed at different concentrations and varying numbers of hours by probit analysis. The synthesized
AgNPs were in spherical shape and average sizes (11.77 nm AgNPs and 46.48 nm AuNPs). The larvae of An. stephensi were found
highly susceptible to the synthesized AgNPs and AuNPs than the Cx. quinquefasciatus. These results suggest that the C. zeylanicum
synthesized silver and gold nanoparticles have the potential to be used as an ideal ecofriendly approach for the control of mosquito.

1. Introduction

Cinnamon is a small evergreen tree, which belongs to
family Lauraceae. It is the native of Sri Lanka and Southern
India. It has antioxidant, antimicrobials, mosquito control,
and other properties [1]. Mosquitoes are vectors of many
diseases, including malaria, filariasis, dengue, and Japanese
encephalitis. Among these kinds ofmalaria, spread by the bite
of female Anophelesmosquito, and filariasis, spread by Culex
mosquito, are the two vector borne diseases of the tropical
region and are considered major public health concerns.

According to WHO, there were about 219 million cases
of malaria in 2010 (with an uncertainty range of 154 million
to 289 million) and an estimated 660,000 deaths (with an
uncertainty range of 490,000 to 836,000). Malaria mortality
rate has fallen by more than 25% globally since 2000 and by
33% in the WHO African region. Most deaths occur among
children living in Africa, where malaria claims the life of a
child every minute. Country-level burden estimates available
for 2010 show that an estimated 80% of malaria deaths occur
in just 14 countries and about 80% of cases occur in 17
countries. Together, the Democratic Republic of the Congo

and Nigeria account for over 40% of the total estimated
malaria deaths globally [2].

On the other hand, nearly, 1.4 billion people in 73
countries worldwide are threatened by lymphatic filariasis,
commonly known as elephantiasis. Over 120 million people
are currently infected, with about 40 million disfigured and
incapacitated by the disease [3]. Control or eradication of the
mosquito population could significantly restrict the spread of
disease.

Synthesizing nanoparticles using plants and microorgan-
isms can eliminate this problem by making the nanoparticles
more biocompatible. The synthesis of silver nanoparticles
from silver precursor using the bark extract and powder
of novel Cinnamon zeylanicum has been reported [4]. The
potential of nanocrystalline palladium particle production
using Cinnamomum zeylanicum (C. zyelanicum or C. verum
J. Presl) bark extract has been studied [5].

The silver and gold nanoparticles using A. calamus [6], E.
sativa and S. oleracea [7], T. conoides [8], and A. nilotica [9]
have been synthesized.

The larvicidal activity of biosynthesized silver nanoparti-
cles using the leaf extracts of P. pinnata [10] and L. aspera [11]
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has been tested against the dengue vector Ae. albopictus and
Ae. aegypti.

In the present investigation we have synthesized the
AgNPs and AuNPs nanoparticles by using the bark extract
of C. zeylanicum. Further, the synthesized nanoparticles have
also been tested against the larvae of Anopheles stephensi
and Culex quinquefasciatus. The C. zeylanicum synthesized
AgNPs and AuNPs have the potential to be used as an ideal
ecofriendly approach for the control of mosquito.

2. Materials and Methods

2.1. Material. The bark of Cinnamomum zeylanicum (C.
zyelanicum or C. verum J. Presl) was collected from the local
market of Agra, India. The voucher specimen is maintained
in our laboratory for future use.

2.2. Extract Preparation. The bark of Cinnamomum zeylan-
icum (C. zyelanicum or C. verum J. Presl) was washed with
distilled water for removing the dust particles. The bark was
air-dried and converted into powder and a bark broth was
prepared by placing 10 g of bark powder in a 250mL of
deionized water. This mixture was boiled at 60∘C, for 5min,
decanted, or filtered through Whatman-1 filter paper.

2.3. Nanoparticles Synthesis. After obtaining the aqueous
extract of bark, the filtrates were treated with aqueous
1mM AgNO

3
and HAuCl

4
solutions in an Erlenmeyer flask

and incubated at room temperature. Formation of AgNPs
and AuNPs was indicated by the dark brown and purple
coloration of the solutions.

2.4. Characterization of Nanoparticles. Synthesis of AgNPs
and AuNPs was confirmed by sampling the reaction mixture
at regular intervals, and the absorptionmaximawere scanned
by UV-Vis spectra, at the wavelength of 350–750 nm in a
UV-3600 Shimadzu spectrophotometer at 1 nm resolution.
The micrographs of AgNPs and AuNPs were obtained by
TECHNAI 200Kv TEM (Fei, Electron Optics) transmission
electron microscope. For transmission electron microscopy
analysis, samples were prepared on carbon coated copper
TEM grids.

2.5. Rearing of Mosquito Larvae. The larvae of Cx. quin-
quefasciatus and An. stephensi were collected from various
localities including urban, rural, and semiurban regions of
Agra (27∘, 10N, 78∘05E), India. The larvae were reared
in deionized water containing glucose and yeast powder.
The colonies of Cx. quinquefasciatus and An. stephensi were
maintained in the laboratory at a temperature of 25∘C with
a relative humidity of 75 ± 5% and 14 h of photoperiod.
The larvae of Cx. quinquefasciatus and An. stephensi were
maintained in separate enamel containers as per the standard
method [12].

2.6. Bioassays, Data Management, and Statistical Analysis.
AgNPs and AuNPs synthesized from Cinnamomum zeylan-
icum (C. zyelanicum or C. verum J. Presl) were tested for their
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Figure 1: UV-Vis spectra of (a) silver nanoparticles and (b) gold
nanoparticles synthesized by using the bark extract ofCinnamomum
zeylanicum recorded from reaction medium before (1) and after
immersion of AgNO

3

(2) after 24 h.

killing activities against the larvae ofCx. quinquefasciatus and
An. stephensi andwere assessed by using the standardmethod
[13]. All larvae of Cx. quinquefasciatus andAn. stephensiwere
separated andplaced in a container inmicrobe-free deionized
water. After that, different test concentrations of AgNPs and
AuNPs in 100mL deionized water were prepared in 250mL
beakers. Bioassays were conducted separately for each instar
at five different concentrations of aqueous AgNPs andAuNPs
(2, 4, 6, 8, 10 ppm). To test the larvicidal activity of our AgNPs
and AuNPs, 20 larvae of each stage were separately exposed
to 100mL of test concentrations. Thereafter, we examined
their mortality after different time of treatment during the
experimental periods.

The data on the efficacy were subjected to probit analysis
[14].The control mortality was corrected by Abbott’s formula
[15].

3. Results

3.1. Analysis of UV-Vis Spectra. The aqueous extracts of bark
of C. zeylanicum (C. zyelanicum or C. verum J. Presl) were
light yellow and brown in colour before immersion inAgNO

3

and HAuCl
4
solutions. The colour of bark aqueous extract

changed into dark red and purple colour after immersing
in AgNO

3
and HAuCl

4
solutions after 72 h of incubation.

The change in colour is a signal for the formation of AgNPs
and AuNPs. Figures 1(a) and 1(b) show the UV-Vis spectra
of synthesized AgNPs and AuNPs using the bark of C.
zeylanicum (C. zyelanicumorC. verum J. Presl) recorded from
reaction medium before (1) and after immersion of AgNO

3

and HAuCl
4
(2) after 72 h. Absorption spectra of AgNPs
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Table 1: Efficacy of silver nanoparticles and gold nanoparticles synthesized by bark extract of Cinnamomum zeylanicum against the larvae of
Anopheles stephensi with their LC values, 95% confidential limits (CL), and 𝜒2 and 𝑟 values after different time of exposure.

NPs Instar Time LC50 (95% CL) LC90 (95% CL) LC99 (95% CL) 𝜒
2

𝑟

AgNPs

1st 4 h 2 (0.86–3.14) 11 (9.77–12.23) 12 (10.54–13.46) 50.29 0.82
2nd 4 h 10 (8.86–11.14) 15 (13.77–16.23) 17 (15.54–18.46) 39.43 0.95
3rd 22 h 6 (4.86–7.16) 11 (9.77–12.23) 13 (11.54–14.46) 43.83 0.95
4th 22 h 10 (8.86–11.14) 15 (13.83–16.17) 17 (15.77–18.77) 37.66 0.89

AuNPs

1st 24 h ∗∗ ∗∗ ∗∗ ∗∗ ∗∗

2nd 24 h 1 (0.86–2.14) 8 (6.83–9.17) 10.5 (9.27–11.73) 61.61 0.91
3rd 72 h 1 (0.86–2.14) 8 (6.83–9.17) 10.5 (9.27–11.73) 61.61 0.91
4th 72 h 2 (0.88–3.12) 10 (8.86–11.14) 11 (9.87–12.13) 54.93 0.89

∗∗100% mortality.

(a)

(b)

Figure 2: TEM micrographs of Cinnamomum zeylanicum synthe-
sized (a) silver nanoparticles and (b) gold nanoparticles.

and AuNPs formed in the reaction medium have a broad
absorption band centred at 480 nm and 530 nm c.a.

3.2. TEM Analysis. Figures 2(a) and 2(b) show the TEM
micrographs of synthesized AgNPs and AuNPs. The average
size of AgNPs is 11.77 nm andAuNPs 46.48 nm and they were
spherical-shaped.

3.3. Efficacy of Synthesized AgNPs and AuNPs against An.
stephensi Larvae. The efficacy of the synthesized AgNPs and
AuNPswas tested against the larvae ofAn. stephensi. Different
concentrations of aqueous AgNPs and AuNPs (2, 4, 6, 8,
10 ppm) were tested against the larvae of An. stephensi.

The larvae of An. stephensi were found highly susceptible
to the synthesized AgNPs. First instar larvae (LC

50
2, LC
90
11,

and LC
99
12 ppm), second instar larvae (LC

50
10, LC

90
15, and

LC
99
17 ppm) after 4 h, third instar larvae (LC

50
6, LC
90
11, and

LC
99
13 ppm), and fourth instar larvae (LC

50
10, LC

90
15, and

LC
99
17 ppm) after 22 h of exposure were obtained with their

confidence limits and 𝜒2 and 𝑟 values (Table 1).
The larvae of An. stephensi were found susceptible to

the synthesized AuNPs. The first instar larvae have shown
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Figure 3: Efficacy of silver and gold nanoparticles against the larvae
of Anopheles stephensi at different hours of exposure.

the 100% mortality after 24 h of exposure. The second instar
larvae (LC

50
1, LC
90

8, and LC
99

10.5 ppm) after 24 h, third
instar larvae (LC

50
1, LC
90
8, and LC

99
10.5 ppm), and fourth

instar larvae (LC
50
2, LC
90
10, and LC

99
11 ppm) after 72 h of

exposure were obtained with their confidence limits and 𝜒2
and 𝑟 values (Table 1, Figure 3(a)).
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Table 2: Efficacy of silver nanoparticles and gold nanoparticles synthesized by bark extract of Cinnamomum zeylanicum against the larvae
of Culex quinquefasciatus with their LC values, 95% confidential limits (CL), and 𝜒2 and 𝑟 values after different time of exposure.

NPs Instar Time LC50 (95% CL) LC90 (95% CL) LC99 (95% CL) 𝜒
2

𝑟

AgNPs

1st 24 h ∗∗ ∗∗ ∗∗ ∗∗ ∗∗

2nd 24 h 2 (0.88–3.12) 10 (8.86–11.14) 11 (9.87–12.13) 54.93 0.89
3rd 24 h 1.5 (1.36–2.64) 9 (7.77–10.23) 10.5 (9.17–11.83) 58.85 0.85
4th 24 h 4 (2.86–5.14) 11 (9.77–12.23) 13 (11.54–14.46) 49.41 0.87

AuNPs Larvae 24 h — — — — —
∗∗100% mortality.
—no mortality.

3.4. Efficacy of Synthesized AgNPs and AuNPs against Cx.
quinquefasciatus Larvae. The efficacy of the synthesized
AgNPs and AuNPs was tested against the larvae of Cx.
quinquefasciatus. Different concentrations of aqueous AgNPs
and AuNPs (2, 4, 6, 8, 10 ppm) were tested against the larvae
of Cx. quinquefasciatus.

The larvae of Cx. quinquefasciatus were found highly
susceptible to the synthesized AgNPs. The first instar larvae
have shown the 100% mortality after 24 h of exposure. The
second instar larvae (LC

50
2, LC
90
10, and LC

99
11 ppm), third

instar larvae (LC
50
1.5, LC

90
9, and LC

99
10.5 ppm), and fourth

instar larvae (LC
50
4, LC
90
11, and LC

99
13 ppm) after 24 h of

exposure were obtained with their confidence limits and 𝜒2
and 𝑟 values (Table 2).

The larvae ofCx. quinquefasciatuswere found less suscep-
tible to the synthesized AuNPs. No mortality was observed
after 24 h of exposure (Table 2, Figure 3(b)).

4. Discussion

In the present investigation we have synthesized the AgNPs
andAuNPs by using the bark ofC. zeylanicum (C. zyelanicum
orC. verum J. Presl).The efficacy of synthesizedNPs has been
tested against the larvae of malaria vector An. stephensi and
filariasis vector Cx. quinquefasciatus.

An economically viable and “green chemistry” approach
for biological synthesis of silver nanoparticles using aqueous
leaf extract of P. dulce has been reported as larvicidal
activity against the Cx. quinquefasciatus previously [16]. The
larvicidal activity of biogenic nanoparticles against filariasis
causingCulexmosquito vector has also been evaluated before
[17].

Larvicidal activity of silver nanoparticles (AgNPs) using
leaf extract of N. oleander (Apocynaceae) against the first
to the fourth instar larvae and pupae of malaria vector, An.
stephensi (Diptera: Culicidae), was carried out in an earlier
study [18]. The fabrication, characterization, and mosquito
larvicidal bioassay of silver nanoparticles synthesized from
aqueous fruit extract of Putranjiva and D. roxburghii were
observed [19]. Moreover, the activity of silver nanoparticles
(AgNPs) synthesized using M. koenigii plant leaf extract
against the first to the fourth instars larvae and pupae of
An. stephensi and Ae. aegypti was determined, too [20].
Among these previous studies, the silver nanoparticles were
synthesized by using the aqueous extract of leaf and other
parts of plant extract and nanoparticles were tested against

the first and the fourth instar larvae and pupae ofmosquitoes.
However, in the present study we have synthesized silver
and gold nanoparticles by using aqueous extracts of bark of
C. zeylanicum (C. zyelanicum or C. verum J. Presl). These
nanoparticles were tested as larvicide against An. stephensi
and Cx. quinquefasciatus.

Recently, the larvicidal activity of silver nanoparticles
synthesized by leaf extract of P. pinnata has been tested
against the larvae of dengue vector Ae. albopictus [10].
Further, the larvicidal potential of silver nanoparticles syn-
thesized from L. aspera leaf extract has been tested against
the dengue vector Ae. aegypti [11]. However, the larvicidal
activity of silver nanoparticles (AgNPs) synthesized using
F. elephantum plant leaf extract against late third instar
larvae of An. stephensi, Ae. aegypti, and Cx. quinquefasciatus
has been determined [21]. Furthermore, activity of aqueous
leaf extract and silver nanoparticles (AgNPs) synthesized
using H. indicum plant leaves against late third instar larvae
of Ae. aegypti, An. Stephensi, and Cx. quinquefasciatus has
been studied [22]. Larvicidal activity of silver nanoparticles
synthesized from aqueous leaf extract of C. collinus against
the larvae ofAe. aegypti has now been determined [23], while
in our studywe have synthesized silver nanoparticles by using
aqueous extracts of bark of C. zeylanicum (C. zyelanicum or
C. verum J. Presl).These nanoparticles were tested as larvicide
against An. stephensi and Cx. quinquefasciatus.

The larvicidal activities of synthesized cobalt nanoparti-
cles using the biocontrol agent, B. thuringiensis, have been
investigated against the malaria vector An. subpictus and
dengue vector, Ae. aegypti [24]. Furthermore, the larvici-
dal activity of silver nanoparticles synthesized by using B.
thuringiensis has been revealed against the Ae. aegypti [25],
whereas in the present study we have tested the larvicidal
activity of silver and gold nanoparticles synthesized by using
aqueous extracts of bark of C. zeylanicum (C. zyelanicum or
C. verum J. Presl).These nanoparticles were tested as larvicide
against An. stephensi and Cx. quinquefasciatus.

Efficacy of fungus mediated silver and gold nanoparticles
has been tested against the larvae of An. stephensi, Cx.
Quinquefasciatus, and Ae. aegypti [26–28]. Furthermore, the
larvicidal and pupicidal activities of silver and gold nanopar-
ticles synthesized by fungi have also been investigated against
An. stephensi, Cx. Quinquefasciatus, and Ae. aegypti [29–31].
Recently the silver nanoparticles have been synthesized by
using the leaf and stem of Piper nigrum for their antibacterial
activity against agriculture plant pathogens [32]. The silver
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nanoparticles have synthesized by using the leaf of Pimenta
dioica [33]. However, in the present study the silver and gold
nanoparticles have been synthesized by bark ofC. zeylanicum
against the larvae of An. stephensi and Cx. quinquefasciatus.

5. Conclusion

In this studywe have synthesized the silver and gold nanopar-
ticles by using the bark of Cinnamomum zeylanicum (C.
zyelanicum or C. verum J. Presl). The larvicidal activity of the
synthesized nanoparticles has been tested against the larvae
of malaria vector Anopheles stephensi and filariasis vector
Culex quinquefasciatus. The synthesized AgNPs were in
spherical shape and average sizes (11.77 nmAgNPs, 46.48 nm
AuNPs). The synthesized nanoparticles were found effective
against the larvae of mosquito species. The results suggest
that the C. zeylanicum (C. zyelanicum or C. verum J. Presl)
synthesized silver and gold nanoparticles have the potential
to be used as an ideal ecofriendly approach for the control of
mosquito.
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Tuberculosis is a lethal epidemic, difficult to control disease, claiming thousands of lives every year. We have developed a
nanodelivery formulation based on para-aminosalicylic acid (PAS) and zinc layered hydroxide using zinc nitrate salt as a precursor.
The developed formulation has a fourfold higher efficacy of PAS against mycobacterium tuberculosis with a minimum inhibitory
concentration (MIC) found to be at 1.40𝜇g/mL compared to the free drug PAS with a MIC of 5.0 𝜇g/mL. The newly developed
formulation was also found active against Gram-positive bacteria, Gram-negative bacteria, and Candida albicans. The formulation
was also found to be biocompatible with human normal lung cells MRC-5 and mouse fibroblast cells-3T3. The in vitro release of
PAS from the formulation was found to be sustained in a human body simulated phosphate buffer saline (PBS) solution at pH
values of 7.4 and 4.8. Most importantly the nanocomposite prepared using zinc nitrate salt was advantageous in terms of yield and
free from toxic zinc oxide contamination and had higher biocompatibility compared to one prepared using a zinc oxide precursor.
In summary, these promising in vitro results are highly encouraging for the continued investigation of para-aminosalicylic acid and
zinc layered hydroxide nanocomposites in vivo and eventual preclinical studies.

1. Introduction

Tuberculosis (TB) has remained lethal to humans for cen-
turies and is of great public health concern.There were about
1.4 million human deaths from TB and about 8.7 million
people infected in 2012 [1, 2]. TB is also the second greatest
killer of humans in the world by a single infectious agent after
HIV/AIDS [1]. The situation has become even more dire by
the reemergence of multidrug resistant TB (MDR-TB) and in

2012, approximately 450,000 people developed MDR-TB and
there was about 37% deaths of MDR-TB [1].

Chemotherapy of TB has been complicated by multidrug
prescriptions, dosing frequency, longer treatment duration,
and adverse side effects associated with anti-TB drugs [3,
4]. Since the drug development is lengthy, costly, and time
consuming, it should not be surprising that no new anti-TB
drug has reached the market in over 5 decades with the last
anti-TB drug approved (rifampicin) in 1963 [3–5]. To cope
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with the TB epidemic, there is an urgency to develop new
anti-TB formulations which can decrease dosing frequency,
shorten treatment time (with little to no side effects), and
maintain therapeutic concentrations in the human body for
longer periods of time [3–6].

Improved drug delivery systems (DDS) are possibly the
best solution for treating TB as they can improve drug
bioavailability for longer time periods and release the drug in
a sustained local manner to avoid toxicity [4, 7, 8]. DDS could
protect the drug from physical, chemical, and enzymatic
degradation inside the body and not let the drugs become
exposed to the healthy tissues; therefore, they could decrease
the side effects associated with the free drug [4, 9]. The
DDS can target the diseased site and this can lead to better
therapeutic results [8, 9].

Different drug delivery systems have been designed
and developed for anti-TB drugs, namely, mesoporous sil-
ica nanoparticles, polymeric nanoparticles like poly-n-butyl
cyanoacrylate, polyisobutylcyanoacrylate, poly(DL-lactide-
co-glycolide) inhalable microparticles, large porous micro-
spheres, and so forth [9–14]. But there are certain issues
associated with each of these new material systems; some of
them are not fully biocompatible, have poor serum solubility,
and cause inflammation, cytokine release, cell damage, and so
forth [4, 15]. In this manner, we propose a new formulation
which should not possess such disadvantages. The layered
double hydroxides (LDHs) are inorganic nanolayers with
numerous nonbiological applications (such as serving as
catalysts, flame retardants, and chiral separation materials)
and have also been applied as a safe material for the removal
of toxic waste from water [16–19].

Layered double hydroxides (LDHs) have emerged as
excellent biocompatible nanocarriers for the sustained release
and targeted transport of different pharmaceutical agents
[8, 20–23]. LDHs have a structure similar to hydrotalcite
with some of the divalent cations replaced with trivalent
cations resulting in a positively chargedmaterial with brucite-
like (magnesium layered hydroxides) sheets stacked over one
another layer by layer [24–26]. The positive charge of the
LDHs sheets is neutralized by counter anions [25, 27]. Zinc
layered hydroxides (ZLH) also have similar characteristics
although they donot possess any trivalent cations and anionic
intercalation which may possibly be due to the hydrogen
bonding between the anions and ZLH. ZLHhave been widely
applied for the delivery of different pharmaceutical drugs,
namely, ellagic acid, hippuric acid, cetirizine, cinnamic acid,
m-aminobenzoate, 2,4-dichlorophenoxy acetate, and so forth
[20, 28–31]. Previously we have developed a sustained release
formulation of anti-TB drugs based on para-aminosalicylic
acid (PAS) with zinc layered hydroxides using zinc oxide as
a starting material [7]. In this effort, we present the develop-
ment of PAS-ZLH (termed nanocomposite A) using ZnNO

3

salt as the startingmaterial and compare the physicochemical
as well as biological properties of such materials to the
previously developed formulation using ZnO as the starting
material (nanocomposite B) [7].

The nanocomposite-A is free from toxic zinc oxide
contamination which is very difficult to avoid using a zinc
oxide precursor. The nanocomposite-A (prepared using zinc

nitrate salt) was found to be highly biocompatible compared
to the nanocomposite-B (prepared using ZnO). In addition,
the yield of the nanocomposite-A was also much higher
compared to nanocomposite-B.

2. Materials and Methods

2.1. Materials. Para-aminosalicylic acid, 99% purity, and zinc
nitrate hexahydrate were purchased form Sigma-Aldrich.
Dimethyl sulfoxide (DMSO) was purchased from Ajax Fine
Chem (Sydney, Australia). All of these chemicals were of ana-
lytical grade and were used without any further purification.
Deionized water was used for all the experimental studies.

2.2. Preparation of Zinc Layer Hydroxides. Zinc nitrate hex-
ahydrate was directly dissolved in 50mL deionized water
and the solution was stirred for 15 minutes under a nitrogen
atmosphere. Then, the pH of the solution was increased by
the slow addition of a 1 molar sodium hydroxyide solution
with constant stirring under a nitrogen atmosphere.

2.3. Preparation PAS-ZLH (Termed Nanocomposite-A). A
0.4mol/L solution (50mL) of PAS was prepared at a 1 : 1 ratio
of DMSO and deionized water and was stirred for 15minutes.
Zinc nitrate hexahydrate, 1 gram dissolved in 50mL of water,
was stirred for another 5 minutes and after that the PAS
solution was directly added to this solution. The sample was
further stirred for 20 minutes. The pH of the final solution
was raised to 7.9 by the dropwise addition of a 1molar sodium
hydroxide solution and then the solution was further stirred
for 1 hour. The whole experiment was conducted under
continuous nitrogen flow. Finally, the sample was subjected
to an oil bath agitation at 70∘C for 18 hours. The sample was
centrifuged, washed three times, dried at 70∘C, and ground
to fine powder for further characterization as described
below.

2.4. Material Characterization. X-ray diffraction (XRD)
analysis was carried out on a Shimadzu (Kyoto, Japan) XRD-
6000 Diffractometer. XRD patterns were recorded in the
range of 2 𝜃 = 2–60∘, at the CuK𝛼 radiation at 30 kV and
30mA. Fourier-transform infrared (FTIR) spectra of samples
were recorded in the range of 4000–499 cm−1 by the direct
sample method with a PerkinElmer (Waltham, MA, USA)
100 series spectrophotometer. For the elemental analyses of
carbon, hydrogen, nitrogen, and sulfur (CHNS), a LECO (St
Joseph, MI, USA) CHNS-932 instrument was utilized. For
the thermogravimetric and differential thermogravimetric
analyses, a Mettler-Toledo (Greifensee, Switzerland) instru-
ment was used.The sample surfacemorphologywas captured
with a JEOL (Tokyo, Japan) JSM-6400 scanning electron
microscope (SEM). For optical properties and controlled-
release studies, a Shimadzu 1650 series (Japan) UV-Vis
spectrophotometer was utilized. The percentage of the PAS
loading was determined using a Sykam HPLC system with
a Sykam S3250 UV/Vis detector, an auto injector Sykam
5300, and Sykam quaternary pump system 5300 made in
Germany, with a column Zorbax Rx-Sil 4.6 × 150mm, with
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5 𝜇m particle sizes (Agilent). For the quantification of the
metallic element zinc, an inductively plasma (ICP) optical
emission spectrometer (an Optima 2000 DV, Perkin Elmer)
was used. Particle size of the nanocomposite was determined
with a dynamic light scattering (DLS) technique by using a
Zeta sizer nanoseries—NANO-S Malvern instrument.

2.5. Controlled-Release Study. The release behavior of PAS
from nanocomposite-A was studied in a human body sim-
ulated phosphate buffer solution (0.1mol/L) at a pH of
7.4 and a pH of 4.8. About 0.3mg of the nanocomposite
was placed in a 3mL quartz cell and then was placed in
a UV/Visible spectrophotometer. The lambda max of PAS
(268 nm) was selected for the UV/Vis spectroscopic studies
[2].

2.6. Bacteria Studies

2.6.1. Antimicrobial Sensitivity Test. The drug susceptibility
test (DST) of nanocomposite-A was determined using a non-
radiometric fluorescence-basedmethod ofMGIT 960 against
Mycobacterium tuberculosis (ATCC25618).Themycobacteria
growth indicator tube (MGIT) with a BACTEC MGIT 960
growth supplement for drug susceptibility testing (DST) was
used in the MGIT 960 instrument (Becton Dickinson Diag-
nostic Systems, Sparks, MD, USA) as described previously
[32, 33]. The standard protocol for DST in MGIT 960 was
strictly followed as recommended for primary drugs. Culture
suspensions for inoculation were well dispersed with no large
clumps to avoid false-resistant results.

After thoroughmixing andhomogenization of the culture
suspensions, the tubes were allowed to rest for at least
15min, and the supernatant was used to inoculate the drug-
containing media and the control according to the manufac-
turer’s instructions for DST of first-line drugs. All inoculated
drug-containing MGIT 960 tubes were placed in the DST
set carrier and entered into the MGIT 960 instrument as
“unknown drugs” using the DST entry feature. For the DST
set containing “unknown drugs,” the instrument flagged the
DST set “complete” when the growth control reached a
growth unit (GU) value of 400. At that point, the GU values
of drug-containing tubes were retrieved from the instrument
by printing out a DST set report, and results were interpreted
manually. If the GU of the drug-containing tube was more
than 100 when the GU of the growth control was 400, the
results were defined as resistant. If the GU values of the drug-
containing tubes were equal to or less than 100, the results
were considered susceptible. Experiments were repeated with
various concentrations of PAS nanocomposite suspensions
until the respective MIC values were determined.

(1) Nonmycobacterium Antimicrobial Susceptibility Testing.
The PAS-ZLH (nanocomposite-A) was tested for its antimi-
crobial activity against different microorganisms including
Staphylococcus aureus (ATCC 43300), Pseudomonas aerug-
inosa (ATCC 27853), Escherichia coli (ATCC 25922), and
Candida albicans (ATCC 20408) and were purchased from
the American Type Culture Collection [ATCC], Manassas,

VA, USA using the standard plate colony counting method.
Percentage inhibition of the nanocomposite was plotted as
previously described [34].

2.7. Cell Studies

2.7.1. Cell Culture. Human normal lung MRC-5 and mouse
fibroblast 3T3 cells were bought from the American Type
Culture Collection (ATCC; Manassas, VA, USA), and the
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) and RPMI 1640 media containing 10% fetal bovine
serum (add the manufacturer information). Growth media
contained 100 units/mL of penicillin and 50 𝜇g/mL of strep-
tomycin. Fibroblasts weremaintained at 37∘C in a humidified
atmosphere in the presence of 5% CO

2
.

2.7.2. Assessment of Cytotoxicity by the MTT Assay. Healthy
cells were seeded onto 96-well culture plates at 1 × 104 cells
per well and were allowed to adhere overnight at 37∘C.Then,
the cells were incubated with the above medium (100 𝜇L)
containing dispersed LDH nanocomposites in various con-
centration ranges from 0.781𝜇g/mL to 50𝜇g/mL.The control
cells were not exposed to the nanocomposites. At specific
time points of 24, 48, and 72 hours of incubation, the growth
medium was removed from the 96-well plates and incubated
with 100 𝜇L of the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) reagent in DMEM for another
3-4 hours at 37∘C.The number of viable cells was analyzed by
the uptake of MTT and read at 570 nm by an enzyme-linked
immunosorbent assay plate reader. Cell viability results were
presented as the mean ± standard deviation.

2.8. Statistical Analysis. Unpaired t-tests were used
to compare the MICs of PAS and nanocomposite-A
against Mycobacterium tuberculosis. Statistical analysis
was used to compare the percentage inhibition of PAS
and nanocomposite-A against different microorganisms
using two way-ANOVA tests. The Prism V6.01 statistical
software (GraphPad, San Diego, CA, USA) was used for
data management and statistical analysis. ANOVA followed
by student t-tests were used to determine the differences
between the means of cell viability (%). All data are shown as
the mean ± standard deviation unless indicated differently.

3. Results and Discussion

3.1. X-Ray Diffraction (XRD) Analysis. Figure 1 shows XRD
patterns of the zinc layered hydroxide (ZLH) and PAS-ZLH
(nanocomposite-A) materials. In the XRD pattern of the
ZLH, there are many small peaks with a first major peak with
high intensity at about 2𝜃 = 9.0∘ with basal spacing of about
d = 10 Å (Figure 1), corresponding to nitrate counter anions
as due to the reflection of the 200 planes of the monoclinic
structure and is also consistent with a previous report [35].
In the XRD pattern of PAS-ZLH (nanocomposite-A), the
increase in basal spacing from 10.0 Å to 26.0 Å is strong
evidence for the successful intercalation of PAS into the
interlayer galleries of ZLH (Figure 1).
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Figure 1: X-ray diffraction pattern of zinc layered hydroxide (ZLH)
and PAS-ZLH (nanocomposite-A).

In addition to the first reflection (with a d-spacing of
26 Å), PAS-ZLH also showed four more reflections with d-
spacing values 7.8 Å, 6.0 Å, and 4.0 Å which indicates the
high crystallinity of the nanocomposite. There is a small
hub from 2 𝜃 = 22∘ to 28∘ which can be ascribed to the
adsorption of PAS on the ZLH surface, as the area coinciding
with XRD peaks of free PAS has prominent peaks in that
region, as reported previously [7]. The nanocomposite-B
prepared using zinc oxide (ZnO) as a starting material
showed five characteristic peaks of ZnO, due to the 100,
002, 101, 102, and 110 planes between 2 𝜃 of 30–60, which
indicates the presence of unreacted ZnO [7]. However, the
current formulation prepared using ZnNO

3
as the starting

material did not contain any ZnO. In addition, the yield of
the nanocomposite-A was much higher compared to the one
using ZnO as the precursor (nanocomposite-B).

3.2. Spatial Orientation of PAS in the Interlayer of ZLH for
Nanocomposite A. Based on the 3-D molecular size of PAS,
the x, y, and z axes of PAS have been reported to be 9.4 Å,
7.1 Å, and 2.9 Å, respectively [7], and the thickness of the ZLH
layer has been reported to be 4.8 Å [35]. The average basal
spacing for the nanocomposite-A was found to be 23.6 Å;
by subtracting the layer thickness ZLH (4.8 Å), a value of
18.80 Å was obtained. This value of 18.8 Å strongly suggests
that PAS has been oriented in a bimolecular vertical form
(x-axis) as shown in Figure 2. The PAS-ZLH prepared using
ZnO has been reported to have a bimolecular horizontal (y-
axis) orientation of PAS into the interlayers of ZLHalongwith
water molecules [7].

3.3. Infrared Spectroscopy. Fourier transform infrared (FTIR)
spectroscopy gives information about the presence, absence,
and shifting of bands of functional groups and can be very
useful in supporting other analytical results. FTIR spectrum
of pure PAS showed the characteristic bands for its func-
tional groups at specified positions as carbonyl at 1609 cm−1
and symmetric and asymmetric N–H bands at 3381 and
3490 cm−1, respectively; others are given in Table 1 [7]. In
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Figure 2: Spatial orientation of PAS in interlayers of ZLH
(nanocomposite-A).

Table 1: FTIR functional group absorption bands of free PAS and
its PAS-ZLH (nanocomposite-A).

Assignments Free PAS PAS-ZLH
Vas(N–H) 3490

Overlapped by O–H
stretching 3358

Vs(N–H) 3381
V(O–H) in the inter
ZnLH, H2O

—

V(C=O) in COOH 1609, 764 —
VAS(COO–) — 1551
Vs(COO–) — 1339
Stretching (C–H) 813, 717 821
Unit for given numbers is wave number (cm−1).

the spectrum of PAS-ZLH (Figure 3), N–H symmetric and
asymmetric bands have been overlapped by the O–H band of
the interlayer ZLH. In addition, the C=O band of PAS also
disappeared instead of the two new bands which appeared
at 1551 and 1339 cm−1 due to the symmetric and asymmetric
bands of carboxylate (COO–), respectively. Most of the other
FTIR bands of PAS are present in the nanocomposite-A with
slight shifts in wavenumbers and are given in Table 1. The
presence of characteristic bands of pure PAS and ZLH in
the nanocomposite-A further confirms the XRD result of
successful PAS intercalation into ZLH.The FTIR spectrum of
the PAS-ZLHnanocomposite-A is similar to the one prepared
using the ZnO nanocomposite-B [7].

3.4. HPLC Analysis. HPLC analysis of the active drug PAS in
the nanocomposites was carried out by themethods reported
by Hong et al. (2011) and Vasbinder et al. (2004) [36, 37]. In
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Figure 3: FTIR spectrum of PAS-ZLH (nanocomposite-A).

brief, the mobile phase of methanol as solvent A and solvent
B phosphate buffer is composed of a 17.5mM equal amount
of monobasic and dibasic potassium phosphate of pH 3.5.
The isocratic mobile phase of solvent A and solvent B at a
ratio of 60 : 40 was used with a flow rate of 1mL/minute.
The wavelength of 233 nm was selected for detection using
the UV/Vis detector. A calibration curve was obtained by
running standards at different concentrations in parts per
million (ppm) of PAS (i.e., 0.0 ppm, 20 ppm, 40 ppm, 60 ppm,
and 80 ppm) with a good 𝑅2 value of 0.98. Approximately,
10mg of the nanocomposite was dissolved in 50mL (5mL
of 1 molar HCl and the remaining volume was composed of
the mobile phase) and the standard PAS solutions were also
prepared in the same way. The retention time of PAS was
found to be 1.8 minutes. The percent loading of PAS in the
nanocomposite-Awas found to be 22.24%.The loading in the
nanocomposite-A (22.42%) was higher as compared to the
nanocomposite-B (14.60%) reported previously [7].

3.5. Elemental Analysis. Thepresence of carbon and nitrogen
was determined by CHNS analysis and the metal element
zinc was determined by an inductively coupled plasma
spectrometer. Elemental analysis of PAS and PAS-ZLH
(nanocomposite-B) was taken from our previous report [7].
The presence of organic elements in the samples like carbon,
nitrogen (N), and zinc further supported the XRD results for
the successful intercalation of PAS into ZLH. The percentage
of the each element is given in Table 2.

3.6. Thermogravimetric Analysis. The free drug, PAS, was
thermally decomposed at 221∘C with a percent mass loss
of 67.7%, as reported previously by our group [7]. In the
nanocomposite-B, PAS was stabilized and thermal decom-
position shifted to 248∘C [7]. Figure 4 shows the TGA
analysis of the nanocomposite-A prepared by using ZnNO3
instead of ZnO as the starting material. There are three
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Figure 4: Thermogravimetric analysis-differential thermogravi-
metric thermograms of PAS-ZLH (nanocomposite-A).

main mass loss events that took place for nanocomposite-
A. The first event of mass loss of about 6% at 43∘C can
be attributed to the physically adsorbed water. The second
event is the weight loss of 24% at about 240∘C, which is
due to the thermal decomposition of PAS. PAS has been
thermally stabilized from 221∘C to about 240∘C; the increase
in stability can be attributed to the electrostatic interaction
between PAS and ZLH. The 3rd event occurred at about
700∘C with 13% mass loss, and this can be attributed to
the dehydroxylation of ZLH interlayers [20, 29]. The TGA
analysis results of nanocomposite-A are almost comparable
to the nanocomposite-B reported previously with only slight
shifts in temperature and percentage mass loss [7].

3.7. Surface Morphology. Figures 5(a) and 5(b) show the
surface morphology of the carrier zinc layered hydroxide
(ZLH)with zinc nitrate intercalated.Themorphology of ZLH
is a 2-dimensional layer type as shown in Figures 5(a) and
5(b). The morphology of the nanocomposite PAS-ZLH is
of honey comb type and the sample looks more compact
(Figures 5(c) and 5(d)) unlike ZLH alone. The general ZLH
have been reported to have plate-like, compact nonuniform
agglomerate and rod-like agglomerate like morphology [7,
20, 28]. But for the ZLH nanocomposite this honeycomb
morphology is rare; however, it has been reported previously
for LDHs nanocomposites by Chen et al. (2012) [38].

3.8. In Vitro Release. Figures 6(a) and 6(b) show the in
vitro release of PAS from nanocomposite-A in human body
simulated phosphate buffer solution (PBS) at pH values of
7.4 and 4.8, respectively. For the initial first 30 minutes,
there is faster release of PAS followed by a much more
sustained release up to 7000 minutes in PBS at pH 7.4 as
shown in Figure 6(a), with an overall release of 94%. Similar
trends in release were observed in PBS at pH 4.8, with an
overall release of 99%. However, the overall release time was
much shorter at pH 4.8 (i.e., 1500 minutes) as compared
to PBS at pH 7.4 (i.e., 7000 minutes). The small inset on
Figures 6(a) and 6(b) shows the initial release of PAS from
the nanocomposite-A. The faster release at pH 4.8 can be
ascribed to the different release mechanisms. At lower pH



6 The Scientific World Journal

Table 2: Elemental analysis of organic and inorganic elements (nanocomposite-A).

Sample C
(% w/w)

N
(% w/w) C/N Zn

(% w/w)
% Loading of PAS by

HPLC
PAS
(pure drug) 59.00a 10.00a 6.02

a — —

PAS-ZLH
Nanocomposite-A 16.00a 2.30a 8.20a 44.62

b
22.24

c

PAS-ZLH
Nanocomposite-B 10.54a 1.54a 6.8a 52.7b 14.60c

a Determined by CHNS analysis; bDetermined by ICP analysis; cDetermined by HPLC analysis.

(a) (b)

(c) (d)

Figure 5: FESEMmicrographs of ZLH ((a) and (b)) and PAS-ZLH (nanocomposite-A) ((c) and (d)).

values, LDH released the drug by two phenomena, namely,
(a) ion exchange and (b) weathering/degradation of the LDH
inorganic layers by protonation [8, 39]. At the higher pH
7.4, the drug was released by ion exchange mechanisms
only and not by weathering [8, 39]. These release trends
of nanocomposite-A are similar to the nanocomposite-B as
reported previously by us [7].

3.9. Release Kinetics of PAS from Nanocomposite-A. Three
different kinetic models, namely, pseudo-first order, pseudo-
second order, and parabolic diffusion kinetic equations, were
applied to analyze the release kinetics of PAS. The model
equations applied are described in standard form as below.

The pseudo-first order kinetic equation in the linear form
can be described as

ln 𝑞
𝑒
− 𝑞
𝑡
= ln 𝑞

𝑒
− 𝐾
1
𝑡, (1)

where 𝑞
𝑒
is the amount released in equilibrium and 𝑞

𝑡
is

amount released at time (t). 𝐾
1
is the constant whose value

can be determined from the slope by plotting ln(𝑞
𝑒
− 𝑞
𝑡
)

against t [40, 41].
The pseudo-second order equation is given below in its

linear form [26, 42]:

𝑡

𝑞
𝑡

=
1

𝐾
2
𝑞2
+
𝑡

𝑞
𝑒

. (2)
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Figure 6: (a) In vitro release of PAS from PAS-ZLH (nanocomposite-A) in human body simulated phosphate buffer solutions of pH 7.4.
(b) In vitro release of PAS from PAS-ZLH (nanocomposite A) in human body simulated phosphate buffer solutions of pH 4.8.
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Figure 7: Kinetic fitting data for PAS in vitro release from PAS-ZLH (nanocomposite A) into PBS solutions at pH 7.4 and 4.8 by applying the
pseudo-first and pseudo-second-order kinetics and parabolic diffusion model.

The standard parabolic equation can be described as
follows:

(
1 − (𝑀/𝑀

𝑜
)

𝑡
) = 𝑘

−0.5

𝑡
+ 𝑏, (3)

where 𝑀
𝑜
and 𝑀

𝑡
represent the amount of drug that

remained in ZLH at release time 0 and at time t, respectively,
and b is a constant [26, 43].

By applying the above three kinetic equations, we found
that the release kinetics of PAS followed the pseudo-second
order as the value of the correlation coefficient 𝑅2 was greater
than that for the other two equations both at pH 4.8 and pH
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Table 3: Rate constant (𝑘) and correlation coefficient 𝑅2 determined from the release kinetics of PAS from PAS-ZLH (nanocomposite-A)
into PBS solutions of pH 7.4 and pH 4.8.

Samples pH Release/% 𝑅
2 Pseudo-second order

— — Pseudo-first order Pseudo-second order Parabolic diffusion model Rate constant 𝐾
2
(mg/min)

Nanocomposite-A
PAS-ZLLH 4.8 99 0.56 0.99 0.66 2.85 × 10−4

PAS-ZLLH 7.4 94 0.81 0.99 0.95 2.70 × 10−5

Of PAS are similar to the nanocomposite-B as reported previously by us [7].
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Figure 8: Hydrodynamic size of the PAS-ZLH nanocomposite-A.

7.4, as given in Table 3. Table 3 also contains the rate constant
value for the pseudo second-ordermodel PAS release kinetics
at pH 4.8 and 7.4. Figure 7 represents fitting plots for the
release kinetics of PAS released from nanocomposite-A at
pH 4.8 and 7.4 obtained by applying all these three different
kinetic models. We can clearly observe a straight line that
is only obtained in the pseudo-second order model, which
further suggests that the release kinetics follow the pseudo-
second order route.

The pseudo-second-order release kinetics is actually a
third order reaction whichmeans the PAS release depends on
the three things. Here, it can possibly be the concentration of
the nanocomposite, the concentration anions present in PBS
(i.e., HPO

4

−2), and the PBS medium environment.

3.10. Particle Size Analysis. Theaverage hydrodynamic size of
the PAS-ZLH (nanocomposite A) was determined by using
dynamic light scattering (DLS) by using a zeta sizer. The
sample was dispersed in deionized water and sonicated for
15 minutes. In order to get more accurate results, samples
were measured three times. The average diameter of the
nanocomposite-A was found to be 344 nm ± 55 nm as the
DLS graph shows in Figure 8.

3.11. Antimycobacterial and Antimicrobial Assays. The MIC
of the PAS-ZLH (nanocomposite A) against Mycobacterium
tuberculosis was found to be 6.1 𝜇g/mL as compared to that
of the free drug (PAS) which was 5.0 𝜇g/mL as shown in
Figure 9. The effective MIC concentration of the drug PAS

M
IC

 (𝜇
g/

m
L)

∗∗∗∗

PAS ZLH Nanocomposite-A

400

300

200

100

10

8

6
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2

0

Figure 9: Minimum inhibitory concentrations (𝜇g/mL) (MICs)
of PAS-ZLH (Nanocomposite A) as compared to PAS against
Mycobacterium tuberculosis determined by themycobacteria growth
indicator tube (MGIT) with BACTEC MGIT 960 growth sup-
plement for drug susceptibility testing (DST) and measured by
the MGIT 960 instrument (Becton Dickinson Diagnostic Systems,
Sparks, MD, USA).

in nanocomposite-A based on loading 22.42% is 1.40 𝜇g/mL
which is about 4 times less than free drug PAS with an MIC
of 5.0 𝜇g/mL. Based on this effective MIC concentration we
can see the efficacy of PAS is fourfold higher when given in
nanocomposite form compared to that given as free PAS.This
improved efficacy of PAS in PAS-ZLH (nanocomposite A)
can be attributed the nanoscale size and sustained release of
PAS for longer periods time. The results of the antimicrobial
testing found that the nanocomposite-A showed antibacterial
activity against Gram-positive and Gram-negative bacteria
and Candida as shown in Figures 10(a) and 10(b) from the
percentage inhibition of each compound against different
organisms. It was found that the nanocomposite was more
active against Gram-positive (Staphylococcus aureus) and
Gram-negative (E. coli) bacteria than Pseudomonas aerugi-
nosa and Candida albicans.

3.12. Cytotoxic Study

3.12.1. Cytotoxic Study of the Nanocomposite-A against Mouse
Fibroblast Cells 3T3. Cytocompatibility of the nanocompos-
ites was determined using a colorimetric method by the
MTT assay. Figure 11 shows the MTT assay results obtained
using various concentrations (0.78𝜇g/mL to 50 𝜇g/mL of
the nanocomposite-A) against mouse fibroblast 3T3 cells
for different period of times, that is, 24, 48, and 72 hours.
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Figure 10: Effect of PAS-ZLH (nanocomposite-A) on the inhibition of microbial growth using the plate colony counting method at two
concentrations ((a): 1mg) and ((b): 2mg). CFU: colony-forming units; SA: Staphylococcus aureus; PA: Pseudomonas aeruginosa; EC: E. coli;
CA: Candida albicans.
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Figure 11: PAS-ZLH (nanocomposite-A) against mouse fibroblast
cells 3T3.

The percent cell viability of nanocomposite-A was found to
be very high, about 85% even at the highest concentration
50𝜇g/mL for the longest duration of 72 hours. In comparison
to nanocomposite-A, nanocomposite-B was reported to be
biocompatible until 25𝜇g/mL was added only for 24 hours
and for 48 and 72 hours, 25𝜇g/mL was biocompatible with
about 80% cell viability [7]. However, at higher concen-
trations of 50𝜇g/mL, nanocomposite-B was found to be
cytotoxic as reported earlier [7]. Thus, we conclude that
nanocomposite-A has higher biocompatibility compared to
nanocomposite-B, even at higher concentrations for 72 hours
using mouse fibroblast cells.

3.12.2. Cytotoxic Study of Nanocomposite-A and Carrier Zinc
Layered Hydroxide (ZLH) against Human Normal Lung Cells

MRC-5. The most common form of TB is called pulmonary
TB, where the bacteria reside in the lungs [44]. It is highly
advisable for any new anti-TB formulation that its biocompat-
ibility should be assayed against human lung cells. We con-
ducted a cytotoxic study of the developed nanocomposite-
A and the carrier ZLH against human normal lung cells,
MRC-5. In order to check the biocompatibility, the MTT
assay protocol was followed and different concentrations of
the nanocomposites-A and ZLH ranging from 0.78 𝜇g/mL
to 50 𝜇g/mL were treated against human normal lung cells
MRC-5 for 24, 48, and 72 hours as shown in Figures 12(a)–
12(c). The carrier, ZLH, itself was found to be toxic which
may be due the presence of nitrate anions which are present
as counter anions. However, nanocomposite-A was found to
be highly biocompatible with cell viability at about 80% at the
highest concentration of 50 𝜇g/mL for the longest treatment
duration of 72 hours.

4. Conclusions

The present study describes the development of an antitu-
berculosis nanodelivery formulation based on para-amino
salicylic acid with zinc layered hydroxides using ZnNO3 salt
as a precursor.

The PAS in vitro efficacy was found to be fourfold
better when used in the developed formulation compared to
the free drug PAS. The formulation was also found active
against Gram-positive bacteria, Gram-negative bacteria, and
Candida. The PAS-ZLH showed very good biocompatibility
with human normal lung cells and MRC-5 as well as with
mouse fibroblast 3T3 cells. Furthermore, the in vitro release
study of PAS from the interlayer galleries ZLH was found
to be sustained in human body simulated phosphate buffer
saline solutions of pH 7.4 and 4.8. In comparison to the
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Figure 12: (a) 24-hour lung cells MRC-5 PAS-ZLH (nanocomposite A) and the carrier ZLH. (b) 48-hour lung cells MRC-5 PAS-ZLH
(nanocomposite-A) and the carrier ZLH. (c) 72-hour lung cells MRC-5 PAS-ZLH (nanocomposite-A) and the carrier ZLH.

previous PAS-ZLH, prepared using ZnO as the startingmate-
rial, the current formulation gave better yield, loading, and
biocompatibility properties. In summary, these promising
in vitro results are highly encouraging for the continued
investigation of para-aminosalicylic acid and zinc layered
hydroxide nanocomposites in vivo and eventual preclinical
studies.
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