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In recent years, outbreak of emerging diseases and envi-
ronmental pollution has been a significant threat on global
economies and public health. Nanomaterials have high
potential to address these challenges due to their advantages
such as large surface area, outstanding properties, and high
flexibility. In this special issue, several excellent research
results on advanced nanomaterials for biomedical applica-
tions and environmental monitoring were reported.

As first challenge for biomedical applications, J.-S. Lee
et al. developed a nanobiosensor to detect a lung cancer-
specific biomarker. The nanobiosensor is based on an anodic
aluminum oxide (AAO) chip and functions on the principles
of localized surface plasmon resonance (LSPR) and interfer-
ometry. The sensor chip is sensitive to the refractive index
(RI) changes of the surrounding medium and also provides
simple and label-free detection when specific antibodies are
immobilized on the gold-deposited surface of the AAO chip.
The limit of detection (LOD) was found to be 100 ag/mL and
the biosensor had high sensitivity over a wide concentration
range. Q. Wang et al. evaluated the remineralizing efficacy of
fluorohydroxyapatite (FHA) gel on artificial dentinal caries
lesion in vitro. It was found that the FHA gel could rapidly
construct apatite on the artificial dentinal caries surface
and significantly increase the mineral density, which sug-
gested that FHA gel might be a proper IPT material with
remineralizing function. G. Raniszewski et al. reported the

results of the investigation into the applications of carbon
nanotubes with ferromagnetic nanoparticles as nanoheaters
for targeted thermal ablation of cancer cells. Application of
carbon nanotubes with ferromagnetic properties can be used
in a radio frequency thermal ablation. RF ablation therapy
brings the lowest risk compared to the other techniques (e.g.,
surgery and chemotherapy) of tumor therapy. This method
offers faster andmore targeted treatment for liver cancer with
fewer side effects. W. Chigumira et al. presented preparation
and evaluation of pralidoxime-loaded PLGA nanoparticles
as potential carriers of the drug across the blood brain
barrier. Y. Tian et al. reported the use of gold nanoparticles
to increase PLK1-specific small interfering RNA transfection
and induce apoptosis of drug-resistant breast cancer cells.
The transfection of PLK1-specific siRNA into cells not only
silenced its targeting genes but also induced apoptosis of
the drug-resistant breast cancer cells. It was worth noting
that exclusive gold nanoparticles (GNPs) had no toxic effect
on normal/cancer cells. Importantly, the GNPs could be
visualized by X-ray imaging in a concentration dependent
manner because of the excellent properties of gold. Overall,
this work disclosed the great potential of GNPs as the
excellent delivery system in gene therapy for drug-resistant
cancers and the further application of X-ray imaging.

As second challenge for environmental monitoring, S.
Adhikari and D. Sarkar synthesized a mixed semiconductor
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of ZnO combined with WO
3
. An optimum amount of

10 wt.% nanocuboid WO
3
addition to quasi-fibrous ZnO

is an effective choice for methyl orange dye degradation
compared to commercial ZnO nanoparticles. The prepared
mixed oxide nanocomposite ofWO

3
and ZnO is found as an

effective photocatalyst for degradation of organic pollutants
in water. Takei et al. reported on a thin layer chromatograph
(TLC) with a built-in surface enhanced Raman scattering
(SERS) layer for in situ identification of chemical species
separated by TLC.The TLC-SERS plates with a built-in SERS
layer consisting of cap-shaped noble metal nanoparticles
could be used for environmental monitoring and food safety
assurance. The authors prepared their TLC-SERS plate with
the following procedure: (1) adsorption of 100 nm in diameter
SiO
2
nanospheres as a dense monolayer on a glass slide, (2)

evaporation of gold or silver with thicknesses up to 100 nm,
and (3) spreading of chromatography silica gels. Interestingly,
they demonstrate that the TLC-SERS can separate mixture
samples and provide in situ SERS spectra. We prepared two
types of samples. One was a mixture consisting of equal
portions of Raman-active chemical species, rhodamine 6G
(R6G), crystal violet (CV), and 1,2-Di-(4-pyridyl)ethylene
(BPE). The other was skim milk with a trace amount of
melamine. The three-component mixture could be separated
into three components and their SERS spectra could be
obtained individually and that melamine added to skim milk
could be detected only after separation. Additionally, the use
of hierarchically assembled porous ZnO microspheres with
enhanced gas-sensing properties was reported by S. You et al.
The sensitivity of porous ZnO to ethanol gases increased with
the increasing of ethanol concentration.

By combining these excellent results, the special issue
provides advanced progress in the development of functional
nanomaterials for biomedical applications and environmen-
tal monitoring.
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We report on a thin layer chromatograph (TLC) with a built-in surface enhanced Raman scattering (SERS) layer for in-situ
identification of chemical species separated by TLC. Our goal is to monitor mixture samples or diluted target molecules suspended
in a host material, as happens often in environmental monitoring or detection of food additives. We demonstrate that the TLC-
SERS can separate mixture samples and provide in-situ SERS spectra. One sample investigated was a mixture consisting of equal
portions of Raman-active chemical species, rhodamine 6 G (R6G), crystal violet (CV), and 1,2-di(4-pyridyl)ethylene (BPE). The
three components could be separated and their SERS spectra were obtained from different locations. Another sample was skimmilk
with a trace amount of melamine. Without development, no characteristic peaks were observed, but after development, a peak was
observed at 694 cm−1. Unlike previous TLC-SERS whereby noble metal nanoparticles are added after development of a sample,
having a built-in SERS layer greatly facilitates analysis as well as maintaining high uniformity of noble metal nanoparticles.

1. Introduction

It is only recently that SERS is emerging as a practical
analytical technique in food science and environmental
monitoring [1, 2]. SERS is a powerful tool [3–5], but, for it
to become a useful tool, it needs to overcome at least two
problems: one has to do with reproducibility and uniformity
of signals [6] and the other has to do with the fact that target
molecules are almost always found in a mixture or a complex
medium [7] so that the interference from the host matrix
must be eliminated. The first problem is being addressed by
various nanotechnological approaches for preparing requisite
nanostructures. While there is any number of good reviews
[8–10], broadly speaking, these techniques can be categorized
into two groups depending on whether they are based on
vacuum processing or wet chemistry. One popular method
makes use of surface adsorbed nanospheres as a template.
For example, a regular array ofmonodisperse nanosphere can

be used as a mask, known as nanosphere lithography (NSL)
[11] or a platform onto which a metal can be evaporated to
form cap-shaped nanoparticles, metal film on nanosphere
(MFON) [12–14]. Antenna-like nanostructures have also
been prepared by a number of groups [15, 16]. Electron-beam
lithography is a powerful tool for forming nanostructures of
arbitrary shape, particularly useful for controlling interpar-
ticle coupling [17]. As for methods based on wet chemistry,
one can adsorb colloids of various shapes as a dense layer
[18]. One can use galvanic displacement reaction for form
dendritic structures [19, 20]. It is even possible to hollow
triangular nanoparticles [21]. All these structures have proven
to be effective SERS plates.

As for the issue of detecting target molecules in complex
media, workers have been attempting to combine SERSwith a
separation technique such as TLC [22]. This popular method
is used for separating low molecular weight molecules. A
mixture sample is spotted onto a thin layer of silica gels
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functioning as a stationary phase. A solvent added to the
TLC plates migrates through the gel layer via capillary action.
Molecules carried by the flow of the solvent can be separated
if their affinities toward the stationary and mobile phases
are different. The idea of combining SERS with a TLC plate
dates back to 1980s and it is often referred to as TLC-SERS
[2, 22]. These two techniques are compatible because both
TLC and SERS usually employ a flat substrate. Typically, a
mixture sample is developed on a commercial TLC plate,
and after separation of the mixture into components, silver
or gold colloids are added to obtain SERS spectra. A large
variety of samples have been measured with such a scheme
which include artist dye stuff in fiber [23], apomorphine
in human plasma [24], organophosphates pesticide methi-
dathion in tea leaves [25], Syrian rue (Peganum harmala) and
its alkaloid constituents [26], adulterants in botanical dietary
supplements [27], mauve [28], ephedrine and its analogues
in slimming dietary supplements [29], and anticancer drug
irinotecan in presence of human serum albumin [30]. More
recently, spraying of colloids, rather than simply placing
a drop of colloids, was reported as an effective way to
improve the data quality [31]. Nonetheless, two problems
are foreseen with such approaches. For one, colloids are not
likely to adsorb uniformly onto the gel layer. They are likely
to disperse throughout the entire thickness of the gel layer
so that only a small proportion of dispensed nanoparticles
are expected to be found in the focal plane of the excitation
laser and are thus able to contribute to the overall signal.
Another potential problem is that the act of dispensing
colloids is likely to disturb separated target molecules. To
overcome these problems, some have attempted to transfer
separated molecules onto a separate preprepared SERS plate
by blotting for the same purpose [32]. In order to increase
the utility of TLC-SERS, however, it would be natural to
attempt preparation of a TLC structure which has a built-
in SERS structure. This would eliminate the need to apply
noble metal colloids after development. Chen et al. have
reported the use of silver nanorods prepared from oblique
angle deposition [33]. By using a silver nanorod layer both
for separation and detection, they have demonstrated that
various components within a mixture could be separated
and individually identified. Specifically, they separated R6G
from melamine at various molecules concentrations. Kim et
al. have reported forming gold nanofingers in a pentamer
configuration and detected melamine in milk [34].

Here we report a simple method for making a structure
consisting of a separation gel layer and a SERS layer as an
integrated structure. A thin but dense SERS layer is formed
over a glass substrate, covered by a separation gel layer.
Having the SERS layer on the glass substrate allows us to
detect SERS signals by irradiating from below, thus avoiding
interference from the gel layer. The SERS layer is less than
150 nm thick, so that the entire layer can be effectively utilized
upon irradiation.

While the separation gel layer consists of thinly spread
commercially available gel, the SERS layer consists of a
modified metal film on nanosphere (MFON) structure. The
traditional MFON structure is prepared by formation of a
regular array of highly monodisperse nanospheres, followed

by deposition of ametal layer.This has been shown to serve as
an effective SERS substrate [35–37]. In contrast, our method,
random MFON, makes use of a randomly adsorbed layer of
quasi-monodisperse nanospheres [38]. Such structures have
been successfully used for localized surface plasmon res-
onance (LSPR) sensing and surface-enhanced fluorescence
measurements [39–41]. We show that the random MFON is
an ideal structure for integration into a TLC-SERS, due to
simplicity of preparation and significant SERS effect.

We first show that the SERS layer within a TLC-SERS can
effectively enhance Raman signals.This is done by immersing
a TLC-SERS plate and a TLC structure without SERS layer
into a BPE solution and taking Raman spectra from them.
Then, we demonstrate that the TLC-SERS can actually sep-
arate mixture samples and provide in situ SERS spectra. For
demonstration, we prepared two types of samples. One is a
mixture of equal portions of Raman-active chemical species.
We show that the three-component mixture consisting of
R6G, CV, and BPE could be separated and SERS spectra of all
three components could be obtained individually. A series of
spectra along the direction of the development were obtained
with a 2mm interval in the range from 2mm to 28mm from
the origin; a more detailed investigation was carried out in
the range from 15.5mm to 20.5mmwith a 0.5mm interval. It
revealed distinct SERS spectra from different locations from
the origin. With skim milk doped with a trace amount of
melamine, the presence of 10mg of melamine added to 1 g of
skim milk could be detected only after separation with the
TLC-SERS whereas before separation, skim milk prevented
detection of melamine.

We will also show that both gold and silver nanoparticles
can be used. Silver nanoparticles have the advantage of being
applicable to a greater variety of excitation lasers spanning
the entire visible spectrum while their disadvantage lies with
their chemical instability. In the past, PVP has been reported
effective for stabilizing silver nanocolloids [42, 43]. We will
show that PVP can indeed improve the stability without
reduction in SERS peak height.

2. Experimental

2.1. TLC-SERS Preparation. Preparation of a SERS layer
starts with surface modification of a glass slide with 3-
aminopropyltrimethoxysilane, APTMS. After a slide (Mat-
sunami Glass Inc., Ltd., Fine Frost, FF-002, Osaka, Japan)
was immersed in an APTMS (1 wt.%) solution (Wako Pure
Chemical Industries, Ltd., Cat. number 323-74352, Osaka,
Japan) for one minute, it was dried in a home-made dryer
at 60-degree Celsius for a few minutes. A SiO

2

nanosphere
suspension (Polysciences Inc., Uniform Silica Microspheres
0.1 microns, Cat. number 24041, Warrington, PA), diluted
twofold by an equal portion of 7.5mM MgCl

2

solution, was
added to the surface-modified glass slide, to cover a 5mm
by 60mm rectangular area defined by hydrophobic adhesive
tape. SiO

2

nanospheres would become rapidly attached to
the surface, with the saturation limit reached in less than a
few minutes; it is assumed that unreacted siloxane groups
present on the glass slide bind the nanospheres. The purpose
of adding MgCl

2

is to increase the adsorption density. Excess
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Figure 1: TLC-SERS plate with a built-in SERS layer. (a) Its cross-sectional schematic and photographs during preparation, after formation
of a SERS layer (b) and a separation gel layer (c).

nanospheres were washed offwith a copious amount of water,
leaving a dense monolayer of SiO

2

nanospheres. Finally, a
40 nm thick Au layer was deposited by vacuum evaporation
by using the VFR-200M/ERH vacuum evaporator (ULVAC
KIKO, Inc., Miyazaki, Japan), with a typical vacuum of 5 ×
10−3Pa at a deposition rate of 1 nm/sec.

The SERS layer was then covered by a separation gel layer.
Silica gel (GF60254, Merck Inc.) was suspended in deionized
water at the concentration of 0.1 g/mL. 200𝜇L of the mixture
was added to the glass slide and spread over the SERS layer. It
was then dried at 60-degree Celsius.

2.2. Measurement of SERS Spectra. The fundamental perfor-
mance of the TLC-SERS as a SERS substrate was evaluated
using the Nicolet Almega XR (Thermo Fisher Scientific Inc.)
with the excitation wavelength of 633 nm.

2.3. Preparation of Detection Target Molecules. BPE and
R6G were purchased from Sigma-Aldrich Inc. (Cat. number
B52808-5G and R4127-5G St. Louis, MO). CV was purchased
from Wako (Cat. number 038-04862). R6G, CV, and BPE
were prepared as 1mM solutions; R6G and CV were directly
dissolved into water whereas BPE was first dissolved in
methanol at the concentration of 10mM, followed by tenfold
dilution with water for the final concentration of 1mM.

Melamine was purchased from Kanto Chemical Co.,
Inc. (Cat. number 25093-02 Tokyo, Japan) and used as
received. 10mg of melamine was thoroughly mixed with 10 g
of skim milk by shaking for several minutes (Morinaga Skim
Milk; http://www.morinagamilk.co.jp/skim). One gram of
the powder mixture was dissolved into 10mL of deionized
water.

Malachite green used to evaluate PVP coating was
obtained from Waldeck GmbH & Co. KG. (Cat. number 1B-
249 Münster, Germany).

2.4. Protection by Polyvinylpyrrolidone. PVP was purchased
from Wako (PVP K30 Cat. number 165-17035), with the
molecular weight of 30,000. One gram of PVP powder was
dissolved into 99mL of deionized water. A plate with Ag
nanoparticles was immersed into the PVP solution for 30min
and subsequently dried at 60-degree Celsius. We chose a

1 wt.% 30,000 PVP solution, but PVP with other molecular
weights such as 15,000 and 90,000 were found to work as well.

2.5. Chromatography. For the mobile phase, we used a
methanol : water (80 : 20) mixture for the three-component
experiment and 100% methanol for the skim milk experi-
ment. 0.2 𝜇L of the target molecule solution was added to the
plate, at a point 1 cm away from the edge with four separate
application rounds, with an interval of a few minutes for
drying. The plate was placed in a 50mL bottle filled with
2mL of the mobile phase. A screw-on top was used to seal
the bottle. Developmentwas allowed to run until components
were visibly separated from each other.

2.6. Morphology Observation. For characterization of mor-
phology, we employed a helium ion microscope, HIM, rather
than a scanning electron microscope, SEM. With the gel
layer on the TLC-SERS, it was exceedingly difficult to prevent
electrical charging under SEM observation even when the
structure was coated with Pt. HIM images obtained with a
Carl Zeiss Orion Plus were clear. The helium ion beam was
operated at 35 kV acceleration voltage at a current of 0.5 pA
and scanned over the sample with a dwell time of 0.5𝜇s at
32 lines averaging. We used the in-built electron flood gun at
about 680 eV in line mode to compensate for charging. The
sample was under a tilt angle of 43∘. Brightness and contrast
of all images were optimized for best visibility. For structures
without the TLC layer, images were obtained with an SEM,
Hitachi SU8000 at the acceleration voltage of 5.0 kV.

3. Results and Discussion

Figure 1 shows our TLC-SERS plate, (a) a schematic diagram
of the cross section and its photographs during preparation,
after formation of a SERS layer (b), and a separation gel layer
(c). The SERS layer is 5mm wide and 60mm long, and the
separation gel layer, white in appearance, has the same width.
The width of 5mmwas chosen from our observation that the
sample tended to drift toward an edge during development
when narrower strips were used. Figure 2 shows HIM images
of the TLC-SERS plate. The separation gel layer was locally
removed to reveal the underlying SERS layer. Images (a) and
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Figure 2: HIM images of the TLC-SERS plate with a locally removed separation gel layer. The scale bars correspond, respectively, to 200, 20,
and 2𝜇m in (a), (b), and (c).
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Figure 3: Raman spectra of 0.1mM BPE from a TLC-SERS plate (a) and a TLC plate without SERS layer (b).

(b) reveal the cross section of the separation gel layer whereby
the bottom half is the SERS layer. In image (c) details of the
SERS layer are shown. Structures some 100 nm in size are
responsible for SERS and debris larger than 1 𝜇m is fragments
from the separation gel layer. The scale bar corresponds
to 200, 20, and 2 𝜇m in (a), (b), and (c), respectively. The
separation gel layer is some 100 𝜇m thick. Nanoparticles in
the SERS layer remained adsorbed to the glass surface and
they did not undergo noticeable morphological changes in
the process of forming the separation gel layer on top.

Next we show that the SERS layer in the TLC-SERS
plate is effective for enhancing Raman signals. Figure 3 shows
spectra obtained from a TLC-SERS plate and a regular TLC
plate without SERS layer after both were exposed to 0.1mM
BPE. Here BPE was not developed because our interest was
to see if the SERS layer would function after incorporation
into a TLC-SERS plate. Peaks seen at 1010, 1195, 1333, and
1604 cm−1 in Figure 3(a) are characteristic of BPE.They have
been assigned to ring in-plane deformation (ring breath-
ing) (1009 cm−1), ](ring-C]), 𝛿(C-H)p (1219 cm−1), 𝛿(C-H),
𝛿(C]-C) (1350 cm

−1), and ](C-C)p, 𝛿(C-H) (1631 cm
−1) by

Zhuang et al. [44]. These peaks cannot be observed in the
absence of the SERS layer (Figure 3(b)).

Next we investigated whether the presence of the SERS
layer interfered with the separation process. Figure 4(a)
shows an image of a TLC-SERS plate after development of
a BPE/R6G/CV mixture sample. The origin is at 0mm and
the orange spot corresponding to R6G is found 17mm from
the origin whereas CV is found in a region expanding up
to 15mm from the origin; BPE is not visible to the naked
eye. A series of spectra obtained along the length of the
plate at a 2mm interval are shown in Figure 4(b). Spectra
obtained at a 0.5mm interval in the range from 15.5 and
20.5mm are shown in (c). Spectra characteristic of CV and
R6G were obtained from locations corresponding to two
colored spots of Figure 4(a). Spectra characteristic of BPE
were obtained from locations further away than R6G, as
far away as 20mm from the origin. It can be seen, thus,
that BPE, R6G, and CV could be separated and their SERS
spectra could be obtained in situ. It should be mentioned,
however, that even though Figure 4(a) does not show any
obvious colored spot at the origin, a SERS spectrum which is
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Figure 4: Image of a TLC-SERS after the BPE/R6G/CV mixture sample has been run (a). SERS spectra obtained along the direction of plate
with a 2mm interval from the origin are shown in (b). Those taken with a 0.5mm interval in the range from 15.5 and 20.5mm are shown in
(c).

largely that of CV is obtained from the origin. Some possible
explanations for this are that (1) those CV molecules present
at the origin get adsorbed to gold nanoparticles particularly
tightly so as to give exceptionally strong SERS signals, (2) as
the rest of the CV molecules migrate, only a small portion
manages to come into contact with nanoparticles in the
SERS layer, and (3) the nanoparticles at the origin undergo
morphological change during the spotting process in such
a way to improve the enhancement ratio and so forth. For
now, we can only hypothesize about the mechanism, but the
fundamental principle of separation and subsequent in situ
SERS detection has been shown.

Results of running a melamine/skim milk mixture are
shown in Figure 5.The spectrum in (a) was obtained from the
origin immediately after themixture was added, before devel-
opment. No peak characteristic of melamine was observed.
After development, spectra were obtained at the origin and
three spots 5, 10, and 15mm from the origin, shown in
Figures 5(b), 5(c), and 5(d), respectively. In Figure 5(c), there
is a peak at 694 cm−1 which should correspond to the ring
breathingmode formelamine in solution [45].The same peak

of reduced height is also observed in Figures 5(b) and 5(d) so
thatmelaminemight not be optimally isolated, but separation
is sufficient to reveal the 694 cm−1 peak, previously blocked
by the skimmilk.There are a number of reports on detection
of melamine added to milk or skim milk [34, 46–48]. While
it may be possible to detect melamine without separation
under certain conditions, the present result suggests that the
presence of milk or skim milk does affect the SERS peak
height so that a separation step is necessary for quantitative
measurements.

The protection effect of the PVP coating onAg nanoparti-
cles, 100 nm nanospheres covered by 100 nmAg, is illustrated
in Figure 6. The plate shown in (a) is protected only on
the side left of the broken line in the middle. Colors of the
SERS layer are different on the left and right of the line. Two
SEM images reveal the effect of forming a TLC layer over
Ag nanoparticles. First a TCL layer was formed and then
removed to reveal the underlying SERS layer. In Figure 6(b),
Ag nanoparticles had been protected by PVP whereas those
in (c) had not been. Protected silver nanoparticles retained
their original shape as can be seen in Figure 6(b), but those
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Figure 5: Spectra obtained before (a) and after development of a melamine/skimmilk mixture from various locations along the length of the
TLC-SERS plate, (b), (c), and (d). They correspond to locations 5, 10, and 15mm from the origin.
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Figure 6: A photo of a TLC-SERS (a); only the left side of the central broken line was protected. Of the SEM images in (b) and (c), (b) shows
the protected area.
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Figure 7: The effect of PVP protection of silver nanoparticles on 912 cm−1 peak intensities from malachite green. 1 (a) and 2 (a) are without
PVP protection, before and after application of the separation gel layer, respectively. 1 (b) and 2 (b) show signals from PVP-protected silver
nanoparticles.

in Figure 6(c) turned into globules.The effect of PVP coating
was also evaluated through SERS spectra. The height of the
912 cm−1 peak in malachite green SERS spectra was used as
the standard. In Figure 7, those on the left, 1 (a) and 1 (b),
are signal intensities form SERS plates not covered by a TLC
layer. Whether protected by PVP (1 (a)) or not (1 (b)), the
signal intensities were comparable. This shows that having
PVP coating did not interfere with SERSmeasurements. Two
on the right, 2 (a) and 2 (b), are both of TLC-SERS plates;
2 (b) is the signal from a TLC-SERS with PVP protection.
2 (a) is without PVP protection prior to formation of the
TLC layer. While there is reduction in the signal intensity
for both cases, the PVP coating was effective in minimizing
the loss in performance. PVP might prevent Raman-active
target molecules from directly adsorbing onto noble metal
nanoparticles, but the reduction in the signal intensity was
minimal. Silver is a material of choice because it can be used
in combination with a larger variety of excitation lasers with
different wavelengths. Thus, the ability to incorporate silver
nanoparticles into a TLC-SERS is encouraging.

We showed in this paper that a TLC-SERS can be pre-
pared with a built-in SERS layer.The predominant advantage
is simplicity in operation, important particularly in the field,
where no facility is available for careful application of noble
metal colloids or transfer of separated chemical species froma
TLC plate onto a separate SERS plate after development.With
a built-in SERS layer, one can bemore certain of uniformity of
noble metal colloids. Additionally, use of randomly adsorbed
noble metal nanoparticles has the following advantages: (1)
it is easier to prepare than orderly arrays and (2) there have
been reports of enhanced SERS performance with randomly
adsorbed nanoparticles [36].

4. Conclusion

We showed that a TLC-SERS plate can be prepared with a
built-in SERS layer.The SERS layer is formed by adsorption of
quasi-monodisperse SiO

2

nanoparticles followed by vacuum

deposition of a noble metal. This simple method allows
formation of a SERS layer measuring an area 60mm by
5mm on a slide glass. The TLC-SERS plate is completed by
formation of a separation gel layer on top of the SERS layer.
This structure was used to detect R6G, CV, and BPE from
their mixture sample. After development of the sample, SERS
spectra of these chemical species were obtained from distinct
spots on theTLC-SERS plate.Theplatewas also used to detect
the presence of a trace amount of melamine dispersed within
skim milk. Before development, no peak characteristic of
melamine was obtained, but after development, the 694 cm−1
peak was detected. It shows that the TLC-SERS plate is
capable of reducing the interference from the skim milk.

A built-in SERS layer has the advantage of uniformity
over a system whereby colloids are added to a TLC plate after
development. The fact that the SERS layer is located directly
on the flat glass substrate gives an additional advantage
that the nanoparticles can be easily irradiated from the
bottom, not blocked by the gel layer. It is hoped that the
reported system will prove itself useful, particularly when
measurements are to be made outside a laboratory where
cumbersome preparatory procedures need to be minimized.
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The ZnO microspheres constructed by porous nanosheets were successfully synthesized by calcinating zinc hydroxide carbonate
(ZHC) microspheres obtained by a sample hydrothermal method.The samples were characterized in detail with scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and thermogravimetric and differential
scanning calorimetry (TG-DSC). The results indicated that the prepared ZnO microspheres were well crystalline with wurtzite
hexagonal phase. The effects of reaction time, temperature, the amount of trisodium citrate, and urea on the morphology of ZnO
microspheres were studied. The formation mechanism of porous ZnO microspheres was discussed. Furthermore, the gas-sensing
properties for detection of organic gas of the prepared porous ZnO microspheres were investigated. The results indicated that the
prepared porous ZnO microspheres exhibited high gas-sensing properties for detection of ethanol gas.

1. Introduction

Zinc oxide (ZnO) is one of the most important n-type semi-
conductormaterials with a directwide band gap (3.37 eV) and
large excitation binding energy (60meV) [1]. It has attracted
great attention for a long time due to its luminous, piezoelec-
tric, electroconductive, gas-sensing, and photocatalytic [2–
6] properties that has broad applications in the field such
as lighting emitting diode, ultraviolet detectors, gas sensors,
varistors, solar cells, and photocatalysts [7–12]. In addition,
ZnO has abundant raw materials, cheap price, no toxicity,
and simple synthetic method [13], and therefore ZnO has
been recognized as one of the most important promising
semiconductor materials. More and more research groups
have been concentrated on using ZnO as a gas sensor for
a variety of gases such as NH

3
, formaldehyde, CO, H

2
S,

ethanol, and NO
2
[14–19]. In recent years, many researchers

have devoted themselves to synthesis of ZnO with different
morphologies for special applications. To date, ZnO with
various size and morphologies have been reported, such as
one-dimensional ZnO nanostructures, including nanotubes,
nanorods, and nanowires, and two-dimensional (2D) ZnO
nanosheets, nanofilm [20–24]. However, compared with

those ZnO materials above, 3D ZnO structures exhibited
superior gas-sensing properties [25], whichmay be attributed
to their high specific surface area, good permeability, and
high interfacial charge-transfer efficiency [26].

It is known that the morphology, microstructures, and
gas-sensing activity of ZnO are significantly influenced by
the preparative conditions andmethods. Numerous chemical
and physicochemical methods have been developed to syn-
thesize the 3D ZnO nanostructures. For example, Gu et al.
[27] synthesized 3D flower-like ZnO nanostructures by
microwave-assisted method. Li et al. [28] fabricated ZnO 3D
microstructures with nano-multipod by thermal evaporation
methods using metal catalysts. Cai et al. [29] reported that
awl-like ZnO nanostructures have been fabricated by subli-
mation process employing chemical vapor deposition (CVD)
method. However, these synthesis methods typically involve
complex controlling process and too much energy, which
possibly result in the increased cost and limitation of the
potential applications.Therefore, the development of a facile,
effective, and economical approach to synthesize ZnO and
control of their morphology are strongly desirable. The most
promising one was thermal decomposition or calcination
of zinc carbonate and zinc carbonate hydroxide precursors.
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The raw materials for this process are easily available and
have a low-cost, superfine ZnO product which can be easily
prepared by using this technique [30].

In this work, the porous ZnO microspheres constructed
by multilayered porous nanosheets were obtained through
a hydrothermal preparation and a thermal decomposition.
The synthesized porous ZnO microspheres are assembled by
numerous porous nanosheets. We investigated the effect of
ZnO microsphere synthesis parameters. On the basis of the
experimental results and analysis, the formation mechanism
of the porous ZnO microspheres was pointed out. The
prepared samples exhibited excellent sensing performance
to ethanol gas, and the porous ZnO microspheres were
promising candidates for the applications of ethanol sensitive
material.

2. Experimental Section

2.1. Synthesis of ZnO PorousMicrospheres. All chemicals used
were of analytical grade from Shanghai Chemical Reagent
Corporation and without further purification. ZnO porous
microspheres constructed bymultilayered porous nanosheets
have been fabricated via hydrothermal method and a ther-
mal decomposition. In a typical synthesis process, 3mmol
zinc nitrate hexahydrate (Zn(NO

3
)
2
⋅6H
2
O), 6mmol urea

(CO(NH
2
)
2
), and 0.5mmol trisodium citrate were dissolved

in 100mL deionized water by a magnetic stirrer to form a
mixed solution; the mixed solution was transferred into a
100mL teflon-lined stainless steel autoclave and heated at
120∘C for 6 h. The precipitate was collected by centrifugation
and washed thoroughly with deionized water several times to
remove the impurities and dried in a vacuum oven at 60∘C
for 12 h to obtain the ZHC precursors.

For the synthesis of porous ZnO microspheres, the as-
obtained precursors were placed in a crucible and heated
from room temperature to 500∘C at a rate of 10∘C/min and
thenmaintained at 500∘C for 2 h in air. After cooling to room
temperature, the final product was collected.

2.2. Characterization. The phase structure and composi-
tions of the as-fabricated products were identified by X-ray
diffraction (XRD, Philips X’pert X-ray diffractometer with
Cu-K𝛼 radiation, 𝜆 = 1.5406 Å) at 40 kV, 30mA over the
2𝜃 range 10–80∘. Thermogravimetric (TG) and differential
scanning calorimetry (DSC) analysis was measured by a
thermogravimetric analyzer (NETZSCH STA 409 PC) with
a heating temperature rate of 5∘Cmin−1 under atmosphere
from 50∘C to 1000∘C.Themorphology andmicrostructure of
the products were further investigated by scanning electron
microscopy (SEM) using a JEOL JSM 6700F and transmis-
sion electron microscopy (TEM) using a JEOL JEM 2010F
microscope working at 200 kV. The Brunauer-Emmett-Teller
(BET) surface areas of the products were analyzed using a
Micromeritics ASAP 2020 nitrogen adsorption apparatus.

2.3. Gas-Sensing Properties Test. For gas sensor experiments,
the ZnO product was mixed with deionized water to form a
paste and then coated onto an alumina tube-like substrate, on
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Figure 1: XRD pattern of (a) the ZnHC precursors and (b) ZnO
obtained after being annealed at 500∘C for 2 h.

which a pair of platinum wires had been installed. The ZnO
coated substrate was dried under IR radiation in the air and
then annealed at 500∘C in air for 2 h. At last, a small Ni–Cr
alloy coil was placed penetrating into the tube as a heater.The
gas sensor was aged at 450∘C in air for 10 days in order to
improve the long-term stability and repeatability.

The gas-sensing properties of ZnO porous microspheres
were tested using a WS-30A gas sensitivity system (Winsen
Instruments Co., Zhengzhou, China). A certain concentra-
tion of target gaswas injected into the evaporator in the sealed
glass chamber separately and then mixed by starting the pair
of air small-sized fans. The gas response value of testing gas
was defined as the ratio of𝑅a to𝑅g, where𝑅a and𝑅g represent
the resistance of the as-obtained ZnO measured in air and
testing gas environment, respectively.

3. Results and Discussion

Figure 1 shows the XRD pattern of the ZHC precur-
sors (Figure 1(a)). All the diffraction peaks in Figure 1(a)
can be indexed as monoclinic zinc hydroxide carbonate
Zn
5
(OH)
6
(CO
3
)
2
(JCPDS Card Number 11-0287). As shown

in Figure 1(b), the diffraction peaks of ZnO porous micro-
spheres correspond well with the (100), (002), (101), (102),
(110), (103), (200), (112), (201), and (202) reflections of the
hexagonal wurtzite structure of ZnO (space group P63mc,
JCPDS Card Number 36-1451, 𝑎 = 3.25 Å, 𝑐 = 5.207 Å). No
characteristic peaks of other impurities were detected in the
XRD patterns, indicating that the porous ZnO microspheres
had high purity and good crystallinity. That is to say, the
ZHC precursors can be transformed utterly to a pure phase
of hexagonal wurtzite type ZnO after being annealed at 500∘C
for 2 h.

The morphology and microstructure of the ZHC pre-
cursors and the ZnO microspheres were examined by SEM
(Figure 2). Figure 2(a) shows the SEM image of an individual
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Figure 2: ((a) and (b)) SEM images of the ZHC precursors; ((c) and (d)) SEM images of ZnO porous microspheres obtained at 500∘C for 2 h.

ZHCprecursorsmicrosphere. It demonstrates that themicro-
sphere was assembled by many nanosheets, which are inter-
crossed with each other (Figure 2(b)). Figures 2(c) and 2(d)
show the SEM images of ZnO microspheres, which calcined
at 500∘C in air for 2 h. Compared to the samples before calci-
nation, the morphology and size of the calcined samples had
no obvious change. It reveals that high-temperature calcining
process did not destroy the 3D hierarchical structure, while
the assembled structure becomes a little loose and the surface
was rougher than uncalcined samples.

The porous ZnO nanosheets are further characterized by
the TEM. Compared to the TEM images of ZHC precursors
(Figure 3(a)), it can be seen that many pores of various sizes
were observed on the surfaces of the nanosheets from the
TEM images (Figures 3(b) and 3(c)) of ZnO nanosheets, due
to the fact that the ZHC precursors were decomposed under
the high temperature and then the water and carbon dioxide
were volatilized. The porous ZnO microspheres, synthesized
by hydrothermal method and a thermal decomposition, have
large specific surface area and many active centers [31].
To obtain further information about the specific surface
area and the pore sizes distribution of the as-prepared
ZnO microspheres, nitrogen adsorption-desorption analy-
sis was performed. As shown in Figure 3(d), the nitrogen
adsorption-desorption isotherm belongs to type IV, indi-
cating the existence of abundant mesopores in the ZnO
microspheres. Using the BJH method and the desorption

branch of the nitrogen isotherm, the calculated pore-size
distribution indicates that the material contains an average
pore size of 25.288 nm. The specific surface area of the
ZnO microspheres is calculated to be 29.87m2/g by the
BET equation. As-synthesized ZnOmicrospheres with a high
special surface areamay providemore surface active sites and
pore-channels for gas sensing.

TG-DSC curves of the ZHC precursors were shown in
Figure 4. It is obvious that TG curve of ZHC precursors
contains two distinct weight loss steps. The weight loss
in 50–200∘C is 5.6 wt%, due to the endothermic loss of
surface hydroxyls and water molecules in the precursors.The
maximum weight loss occurring in the second step between
200 and 500∘C is 22.1 wt% due to the volatilization of carbon
dioxide. There is a strong endothermic peak at 257∘C in the
DSC curve, which corresponds with the second weight loss.
There is no obvious weight loss on TG curve after 500∘C,
indicating the ZHCprecursors were completely decomposed.

The SEM images of the ZnO samples at different reaction
temperatures (120∘C and 150∘C) were shown in Figures 5(a)
and 5(b). At 120∘C, the samples had a spherical structure
with diameter of about 3 𝜇m(Figure 5(a)).When the reaction
temperature increased to 150∘C (Figure 5(b)), the samples
had a spherical structure with diameter of approximately
6 𝜇m. As raising the reaction temperature, the size of the
ZnO microspheres increased. It was demonstrated that the
decomposition rate of urea will be increased with increasing
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reaction temperature. The amount of precipitation agent also
increases in unit time promoting the nucleation and growth
of grain. In order to understand the effects of reaction time
on the sample structure, time-dependent experiments were

carried out at 120∘C. Figures 5(c) and 5(d) show the SEM
images of the samples synthesized at 120∘C for different
reaction time. As shown in Figure 5(c), the size of the ZnO
microspheres is not homogeneous. While the reaction time
is up to 3 h, it can be seen from Figure 5(d) that the ZnO
microspheres are more regular and the size of sample is
becoming more uniform. Thus, the ZnO microspheres tend
to be uniform and regular when prolonging the reaction time.

The amount of trisodium citrate has an important influ-
ence on the sample structure. Different amounts of trisodium
citrate (0, 0.5mmol) were carried out in the experiments.The
SEM images of the ZnO microspheres in the different condi-
tions were shown in Figures 6(a) and 6(b). From Figure 6(a),
it can be seen that the nanosheets aggregate irregularly and
the size is bigger without trisodium citrate in the reaction.
With increasing of trisodium citrate, the nanosheets become
shorter and self-assemble into a spherical structure. It was
demonstrated that trisodium citrate can inhibit the further
growth of nanosheets and promote nanosheets assembly into
a spherical structure.

Urea, as precipitant, plays an important role in the whole
reaction. The SEM images of the ZnO microspheres were
prepared by different amount of urea which were shown in
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Figure 5: SEM images of the samples synthesized at different reaction times and temperatures: (a) 120∘C; (b) 150∘C; (c) 1 h; (d) 3 h.

(a) (b)

(c) (d)

Figure 6: SEM images of the as-prepared ZnOmicrospheres synthesized under the different amount of trisodium citrate and urea: (a) 0mmol
trisodium citrate; (b) 0.5mmol trisodium citrate; (c) 3mmol urea; (d) 4mmol urea.
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Figures 6(c) and 6(d). When the amount of urea is 3mmol,
the samples had a spherical structure and relatively uniform
sizes with diameter of about 8𝜇m. When the amount of
urea increased to 4mmol (Figure 6(d)), the samples had a
spherical structure with diameter of approximately 6𝜇m.
Compared with Figure 6(d), the size of the microspheres
shown in Figure 6(c) becomes smaller, owing to the increas-
ing of urea, and the reaction points of ZnO microspheres
becomemore. Based on the above analysis, it can be seen that
the amount of urea can affect the size of ZnO microspheres.

Based on the above experimental results and analysis, we
proposed the growth mechanism of the porous ZnO micro-
spheres.The formationmechanismwas shown in Figure 7. In
this formation process, trisodium citrate and urea were used
as complexant and precipitant, respectively. The chemical
reactions can be written as follows:

(NH2)2 CO+ 3H2O → 2NH3 ⋅H2O+CO2 (1)

NH3 ⋅H2O → NH4+ +OH− (2)

CO2 + 2OH
−
→ CO3

2−
+H2O (3)

Zn2+ + 2OH− → Zn (OH)2 (4)

5Zn2+ + 6OH− + 2CO3
2−
→ Zn5 (OH)6 (CO3)2 (5)

5Zn (OH)2 + 2CO3
2−

→ Zn5 (OH)6 (CO3)2 + 4OH
−

(6)

Zn5 (OH)6 (CO3)2 → 5ZnO+ 3H2O+ 2CO2 (7)

At the beginning of reaction, the solution is neutral.
when the temperature exceeds 80∘C, the urea begins to
decompose, and then OH− obtained from the reactions (1)
and (2) will react with Zn2+ and generate Zn(OH)

2
(reaction

(4)). As the reaction proceeded, solution becomes saturated
gradually, Zn(OH)

2
starts to nucleate and then grows further

into Zn(OH)
2
spheres. According to the reaction (3), the

concentration of CO3
2− in solution is increasing with the

reaction proceeding, and then Zn2+ and OH− react with
CO3

2− (reaction (5)) and generate ZHC precursor on the
surface of Zn(OH)

2
spheres. As the reaction progresses, the

concentration of Zn2+ in the solution decreased, in order to
supplement the Zn2+, the Zn(OH)

2
spheres begin to dissolve

gradually, and thenmore andmore nanosheets growout from
a crystal nucleus (reaction (6)) and finally assemble into the
ZHC precursor spheres. The Zn(OH)

2
spheres disappeared

and ZHC precursor microspheres formed completely after
6 h.

In the process of the reaction, trisodium citrate as
complexing agent has very important influence on the mor-
phology of the samples. Citrate anion (C5H7O5COO−) and
Zn2+ formed complex, hindering the reaction of Zn2+, OH−,
and CO3

2−, which slows down the formation velocity of ZHC
precursor and controls the morphology of precursors. In
addition, the citrate ions can be adsorbed on the surface of
nanosheets effectively, limiting the horizontal and vertical
growth of the nanosheets. Finally, the ZHC precursors were
calcinated at 500∘C for 2 h in the air condition, the porous
ZnO microspheres were obtained, owing to the ZHC pre-
cursors decomposed in the calcination process, and then the
water and carbon dioxide were volatilized (reaction (7)).

In the end, we tested the gas-sensing performances of the
sensors based on the flower-like porous ZnO microspheres,
which were synthesized by a simple hydrothermal method
with zinc nitrate hexahydrate (3mmol), urea (6mmol), and
trisodium citrate (0.5mmol) as rawmaterials at 120∘C for 6 h.
In order to determine the optimal operating temperature, gas
response of the sensors based on porous ZnO microspheres
toward 50 ppm ethanol was investigated at different operating
temperature, and the result is shown in Figure 8(a). It can
be seen that the response to ethanol gas increased rapidly
with the increase in operating temperature from 220 to
280∘C and reached maximum at 280∘C. After that, the
response decreased with further increase in the operating
temperature. Obviously, the optimal operating temperature
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Figure 8: (a) Effect of operating temperature on the gas response of porous ZnO microspheres to 50 ppm ethanol gas. (b) Selectivity of
porous ZnOmicrospheres to different testing gases. (c) Selectivity of ZnOmicrospheres versus testing gases concentration. (d) Response and
recovery curves of porous ZnO microspheres upon exposure to ethanol gas.

of the sensors based on porous ZnO microspheres could
be selected as 280∘C. Figure 8(b) shows the responses of
the as-prepared sensors to the various organic vapors, such
as formaldehyde, ammonia, ethanol, and acetone with the
concentration of 100 ppm at an operating temperature of
280∘C. It is clearly found that the response of sensor to
ethanol gas was highest among the test gases. Consequently,
the sensor based on porous ZnO microspheres showed good
selectivity toward ethanol compared to the other gases at
the operating temperature of 280∘C. The sensing properties
of porous ZnO microspheres sensors to 5, 10, 50, and
100 ppm of formaldehyde, ammonia, ethanol, and acetone
are measured at 280∘C, as shown in Figure 8(c). The sensor
has a larger value of response to ethanol but worse response
to formaldehyde, ammonia, and acetone under the same
concentration.These findings confirm the superior selectivity
of porous ZnO microspheres sensors to ethanol. Figure 8(d)
displays response and recovery curves of the ZnO sensors to
ethanol gas with different concentrations (5 to 500 ppm) at

an operating temperature of 280∘C. According to Figure 8(d),
it can be observed that the sensor exhibits fast response and
recovery times, and the sensitivity of porous ZnO to ethanol
gases increased with the increasing of ethanol concentration.
The response time and recovery time of the as-fabricated
porous ZnO microspheres sensor for 5 ppm ethanol were 4 s
and 2 s, respectively (inset of Figure 8(d)).

The gas-sensing mechanism of 3D porous ZnO micro-
spheres can be explained by the surface charge model [32].
When exposed in different type of gases, resistance of
semiconductor oxide materials alters. When the ZnO sensor
is exposed in air, oxygen molecules in the atmosphere are
absorbed on the surface of ZnO nanosheets by capturing
free electrons from the conduction band, generating oxygen
ions, such as O2

−, O−, and O2− [1, 33], leading to the electron
concentration of the conduction band decreasing and the
resistance of ZnO sensor increasing. The surface reactions
can be described as follows:

O2 (gas) + e
−
→ O2

−
(absorbed) (8)
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O2 (gas) + 2e
−
→ 2O− (absorbed) (9)

O− (absorbed) + e− → O2−
(absorbed) (10)

When ZnO is exposed to the ethanol gas, the ethanol
molecules will react with the adsorbed oxygen ions on the
surface and release the electrons back to the conduction band.
This results in the electron concentration increasing and as
a consequence the resistance of the materials decreases. The
chemical reactions can be written as follows:

C2H5OH+O
−
→ C2H4O+H2O+ e

− (11)

C2H5OH+O
2−
→ C2H4O+H2O+ 2e

− (12)

2C2H5OH+O2
−
→ 2C2H4O+ 2H2O+ e

− (13)

When increasing the concentration of ethanol, more and
more electrons were released back to the conduction band,
leading to the resistance of sensors decreasing. That is why
the sensitivity of porous ZnO to ethanol gases increased with
the increasing of ethanol concentration.

Moreover, the reasons for the superior gas-sensing prop-
erties of porous ZnO microspheres were possibly attributed
to the abundant pores increasing the specific surface areas.
It was well known that large specific surface areas pro-
vided more active sites and promoted gas diffusion. Thus,
the porous ZnO microspheres were promising candidates
for gas-sensing applications, especially for the detection of
ethanol.

4. Conclusions

In summary, the porous ZnO microspheres have been suc-
cessfully synthesized by calcining the ZHC precursor micro-
sphere, which were the reaction products of a hydrothermal
reaction by zinc nitrate hexahydrate and urea in the presence
of trisodium citrate. The porous ZnO microspheres are
assembled by numerous porous nanosheets. The approach
provided a simple, effective, low-cost, and environment
friendly method to largely synthesize the porous ZnO
microspheres. Furthermore, the formationmechanism of the
porous ZnO microspheres was speculated by the experi-
mental results and analysis. The gas-sensing properties test
indicated that the ZnO gas sensors exhibit excellent sensing
performances to ethanol, owing to their large specific surface
area andoutstanding gas-sensing properties.TheporousZnO
microspheres were promising candidates for the applications
of ethanol sensitive material.
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We propose a nanobiosensor to evaluate a lung cancer-specific biomarker. The nanobiosensor is based on an anodic aluminum
oxide (AAO) chip and functions on the principles of localized surface plasmon resonance (LSPR) and interferometry. The pore-
depth of the fabricated nanoporous AAO chip was 1 𝜇m and was obtained using a two-step electrochemical anodization process.
The sensor chip is sensitive to the refractive index (RI) changes of the surrounding medium and also provides simple and label-
free detection when specific antibodies are immobilized on the gold-deposited surface of the AAO chip. In order to confirm the
effectiveness of the sensor, the antibodies were immobilized on the surface of the AAO chip, and the lung cancer-specific biomarker
was applied atop of the immobilized-antibody layer using the self-assembled monolayer method. The nanoporous AAO chip was
used as a sensor system to detect serum amyloid A1, which is a lung cancer-specific biomarker.The specific reaction of the antigen-
antibody contributes to the change in the RI. This in turn causes a shift in the resonance spectrum in the refractive interference
pattern. The limit of detection (LOD) was found to be 100 ag/mL and the biosensor had high sensitivity over a wide concentration
range.

1. Introduction

Highly sensitive and rapid detection of biomarkers is essential
for biosensors used in medical diagnostics, genetics, or envi-
ronmental monitoring applications [1, 2]. Nanotechnology
based biosensor devices have the potential to overcomemany
of the disadvantages of conventional health diagnostic and
monitoring methods. Among various nanotechnology based
biosensors, electrochemical nanoscale biosensors offer the
ability tomeasure biomedical parameters directly and rapidly,
without using fluorescent labels. Nanoscale sensors also offer
the potential for in vivo sensing.

The development of ultrasensitive sensing and biosensing
devices using nanomaterials and nanostructures received a

great deal of attention in the last decade, primarily because of
their unique physical and chemical properties. Nanobiosen-
sors, in particular, are analytical devices that utilize nanoscale
detector components to identify minute biological elements
with enhanced sensitivity [3].These biosensors are important
in the field of biotechnology because of their direct, faster,
more accurate, and more selective detection of the analyte at
low concentrations [4, 5].

Recently, considerable research has been carried out to
develop nanobiosensors using nanostructures, such as nano-
fibers, nanoparticles, nanowires, nanorods, and nanotubes.
These nanostructures are important in the manufacturing
of the biosensor because of their unique electronic, optical,
magnetic, thermoelectrical, and chemical properties [6–9].
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The nanostructures in these biosensors are highly selective
and sensitive; hence, they are used for medical diagnosis,
monitoring of diseases, drug discovery, and the detection of
environmentally relevant biological agents [10].

The combination of nanostructures and biomolecules is
of considerable interest in the field of nanobiotechnology.
Fundamentally, biosensors are based on the coupling of a
ligand-receptor binding reaction to a signal transducer [11].
Several techniques for the detection of biomolecules based
on the ligand-receptor binding reaction have been reported.
These include techniques, such as optical sensors using light
[12, 13], semiconductor sensors using changes in electric
properties due to an external stimulus, and chemical sensors
using chemical changes [14, 15]. Although each of these
techniques has its individual strengths and weaknesses, a
strong case has been made that the optical type biosensors
have greater potential. In particular, techniques that are based
on localized surface plasmon resonance (LSPR) on gold-
deposited nanostructures are fast becoming the methods
of choice in many affinity biosensing applications [16, 17].
LSPR has been used to monitor a broad range of analyte-
surface binding interactions, including the adsorption of
small molecules, ligand-receptor binding, protein adsorption
on self-assembled monolayers (SAMs), antibody-antigen
binding, and protein-DNA interactions [18, 19].

All of these properties make anodic aluminum oxide
(AAO) an excellent sensing platform with exciting oppor-
tunities in the development of advanced, simple, smart, and
cost-effective sensing devices that may be used in numerous
analytical applications. In addition, AAO chip has a unique
set of chemical, optical, mechanical and electrical proper-
ties. These properties include chemical resistance, thermal
stability, biocompatibility, and a large surface area. The AAO
chips can be synthesized via anodization of metal aluminum.
Using this procedure, precise control of the pore diameter
and length can be achieved [20]. Owing to these fairly well-
defined nanopores, AAO chips have been used in popular
applications in many areas, such as nanostructured-material
preparation and biological and chemical separations [21, 22].
The use of AAO in these for applications has a lot of potential
in future developments and in the translation of these
research products into commercial devices.

In our previous work, we confirmed that AAO chips can
be used to detect biomolecules [23, 24]. Furthermore, we
successfully fabricated a biosensor where the controlled pore-
depth and a uniform surface could be retained.TheAAOchip
responses were evaluated by the surface RI changes through
the interaction between the interference and LSPR.

In this study, we describe major advances and develop-
ments in the lung cancer-specific biomarker sensor system
based on a nanoporous AAO chip. The lung cancer-specific
biomarker of choice was serum amyloid A1 (SAA1). Herein,
we will briefly describe the nanoporous structures of AAO
prepared at 1 𝜇mof pore-depth, various pore diameters, rang-
ing from 15 nm to 95 nm, using a two-step electrochemical
anodization procedure. We also describe their key optical
and electrochemical properties, which make AAO ideal for
specific sensing applications. The pore diameters of the AAO

chip were tuned using a pore-widening treatment as a func-
tion of the anodization conditions. The sensor chip is sensi-
tive to the refractive index (RI) of the surrounding medium
and also provides simple and label-free detection when
specific antibodies are immobilized to the gold-deposited
surface of AAO chip. The specific antigen-antibody reaction
contributes to the change in the RI that causes a shift in
the resonance spectrum of the refractive interference pattern.
The results indicate that the pore size has to be large enough to
allow biomolecules to enter the pores freely, but small enough
to retain the optical reflectivity of the AAO membrane. The
limit of detection (LOD) of our sensor system for SAA1 was
at a concentration of 100 ag/mL. Our proposed AAO chip has
high sensitivity and real-timedetection of biomolecular inter-
actions.These properties allow these biosensors to be applied
in a wide array of applications.

2. Experimental Section

2.1. Materials. Aluminum sheet, perchloric acid, ethanol,
oxalic acid, phosphoric acid, chromic acid, 11-mercapto-1-
undecanol acid, N-(3-dimethylaminopropyl)-N-ethylcar-
bodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), and dimethyl sulfoxide (DMSO) were supplied by
Sigma-Aldrich (USA). Buffer solution of Tris-HCl (pH 7.4)
(WELGENE Inc. Korea) was used.

2.2. Serum Amyloid A (SAA). SAA is a high density lipopro-
tein- (HDL-) associated apolipoprotein and is known to play
a major role in the modulation of inflammation and in the
metabolism and transport of cholesterol [25]. It has been
recently proposed that SAA is a potentially useful biomarker
to monitor patients harboring human tumors, including
gastric and nasopharyngeal cancer [26, 27]. Moreover, in
lung cancer patients, usingmass spectrometry and proteomic
technologies, the SAA was identified as the top differentially
expressed protein that was able to differentiate the serum of
patients from the serum of healthy individuals. Among four
human SAA gene families, the acute SAAs, SAA1 and SAA2,
are known to be induced up to several hundredfold. SAA3
is a pseudogene whereas the SAA4 is constantly expressed
[28, 29]. In the present report, we propose that SAA1 is a good
serum biomarker for the detection of lung cancer.

2.3. Principle of Sensor Operation and Structure. In order to
increase the sensitivity of the sensor system, we developed a
sensor chip designed to detect the SAA1 antigen (ProtanBio,
Korea) using both interferometry and LSPR. Gold was
deposited on a nanoporous structure to induce LSPR and
to allow immobilization of a SAA1 antibody (100𝜇g/mL,
ProtanBio, Korea). When the light is vertically incident,
the interference fringe pattern appears as the difference in
optical path between the upper part of the gold-deposited
nanostructure and the lower part of the core. The reaction
of the SAA1 antigen with the SAA1 antibody using the
SAM method causes a change in the wavelength-dependent
refractive index of the sensing membrane. The wavelength
shift and the change in reflectance intensity are caused by
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Table 1: Parameters for fabrication of various pore diameters of AAO chip.

Sample Electrolyte Anodization voltage (V) 2nd anodization time
(a) 0.3M oxalic acid 20 50
(b) 0.3M oxalic acid 40 16
(c) 0.4M oxalic acid 50 7
(d) 0.1M phosphoric acid 50 190
(e) 1M phosphoric acid 50 60

the interference. Thus, the target material is measured by the
effective optical thickness (𝐿) of the detectionmembrane and
spectrum change in reflection light from RI.

Effective 𝐿was demonstrated by [30] to be themultiple of
RI and thickness by the following equation:

𝑚𝜆
1
= 2𝑛
𝜆
1

𝐿,

(𝑚+ 1) 𝜆
2
= 2𝑛
𝜆
2

𝐿.

(1)

Here,𝑚 is the order of interference meaning optical path
length difference and phase shift of reflection light; 𝜆 is the
wavelength of light; 𝑛

𝜆
is the effective RI at the wavelength

𝜆 [30]. 𝜆1 and 𝜆2 show interference neighboring waves of
orders𝑚 and𝑚+ 1, respectively. Because the band gap of the
AAOmembrane is large 𝑛

𝜆
it can be expressed as a constant at

long wavelength bandwidth. Thus, the relationship between
fringe order 𝑚, 𝜆1, and 𝜆2 can be given by the following
equation:

𝜆
1

𝜆
2

=
(𝑚 + 1)

𝑚
. (2)

To enhance the sensors sensitivity, several research
groups focused on nanoscale optical sensors using nanos-
tructures and nanoparticles. Thus, the proposed LSPR-based
biosensor depends on the shape and size of gold nanos-
tructure deposited on the AAO membrane. The LSPR phe-
nomenon can be understood using the RI response model of
propagation surface plasmon on a metal surface [31]:

Δ𝜆max = 𝑚Δ𝑛 [1 − 𝑒
(−2𝑑/𝑙

𝑑
)
] . (3)

Here, Δ𝜆max is the wavelength shift, 𝑚 is the refractive
sensitivity, Δ𝑛 is the change in the RI by optical adsorption,
𝑑 is the effective thickness of the adsorption surface, and
𝑙
𝑑
is the characteristic electromagnetic field decay length.

As shown in (1), the RI and 𝐿 of detection membrane are
changed when the analyte on the surface of metal structure is
detected by the antigen-antibody reaction. In addition, based
on (3), extremely small changes such as the change in the
RI of the surrounding media can be detected using LSPR
by the antigen-antibody reaction. In the present report, the
proposed sensing system causes a significant change in sensi-
tivity, as observed by both optical LSPR and interferometry. A
schematic diagramof the fabricatedAAOchip and the optical
detection method is shown in Figure 1.

2.4. Fabrication of AAO Chip. AAO chip can be obtained
using a two-step anodization process of the aluminum sheet

L

Source
Detector

Optical fiber probe

Aluminum substrate

SAA1 antibody
SAA1 antigen

Ni/Au layer

Nanopores

Figure 1: Schematic diagram of the fabricated AAO chip and the
optical detection method.

that was anodized using electrolytes [32]. In order to obtain
various diameters of the pore, the AAO chip was controlled
by changing the anodization conditions, such as the applied
voltage, the anodization time, and the types of electrolyte
acids. The composition of the parameters for fabrication of
nanoporous AAO chip is given in Table 1. Initially, the alu-
minum sheet was placed in a mixed solution of 70% perchlo-
ric acid and 30% ethanol and a voltage of 20V was applied to
remove impurities, the native oxide layer, and to smoothen
the surface of the aluminum sheet. Second, to generate the
oxide layer, the aluminum sheet was cleaned and was placed
in a different electrolyte acid (0.3, 0.4M oxalic acid and 0.1,
1Mphosphoric acid) and appliedwith a bias for each different
voltage setting for 30min. The anodization process was
maintained at 9∘C in a circulator system.Third, to remove the
first AAO layer, the aluminum sheet was placed in a solution
that consisted of 6wt% phosphoric acid and 1.8 wt% chromic
acid for 90min at 60∘C. Finally, the second anodization
process was performed using the same conditions as in the
first anodization.

The AAO chip was fabricated with different diameters
of the pore by controlling the anodization conditions. We
measured the pore diameter and surface uniformity using
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Figure 2: SEM image of fabricated various pore diameters of AAO chip: (a) 15 nm, (b) 35 nm, (c) 55 nm, (d) 75 nm, and (e) 95 nm pore
diameters.

scanning electron microscopy (SEM; Hitachi S-4800) as a
structural diagnostic technique. A SEM image of the fabri-
cated AAO chip is shown in Figure 2.The results indicate that
the five different pore diameters of AAO (15, 35, 55, 75, and
95 nm) depended on the type of the anodizing method used.
Thepore-depth of the fabricatedAAOchipswas standardized
at 1 𝜇m in Figure 3. The pore-depth exhibited the best
sensitivity at 1 𝜇m thickness because the changes in the
effective 𝐿 became larger as the pore-depth decreased [23].
We also found that when the fabrication of the AAO chip’s
pore-depth was less than 1 𝜇m the surface uniformity was
compromised.

2.5. Fabrication of the Sensing Membrane. Deposition of gold
on the nanostructure has an important role in the induction
of LSPR and immobilization of the antibodies on the surface
of biocompatible materials. In order to fabricate the sensing
membrane, an electron-beam evaporator was used to deposit
nickel and gold with thicknesses of 5 nm and 15 nm, respec-
tively.The evaporator was operated using a pressure setting of
4.0 × 10−6 torr and a speed of 0.1 Å/sec. Both gold and silver
adhered to nickel and were reported to show improved SPR
phenomenon when compared to pure gold and silver [33].
Therefore, by depositing the nickel, we successfully obtained
the gold deposited onto AAO membrane.



Journal of Nanomaterials 5

1.00 𝜇m

(a)

1.04 𝜇m

(b)

1.00 𝜇m

(c)

1.08 𝜇m

(d)

1.00 𝜇m

(e)

Figure 3: SEM image of a pore-depth of an AAO template with various pore diameters: (a) 15 nm, (b) 35 nm, (c) 55 nm, (d) 75 nm, and (e)
95 nm pore diameters.

After deposition, alkanethiol SAM was used to immobi-
lize the antibody to the sensing membrane that has strong
surface affinity to gold, silver, and copper. One advantage of
this procedure is the relatively easy fabrication and the fact
that gold, silver, and copper have extremely high affinity to
biomaterials. Therefore, the gold deposited AAO chip was
immersed in a solution of 11-mercapto-1-undecanol acid in
ethanol and incubated for 24 h [34]. The strong bonding
between the gold surface and thiol occurs in the buffer
solution, and SAM is completed using a high carboxylic
functional group. In order to help bonding of the SAM with
carboxyl functional groups and the SAA1 antibody, N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) were prepared in
distilled water and dimethyl sulfoxide (DMSO) mixed at

identical ratio at concentrations of 200mM and 50mM,
respectively. The mixed solution was stirred for 1 h until the
sensing membrane with SAM was formed. Finally, the SAA1
antibody (100 𝜇g/mL) was stirred for 1 h to finish the sensing
membrane of the AAO chip. The nonspecific binding of
antibody was washed out using a buffer solution of Tris-HCl
(pH 7.4).The schematic diagram for SAA1 antibody immobi-
lization process is shown in Figure 4.

2.6. Experimental Setup. The experimental setup used to
investigate the detection of lung cancer biomarkers using the
nanoporous AAO chip is shown in Figure 5. The measure-
ment system consisted of a spectrometer (QE65000, Ocean
Optics Inc.), a white light source (DH-2000-BAL, Ocean
Optics Inc.), a reflectance optical probe, an antigen-antibody
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Figure 4: Schematic illustration of the surface functionalization steps of gold modified AAO for SAA1 antibody: (a) the formation of self-
assembled monolayers (SAMs) of carboxyl-containing thiol followed by (b) covalent attachment of streptavidin of activated SAMs after
activation with coupling (NHS/EDC) agents and finally (c) immobilization of SAA1 antibody.
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Figure 5: Schematic diagram of the lung cancer biomarker measurement system.

reaction chamber, and the AAO chip. The white light source
operates in dualmode using deuteriumand tungsten-halogen
lamps, with the wavelength range of 210 to 1500 nm. The
spectrometer has a wide detection range of 200 to 1100 nm
and a maximum resolution of 0.14 nm. The spectrometer is
equipped with diverse measurement functions that include
transmission, absorption, and reflection. When the light is
incident on one direction, the optical prober is connected to

the white light source while the other direction is connected
to spectrometer. The light is incident in the vertical direction
to the sensing membrane through an optical probe fixed
to the fabricated chamber. The reflected light is sent to the
spectrometer through a light detector using the same optical
probe. The reflected light was analyzed using computer
spectro-analysis program (Spectrasuit, Ocean Optics Inc.)
connected to the spectrometer.
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Figure 6: The wavelength shift of various pore diameters of AAO chip according to changes in refractive index of glycerin solutions: (a)
15 nm, (b) 35 nm, (c) 55 nm, (d) 75 nm, and (e) 95 nm.
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Figure 7: Selectivity evaluation of the AAO chip: pore diameter of (a) 15 nm and (b) 95 nm.

3. Results and Discussions

3.1. Optical Characteristics of the Sensing Membrane. The
optical properties of the sensor chipwere verified by detecting
changes in the surface refraction. In order to measure optical
properties of the change in the interference spectrum against
the change in refraction, a glycerin solution was diluted to 3,
6, 9, 12, and 15% concentrations in distilled water to prepare
the refraction solution. Glycerin is commonly used as a RI
standard to determine theweight-percent variation.TheRI of
the refraction solution was performed using an Abbe refrac-
tometer (Prisma, CETI, England).The refractive indices were
found to be 1.3359, 1.3392, 1.3430, 1.3458, and 1.3491. After
spin-coating, the prepared refraction solution was added to
the gold-depositedAAOchip (15, 35, 55, 75, and 95 nm).Next,
the optical properties were verified using a measurement
system. As a result, the sensitivity was found to be dependent
on the increases in the pore diameters of the AAO chip.
Figure 6 shows the shifting of the reflective interference signal
on the nanoporous AAO chip according to various RIs of the
glycerin solutions. The result shows that the sensitivity of the
AAO chip with the 95 nm pore diameter is higher than the
sensitivities recorded for other diameter sizes of the pore.The
AAO chip with the 95 nm pore diameter was found to have
2100 nm/refractive index unit (RIU). We confirmed that the
proposedAAOchip can detect RI changes of the surrounding
media that result from exposure to the SAA1 antigen.

3.2. Response Characteristics SAA1. To observe the selectivity
of the fabricated AAO chip, we evaluated the AAO chips
(15 and 95 nm) that can distinguish between SAA1 antigen
and C-reactive protein (CRP) antigen. The concentration of
SAA1 antigen used was 1 𝜇g/mL, and also the concentration
of the CRP antigen was 1 𝜇g/mL in the selectivity experiment.
As the results shown in Figure 7, the CRP antigen did not
make significant changes in reflectance wavelength, which

indicated that no nonspecific binding of theCRP antigen took
place on the sensing membrane. However, the SAA1 antigen
caused a notable reflectance wavelength shift. The SAA1
antigenwavelengths of theAAOchipswith 15 and 95 nmpore
diameters were ranging from 606 nm to 609 nm and 597 nm
to 609 nm, respectively. These results revealed the significant
response difference between the lineage-specific recognition
and the nonspecific reaction. Subsequently, we confirmed
other kinds of antigens with the fabricated AAO chip in order
to estimate its selectivity.

A nanoporous AAO chip was fabricated to detect
immune responses with high sensitivity by combining LSPR
with interference. In addition, to evaluate the possibility of
its application as a biosensor, the detection properties of
the SAA1 antigen were measured. In order to confirm the
response characteristics, we applied various concentrations
of SAA1 antigen (10 ag/mL, 100 ag/mL, 1 fg/mL, 1 pg/mL,
1 ng/mL, and 1 𝜇g/mL) to the sensing membrane that has
SAA1 antibodies immobilized on surface of the AAO chip.
Nonspecific binding of the detection membrane prepared by
immobilizing the SAA1 antibody was removed by washing
with Tris-HCl buffer solution prior to measurement of the
reference reflection’s wavelength. For improved reliability of
the measurement system, the SAA1 antigen was allowed to
react with the SAA1 antibody that was immobilized to the
sensing membrane by injecting the antigen into the reaction
chamber. The shift in the reflection spectrum of the mem-
branewas thenmeasured in real-time.Thewavelength shift of
reflectance spectra of the nanoporous AAO chip according to
concentrations of SAA1 is shown in Figure 8.

Figure 8 shows the reflective interference signal according
to various concentrations of SAA1 as a bathochromic shift in
the nanoporous AAO chip (15 and 95 nm). When comparing
the sensitivity of AAOchips of different pore diameters, it was
observed that the AAO chip with the 95 nm pore diameter
had larger shifts in the fringe pattern. Moreover, the LOD of
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the AAO chips with 15 and 95 nm pore diameters were found
to be 1 fg/mL and 100 ag/mL, respectively. The experimental
measurements were repeated five times. As a result, we
confirmed that the nanoporous AAO chip with 95 nm pore
diameter appears to have the highest sensitivity and per-
formance. These experiments were repeated several times.
Moreover, the polynomial-regression analysis showed a good
correlation coefficient (𝑅2), 𝑅2 = 0.9562. Figure 9 shows
the polynomial-regression analysis response to variations in
SAA1 concentrations.

4. Conclusions

In this study, nanoporous AAO chips, wherein interfer-
ence and LSPR occur simultaneously, were fabricated, and
their response properties for various SAA1 concentrations
were evaluated in real-time. The AAO chip with excellent
surface uniformity was prepared through optimization of
the anodization process that could adjust the various pore
diameters. The AAO chip quantitatively detected SAA1 with
high sensitivity. We obtained high sensitivity (2100 nm/RIU)
for optical responses to the changes in the surface RI of the
nanoporous AAO membrane. In addition, the SAA1 antigen
concentration of 10 ag/mL was also detected via experi-
ments based on immune response. The reflection spectrum
properties were analyzed by reacting SAA1 antigen instead
of the target biomaterial to evaluate the selectivity of the
nanoporous AAO chip and then by analyzing the reflection
wavelength. As a result, the sensitivity properties induced
by changes in pore diameters were measured to evaluate
interference. Best response properties were verified using the
device with a 95 nm pore diameter because of the relative
change in effective optical pore diameter of the nanoporous
AAO membrane. The fabricated AAO chip was verified so
it reacts with high selectivity to the lung cancer-specific
biomaterial.Thedetection limitwas found to be 100 ag/mL. In
the future, we plan to extend the analysis to include biomarker
experiments that use pore diameters larger than 95 nm.
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Attempts were made to compare the photocatalytic efficacy in between quasi-fiber and near spherical commercial grade ZnO
through the addition of monoclinic WO

3
nanocuboid. Mixed oxide semiconductors were assessed for their dye degradation

performance under irradiation of visible light energy. Surface area and the particle morphology pattern have an influence on the
resultant photocatalytic features of these mixed oxide composites. The high porous quasi-fibrous ZnO was successfully fabricated
by a simple solution combustion method. It is deliberately made of clusters of primary near spherical particles that supports WO

3

nanocuboid embedment and shows interactive characteristics in comparison to the counterpart commercial near spherical ZnO
combined with WO

3
. The photocatalytic activity significantly increases up to 95% under visible radiation for 90min due to high

surface area imparted by unique quasi-fiber morphology. The photogenerated electron-hole pair interaction mechanism has been
proposed to support the photocatalytic behavior.

1. Introduction

Environmental pollution caused by anthropogenic sources
majorly contributes to the overall imbalance of the ecosystem.
Release of waste organic dye solution directly into the water
system from the textile and small scale industries is a serious
problem faced by developed and developing nations in the
world. Most of the common pollutants include toxic organic
as well as inorganic compounds along with some biological
pathogens that are naturally present in the environment.
In the recent era, industrial waste water purification using
photocatalysis is an active research area of interest [1].
Metal oxide semiconductor photocatalysts offer a way for the
treatment of organic contaminants in the presence of solar
energy. Visible light-driven oxidation process technology
using semiconductor materials has grown for many energy
and environmental benefits [2, 3]. The nanostructured ZnO
has been studied widely for photocatalytic application [4, 5].
The UV range activity limits the utilization of ZnO as a
visible light photocatalyst. Furthermore, the photocatalyst
requires further improvement due to its fast recombination

rate of the photogenerated electron-hole pairs [6]. Literature
reports the augmentation in photocatalytic activity of ZnOby
coupling with other semiconductor materials like ZnSe [7],
WO
3
[8], CdS [9], and so forth. Among the semiconductors,

tungsten oxide semiconductor is worthy of attention due
to its small band gap enabling absorption in the visible
region, stable physicochemical properties, and resistance to
photocorrosion effect [10]. Synthetic attempts to prepare
this mixed oxide for photocatalytic purpose are limited in
recent literature. Hence, surface modification has been done
by loading different amount of WO

3
in ZnO to degrade

different dyes [11, 12]. Surface modified ZnO nanorods with
WO
3
nanoparticles coated on the surface were synthesized

through hydrothermal technique for efficient degradation
of endocrine disrupting chemicals like phenol, bisphenol
A, and methylparaben under irradiation of 55W compact
fluorescence lamp [12]. In another research, WO

3
-ZnO com-

posites were prepared using the wet chemical method and
further used to degrade methyl orange. High degradation
was observed with 3mol% WO

3
loaded ZnO under UV

light irradiation for 3 h [11]. The existing reports disclose a
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maximum 50% efficiency achievement under visible light
using WO

3
modified ZnO nanoparticles [13, 14]. The litera-

ture lacks in reporting high photocatalytic activity using the
visible light after the versatile surfacemodification.Therefore,
the development of WO

3
-ZnO nanocomposites is a critical

challenge for efficient visible light photocatalytic activity. In
the present study, nanocuboid WO

3
and quasi-fibrous ZnO

have been prepared by wet chemical methods and assessed
the photocatalytic performance ofmixed oxide nanocompos-
ites under visible light irradiation. A further comparison has
been carried out with reference to commercial ZnO powders
with exploration to the charge separation mechanism.

2. Experimental Procedure

2.1. Synthesis of Nanoparticles. Tungsten trioxide (WO
3
)

nanoparticle was synthesized by hydrothermal treatment of
the precipitate solution formed by mixing sodium tungstate
dihydrate and 4M fluoroboric acid at 180∘C for 6 hr. The
detailed experimental procedure can be found elsewhere [15].
Fluoroboric acid was used as structure directing reagents
for the confined growth of WO

3
nanoparticles. The reaction

slurry was poured into a Teflon-lined beaker and kept in
a hot air oven at prerequisite temperature. The powder
obtained was isolated after thorough washing with water and
isopropanol followed by drying at 80∘C.

In another end, a rapid combustion process was fol-
lowed to prepare quasi-fibrous ZnO nanoparticles (FZ) at
temperature 450∘C for 30min from a gel solution of zinc
nitrate hexahydrate and oxalic acid in stoichiometry [16].
Easy dissolution of metal nitrate helps in the formation of the
gel. The gel solution was kept in a preheated muffle furnace
for combustion. A white porous mass was obtained after the
complete reaction.

2.2. Preparation of WO3-ZnO Nanocomposites. The WO
3
-

ZnO nanocomposite was prepared by mixing of an optimum
amount of 10 wt% WO

3
to 90wt% ZnO (10% WO

3
-FZ)

nanopowders using mortar and pestle followed by high-
frequency ultrasonication to form a colloidal solution. The
colloidal solution was dried at 80∘C in the oven with heat
treatment at 450∘C for 2 hr to establish effective mixing of
both the oxides. Similarly, commercial ZnO (CMZ) powder
was mixed with nanocuboid WO

3
for the comparative study.

2.3. Characterization of Both Nanoparticles. X-ray diffraction
(XRD) patterns for the powders were obtained using a Philips
X-ray diffractometer with Ni filtered Cu-K𝛼 radiation (𝜆 =
1.5418 Å). Detailed morphology was studied by transmission
electron microscope (JEOL JEM-2100). FESEM and elemen-
tal distribution images for both 10wt% WO

3
-FZ and 10wt%

WO
3
-CMZ nanocomposites were carried out using Nova

NanoSEM FEI-450 system. UV-Visible diffuse reflectance
measurementwas carried out through Shimadzu spectropho-
tometer (UV-2450) to evaluate the band gap energy of the
individual nanopowders and mixed oxide nanocomposites.
Specific surface areas of all the nanopowders were measured
using Quantachrome Autosorb, USA, BET apparatus with
nitrogen as the adsorbate.

2.4. Photocatalytic Experiments. The photocatalytic experi-
ments were performed in a metal halide reactor containing
50mL of 20mg/L aqueous solution of methyl orange (MO)
and 50mg mixed oxide catalyst. The distance between the
reactor and the lamp was 2 cm. After each reaction, 2mL
of slurry was taken out and centrifuged for separating the
aliquot and catalyst. The UV-Vis absorbance of the aliquot
wasmeasured, and catalyst along with the aliquot was poured
back to the reaction solution after energetic hand shaking.
The degradation efficiency was calculated as follows:

𝜂 =

𝐶
𝑜
− 𝐶

𝐶
𝑜

× 100, (1)

where 𝐶
𝑜
is the absorbance of original MO solution and 𝐶 is

the absorbance of the MO solution after visible light irradia-
tion at certain time interval.The photoactivity of commercial
ZnO (CMZ) and nanocomposite of 10 wt% WO

3
-CMZ was

also carried out for comparison.

3. Results and Discussion

3.1. Phase and Morphological Analysis. XRD pattern is
depicted to analyze the phase composition and structure of
all WO

3
, FZ, CMZ, and 10wt% WO

3
-FZ nanopowders. As

shown in Figure 1, all of the peaks ofWO
3
are indexed to pure

crystalline monoclinic WO
3
(JCPDS Card number 72-0677)

crystal phase. The XRD patterns of quasi-fibers ZnO (FZ)
and commercial ZnO (CMZ) matches well with the standard
hexagonal wurtzite structure (JCPDS Card number 75-0576)
where CMZ is found to be highly crystalline in comparison to
FZnanopowders.The 10wt%WO

3
-FZnanocomposite shows

the presence of both monoclinic WO
3
(∗) and hexagonal

FZ (#) phases. Figure 2 reveals the FESEM images of all
individual nanopowders (WO

3
and ZnO) and 10wt% WO

3
-

FZ nanocomposites. Figure 2(a) shows soft agglomerated
cuboid-likeWO

3
nanoparticles with average length ∼142 nm,

width ∼118 nm, and thickness ∼80 nm, respectively. Combus-
tion synthesized ZnO nanopowders have fiber-like morphol-
ogy which is grown along a confined direction as shown
in Figure 2(b). The quasi-fibers are found to have average
particle length ∼3 𝜇m and width ∼0.6 𝜇m, respectively [16].
Commercial ZnO (Figure 2(c)) is represented by highly
agglomerated near spherical and anisotropic nanocomposite,
whereas cuboid particles are found intimately embedded in
the FZ matrix that has been illustrated and confirmed later
by FESEM element mapping. The specific BET surface areas
of WO

3
, FZ, CMZ, and 10% WO

3
-FZ are measured to be

5.16m2/g, 17.8m2/g, 6.19m2/g, and 15.9m2/g, respectively. A
further decrease in surface area to 5.09m2/g is observed for
nanocomposite prepared using commercial ZnO powders.

In addition, TEM images of WO
3
, FZ, and CMZ put

forward the clear picture of the nanopowders as represented
in Figure 3.The cuboidmorphology in Figure 3(a) is found to
have average particle length of ∼150 nm and width ∼120 nm.
The tilting of particles at a certain angle shows the imper-
fect edges of individual cuboids. In FZ (Figure 3(b)), hard
agglomeration of spherical particles takes place along one
direction to formquasi-fiber-like particles.The in situ particle
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Figure 1: Composite X-ray diffraction pattern of WO
3
, FZ, CMZ, and 10%WO

3
-FZ.

welding takes place along a particular direction during the
exothermic reaction forming fibrous structure for ZnO. The
spherical particles are found to have average diameter of ∼
55 nm. Different aspect ratio particles are observed for CMZ
with average particle size of ∼225 nm as shown in Figure 3(c).
The particles are seen to have high anisotropy in comparison
to synthesized quasi-fiber ZnO.

3.2. Band Gap Determination. Figure 4 shows the UV-DRS
spectra pattern ofWO

3
, FZ, 10%WO

3
-FZ, and CMZ, respec-

tively. A distinct right shift of 10% WO
3
-FZ nanocomposite

(blue color line) has been observed compared to the counter-
part pure quasi-fiber ZnO (FZ). This depicts that the optical
absorption ability of the nanocomposite persists in the whole
range of visible light spectrum [17]. The band gap calculation
for the individual nanoparticles and the nanocomposite has
been carried out using Tauc plot. The Tauc plot is derived
from the square root of Kubelka-Munk function (KMU =
(1−𝑅)

2
/2𝑅, 𝑅 = reflectance) multiplied by the photon energy

and plotted against photon energy (𝐸photon = ℎ𝜐). Different
degree of band gap energy (𝐸

𝑔
) for WO

3
, FZ, 10% WO

3
-

FZ, and CMZ is calculated to be 2.6 eV, 2.95 eV, 3.05 eV, and
3.17 eV, respectively.

3.3. Elemental Analysis of WO3-ZnO Nanocomposites. Fig-
ures 5(a) and 5(b) represent the FESEM elemental mapping

of both essential 10% WO
3
-FZ and 10% WO

3
-CMZ nano-

composites. Individual elements such as W and Zn are rep-
resented in green and red color, whereas common blue color
homogenously distributed all along the matrix represents
the oxygen atom. The distinct morphology clearly demon-
strates the intimate contact in between two classes of par-
ticles in both the nanocomposites. However, a close look
eventually depicts the presence of WO

3
on fibrous ZnO,

whereas nanocuboid WO
3
is seen covered by commercial

near spherical ZnO particles.

3.4. Photocatalytic Degradation of Methyl Orange. The pho-
tocatalytic activity of 10% WO

3
-FZ nanocomposite has been

studied by degrading methyl orange under metal halide
irradiation. As a comparison, degradation of MO with WO

3
,

ZnO quasi-fibers, commercial ZnO, and 10% WO
3
-CMZ

photocatalysts is also carried out under similar conditions.
Figure 6 shows degradation profile for MO degradation. The
degradation graph is plotted with respect to MO concen-
tration as a function of irradiation time 𝐶 to the initial
concentration 𝐶

𝑜
. It can be seen that only 18% of MO is

degraded with individual WO
3
nanopowders. However, a

difference of 12% is observed between CMZ and FZ that
reveals higher activity of combustion synthesized ZnO than
the commercial ZnO photocatalyst. High degradation of 95%
is observed in the presence of 10%WO

3
-FZ nanocomposites,
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Figure 2: FESEM images of (a) WO
3
nanoparticles, (b) FZ, (c) CMZ, and (d) 10%WO

3
-FZ.

whereas a relatively low 85% degradation is observed for 10%
WO
3
-CMZ.

The degradation kinetics has been calculated following
the first-order kinetic equation: ln(𝐶/𝐶

𝑜
) = −𝑘𝑡, where

𝑘 is the first-order rate constant and 𝑡 is the time [18].
The kinetic constant of FZ is 1.2 times higher than CMZ,
whereas the kinetic constant of 10%WO

3
-FZ nanocomposite

shows 2.0 times higher degradation than 10% WO
3
-CMZ,

respectively. The correlation coefficient (𝑅2) observed after
linear fitting shows 𝑅2 > 95 for all the powders that depicts
that the photochemical reaction followed first-order kinetics
(Figure 7). Representative photodegradation data of all the
powders and nanocomposites is tabulated in Table 1.

3.5. Photocatalytic Mechanism. The enhanced photocat-
alytic performance of 10% WO

3
-FZ nanocomposite can

be attributed to the effective separation of photogenerated
electron-hole pairs. However, well elemental dispersion in the
WO
3
-FZ composite matrix and exposure of large number of

active sites due to high surface area of quasi-fibrous ZnO play
a vital role in charge separation. Since the composite has a
narrow band gapWO

3
and wide band gap ZnO semiconduc-

tors, the possible mechanism for the nanocomposite could
be harvesting visible light energy through narrow band gap
WO
3
present on the surface of quasi-fiber ZnO for excitation

of electrons as shown in Figure 8. The recombination of

Table 1: Representative surface area and photodegradation data of
methyl orange.

Sample Surface area
(m2/g) % degradation 𝑅

2
𝑘 (min−1)

WO3 5.16 18% 0.9679 −0.00221
FZ 17.8 80% 0.9927 −0.01832
CMZ 6.19 68% 0.9531 −0.01277
10%WO3-FZ 15.9 95% 0.9831 −0.03459
10%WO3-CMZ 5.09 85% 0.9756 −0.02191

electron-hole pair is reduced via trapping of photoexcited
electrons by ZnO tomake the systembe in equilibrium.These
electrons and holes react with surface molecules like O

2
and

H
2
O to produce superoxide and hydroxyl radical anions.The

∙O2− and ∙OH species further reacts with dye molecules to
degrade them to lower inorganic molecules like CO

2
and

H
2
O. Similar observation has been reported for ZnO doped

Bi
2
O
3
powder under visible irradiation for 6 hr [19].

4. Conclusions

Apparent fusionwithin primary nanoparticle develops quasi-
fiber ZnOduring combustion process and structure directing
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agent fluoroboric acid directs cuboid shape inWO
3
. An opti-

mum amount of 10 wt% nanocuboid WO
3
in quasi-fibrous

ZnO matrix is an effective choice for methyl orange dye
degradation compared to commercial ZnO nanoparticles.
The band gap difference and intimate contact initiate the
visible light harvesting and electron excitation and reduce
the electron-hole pair recombination to maintain equilib-
rium in the photochemical system. This process directs the
radical reaction and hence subsequent dye degradation. The
prepared mixed oxide nanocomposite of WO

3
and ZnO is

found as an effective photocatalyst for degradation of organic
pollutants in water.
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Pralidoxime is an organophosphate antidote with poor central nervous system distribution due to a high polarity. In the present
study, pralidoxime-loaded poly(lactic-co-glycolic acid) nanoparticles were prepared and evaluated as a potential delivery system
of the drug into the central nervous system. The nanoparticles were prepared using double emulsion solvent evaporation method.
Poly(lactic-co-glycolic acid) (PLGA) in ethyl acetatemade the organic phase and pralidoxime inwatermade the aqueous phase.The
system was stabilized by polyvinyl alcohol. Different drug/polymer ratios were used (1 : 1, 1 : 2, and 1 : 4) and the fabricated particles
were characterized for encapsulation efficiency usingUV-VIS Spectroscopy; particle size distribution, polydispersity index, and zeta
potential using photon correlation spectroscopy; and in vitro drug release profile using UV-VIS Spectroscopy. Mean particle sizes
were 386.6 nm, 304.7 nm, and 322.8 nm, encapsulation efficiency was 28.58%, 51.91%, and 68.78%, and zeta potential was 5.04mV,
3.31mV, and 5.98mV for particles with drug/polymer ratios 1 : 1, 1 : 2, and 1 : 4, respectively. In vitro drug release profile changed
from biphasic to monobasic as the drug/polymer ratio decreased from 1 : 1 to 1 : 4. Stable pralidoxime-loaded PLGA nanoparticles
were produced using double emulsion solvent evaporation techniques.

1. Introduction

Organophosphates (OP) intoxication accounts for the high-
est number of poisoning cases across the globe [1, 2]. It
is estimated that about three million people are exposed
to organophosphates each year, with up to three hundred
thousand fatalities [1, 2]. Severe poisoning affects peripheral
and central nervous systems and eventually causes paralysis
of body extremities and respiratory muscle. The major cause
of death in severe poisoning cases is respiratory failure due
to depression of central nervous system (CNS) respiratory
center, neuromuscular weakness (mainly the diaphragm
muscle), and excessive bronchosecretions [3].

Despite the wide use of organophosphates [4] and high
OP intoxication incidences worldwide [1], the management

of severe acute OP poisoning cases is still a challenge with the
available drugs. Pralidoximewas reported to be of great bene-
fit in reversing respiratory symptoms of OP poisoning [5] but
its use is limited due to a poor blood brain barrier penetration
[6]. Organophosphates, on the contrary, can freely pass the
barrier resulting in various CNS poisoning effects. Improved
CNS distribution of oximes can potentially improve the
drug effectiveness in the management of organophosphate
poisoning through reversal of the nicotinic and muscarinic
receptor effects both peripherally and centrally.

Efforts to overcome the blood brain barrier (BBB) have
focused on altering either the barrier integrity and charac-
teristics or the drug properties. Nanoparticles might be a
better technique to circumvent the BBB since no BBB or
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drug manipulation is necessary. Poly(lactic-co-glycolic acid)
PLGA nanoparticles have proved to improve the blood
brain barrier penetration of a number of drugs that are
poorly distributed in the CNS [7]. The current study is
aimed at fabrication and analyses of pralidoxime-loaded
PLGA nanoparticles, using different drug/polymer ratios, for
potential use in the delivery of the drug into the central
nervous system.

2. Materials and Methods

2.1. Materials. Pralidoxime chloride (pyridine-2-aldoxime
methochloride) (RD grade), PLGA (50 : 50), ethyl acetate,
and polyvinyl alcohol (PVA) were obtained from Sigma
Aldrich Company, Germany. Disodium orthophosphate,
citric acid, potassium dihydrogen orthophosphate, sodium
hydroxide (NaOH), and sodium chloride (NaCl) were
obtained from Associated Chemical Enterprise (South
Africa). Distilled water was used in all the experiments. The
following equipment was used during the study: pH meter
(Jenway, UK), vortexmixer (Heidolph Reax 2000, Germany),
magnetic stirring plate (Sigma Aldrich, Germany), sonicator
(Westwood Ultrasonics, UK), ultracentrifuge (Beckman
Optima LE-80k Ultracentrifuge, USA and Hermle Z160M,
Germany), UV-VIS Spectrophotometer (Shimadzu, Japan),
and Zetasizer (Malvern Zetasizer Nano ZS90, UK).

2.2. Fabrication of Pralidoxime-Loaded PLGA Nanoparti-
cles. Pralidoxime-loaded PLGA nanoparticles were prepared
using a double emulsion solvent evaporation method. 1.2mL
aqueous pralidoxime solution (25mg/mL, 50mg/mL, or
100mg/mL) was emulsified in 8mL of ethyl acetate contain-
ing PLGA (120mg) by means of homogenization on an ice
bath at a speed of 13000 rpm for 90 seconds. The primary
emulsion was further emulsified in 32mL of 2% (w/v) PVA
solution containing 5% (w/v) of NaCl by homogenization
at 25000 rpm for 10 minutes on an ice bath. The resultant
double emulsionwas stirred for 4 hours at 25∘Con amagnetic
stirring plate at 500 rpm. The nanoparticle suspension was
then kept under refrigeration overnight. The nanoparticles
were recovered by ultracentrifugation at 13,400 rpm for 30
minutes at 4∘C. Following this, nanoparticle sediments were
washed thrice with water then lyophilized overnight.

2.3. Encapsulation Efficiency. The nanoparticles were
destroyed by acetonitrile in 1mL eppendorf tubes under a
vortex mixer, immediately after the washing step of fabri-
cation (before lyophilization). The resultant solution was
passed through a membrane filter (0.22 𝜇m pore size) and
the amount of pralidoxime contained in the destroyed
nanoparticles was determined by a UV-VIS spectropho-
tometer at 263 nm. The amount of pralidoxime loaded in the
nanoparticles was determined by measuring the amount of
the drug encapsulated per mL of nanoparticle suspension,

Table 1: Encapsulation efficiency of pralidoxime-loaded PLGA
nanoparticles with different drug/polymer ratios.

Drug/polymer
ratio

Loading efficiency
(mg/mL)

Encapsulation efficiency
(%)

1 : 1 0.98 28.58 ± 0.01
1 : 2 0.89 51.91 ± 0.02
1 : 4 0.59 68.78 ± 0.03
Encapsulation efficiency is recorded as mean ± SD.

which was done in triplicates. Encapsulation efficiency was
calculated according to the following formula:

Encapsulation Efficiency (EE)

=
Amt of pralidoximed entrapped
total amt of pralidoxime added

× 100%.
(1)

2.4. Particle Size, Polydispersity Index, and Zeta Potential.
The particle size distribution, polydispersity index, and zeta
potential of the pralidoxime-loaded PLGA nanoparticles
were determined in triplicates by a photon correlation
spectroscopy (PCS) using a zetasizer (Malvern Zetasizer
Nano ZS90, UK). Approximately, 1mg of each sample was
dissolved in 1mL of deionized water. The dissolved sample
was sonicated for 30 minutes. The samples were placed in a
zetasizer and the particle size, polydispersity index, and zeta
potential were then observed.

2.5. In Vitro Drug Release Analysis. The in vitro pralidoxime
release from the PLGA nanoparticles was carried out at 37∘C
in simulated blood fluid (pH 7.4). The buffer solution was
prepared according to theUnited States Pharmacopoeia (USP
2007). 1mL phosphate buffer solution (pH 7.4) was placed
in eppendorf tubes (containing the washed nanoparticle
samples) sufficient for all the time points required. The
eppendorf tubes were placed in a water bath at 37∘C. The
samples were withdrawn for analysis after 1.0, 2.0, 3.0, 4.0,
6.0, and 24.0 hours. The absorbance of the solutions was
determined in triplicates by UV spectroscopy at 263 nm.

2.6. Analysis of Results. ANOVA was done on the results
using GraphPad Prism 5. All the statistical tests were done
at 95% level of significance.

3. Results

3.1. Encapsulation Efficiency. Nanoparticles with drug/
polymer ratio of 1 : 4 had highest encapsulation efficiency
(68.78%) and the encapsulation efficiency decreased
with increase in drug/polymer ratio as illustrated in
Table 1. The differences in encapsulation efficiency among
nanoparticles with different drug/polymer ratios were
statistically significant at 5% standard error (𝑃 = 0.0001 for
all the combinations).

3.2. Particles Size and Polydispersity Index (PDI). The results
for the particle size, polydispersity, and zeta potential are
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Table 2: Mean particle size, polydispersity index (PDI), and zeta
potential for pralidoxime-loaded PLGA nanoparticles with different
drug : polymer ratio.

Drug/polymer
ratio

Particle size
(nm)

Zeta potential
(mV) PDI

1 : 1 386.6 ± 15.33 5.04 ± 0.35 0.323 ± 0.021
1 : 2 304.7 ± 7.167 3.31 ± 0.27 0.180 ± 0.032
1 : 4 322.8 ± 2.193 5.98 ± 0.30 0.203 ± 0.001
Data represented as mean ± SD.

shown in Table 2. The least mean particle size observed
was 304.7 nm for the particles with drug/polymer ratio 1 : 2,
followed by 322.8 nm for drug/polymer ratio 1 : 4 but the
difference was statistically insignificant at 5% standard error
(𝑃 = 0.3540). The particles with drug/polymer ratio 1 : 1
were the largest (386.6 nm) and statistically different from
the others at 5% standard error (𝑃 = 0.001 for all the
combinations).

Polydispersity index was less than 0.5 for all the three
samples. The particles with drug/polymer ratios 1 : 2 and
1 : 4 had the least PDIs and their difference at 5% standard
error was insignificant (𝑃 = 0.2423). The highest PDI value
observed was (0.323 Đ) for particles with drug/polymer ratio
1 : 1 and was significantly different from the other two values
(𝑃 = 0.0005).

3.3. Zeta Potential. Zeta potential of the produced nanopar-
ticles was significantly different among all the three samples
at 5% standard error (𝑃 = 0.001, 𝑃 = 0.01, and 𝑃 = 0.0001
for the comparison of particles with drug/polymer ratios 1 : 1
and 1 : 2, 1 : 1 and 1 : 4, and 1 : 2 and 1 : 4, resp.). The highest
zeta potential (5.98mV) was observed for the particles with
drug/polymer ratio 1 : 4 and the lowest value (3.31mV) was
observed for the particles with drug/polymer ratio 1 : 2.

3.4. In Vitro Drug Release. The drug release profile was
biphasic for the sample with drug/polymer ratio 1 : 1. This
then shifted towards monophasic as the drug/polymer ratio
decreased to 1 : 4 (Figure 1).

4. Discussion

Drug encapsulation into nanoparticles modifies the drug’s
pharmacokinetics by masking its physicochemical proper-
ties. In turn, the nanoparticle characteristics determine the
pharmacokinetics and stability of the drug. In vitro char-
acterization of nanoparticles gives a prediction of a drug’s
pharmacokinetics in physiological fluids so as to improve its
stability in a formulation.

High encapsulation efficiency observed for particles with
drug/polymer ratio 1 : 4 (Table 1) is favorable. High encapsu-
lation efficiency minimizes drug wastage during the fabrica-
tion process. It also ensures high drug concentration at the
target site and increased drug residence time.

Other studies have however recorded that encapsulation
efficiency ofwater soluble drugs can be as high as 80% to 100%
when the double emulsion evaporation method is used [8].
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Figure 1: Graph of drug release profile of pralidoxime-loaded PLGA
nanoparticles in comparison with the free drug.

The reduced encapsulation efficiency observed in this study
(69.27%) can be attributed to low PLGA concentration in
the dispersed phase [9]. This leads to a less viscous solution
which leads to slowprecipitation of the PLGAat the dispersed
phase surface, resulting in increased drug diffusion across
the phase boundary and low encapsulation consequently
[9]. High pralidoxime solubility in water (the continuous
phase) is also a factor that reduces encapsulation efficiency
[10]. Other possible contributing factors include high PLGA
solubility in ethyl acetate, low ratio of the dispersed phase
to continuous phase (encapsulation efficiency increases with
increase in the volume of the continuous phase), high stirring
rate during fabrication in an effort to minimize the final
particle size, and high PVA concentration which was used as
an emulsifier [10, 11].

The decrease in encapsulation efficiency with increase in
drug/polymer ratio was in line with the results of studies by
Trivedi and colleagues [12] as well as Nagda and colleagues
[11]. In high drug/polymer ratios, the polymer layer sur-
rounding the drugmolecules is thin; hence the drug can easily
escape encapsulation before polymer solidification unlike in
the presence of low drug/polymer ratio where the diffusion
layer is thick.

Particle size is an important factor to consider in cir-
cumvention of the blood brain barrier. Small particles are
of great interest as opposed to larger particles that would be
trapped in the tight junctions [13]. Moreover, nanoparticles
for central nervous system drug delivery should not have a
higher tendency of aggregation. The degree of nanoparticle
aggregation in a liquid medium can be determined by the
polydispersity index, values close to zero being favorable as
opposed to those close to one, which indicate a high degree
of aggregation.

The particles produced for all the three samples with
different drug/polymer ratios were small (in the nanometer
range) and formed monodispersion in water; PDI < 0.5
(Table 2) means that there was a uniform size and shape
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distribution for the particles in each sample. Monodispersion
favors cellular uptake of the nanoparticles as opposed to
aggregated particles (the presence of which can be shown by
a high PDI) which interferes with it due to the big size.

Though cell membranes allow a free passage of particles
less than 1 nm in diameter [14], because of their size, the
nanoparticles can potentially enhance pralidoxime delivery
into the central nervous system by increasing pralidoxime
concentration inside or at the BBB cell luminal surface.
Thus they create a higher concentration gradient between
the blood and brain than the one obtainable after systemic
administration of the free drug [15]. The drug’s pharmacoki-
netics can also be altered to favor the central nervous system
delivery by increased circulation time of the drug in the blood
stream as systems such as mononuclear phagocyte system
only tag and remove particles with a minimal diameter of 1
micrometer from the circulation [16]. In vivo studies might
however be necessary to ascertain this.

Much smaller pralidoxime-loaded PLGA nanoparticles
could be obtained.One of the reasons that could have resulted
in the recorded particles size might be the shearing method
used (homogenization) which was recorded to be associated
with large particles [17]. The use of ultrasonication (using a
probe sonicator) could have possibly resulted in even much
smaller particles.

For the three samples with different drug/polymer ratios,
zeta potential values were small (less than 20) (Table 2). The
low values can be an indication of how the pralidoxime is
encapsulated in PLGAnanoparticles, shielded in the polymer
not adsorbed at the polymer surface [18]. Low zeta potential
values are however associated with low stability of particles
due to low electrostatic repulsive forces between the particles;
consequently, the particles will have a high tendency of
aggregating which in turn compromises the stability of the
particles in a formulation [19].

On the contrary, small PDI values (close to zero) (Table 2)
show that all the samples formed monodispersions in water,
a scenario which is impossible in the presence of aggregating.
This suggests that the particles were stable despite the low zeta
potential values. Since PLGA is a large molecule (polymer),
the stability could be more due to steric hindrance than
surface charge [19]. Moreover, an adsorbed layer of a polymer
or large molecular weight molecule tends to shift plane of
shear further from the particle surface and, as a result, the
measured zeta potential decreases [20].Thismeans that, even
in the case of highly charged particles, a relatively low zeta
potential value can be recorded.

The nature of the recorded zeta potential values (small
and positively charged) can improve the pharmacokinetics of
the drug by increasing the circulation time of the nanopar-
ticles in the blood [21]. Negatively charged nanoparticles are
quickly cleared from the blood stream by fixed macrophages
of the reticuloendothelial system [22]. Likewise, highly sur-
face charged particles are efficiently phagocytized by murine
macrophages more than those with small charge [21].

For the drug to be released from the PLGA nanopar-
ticles, the PLGA undergoes degradation by hydrolysis or
biodegradation through cleavage of its backbone ester linkage
into oligomers and finally monomers [23]. The clear biphasic

release profile of the sample with drug/polymer ratio 1 : 1
indicates the presence of pralidoxime close to or at the
PLGA surface [24]. This accounts for the initial burst in
drug release as the drug gets in contact with water. The
rapid release is related to pralidoxime solubility and water
penetration into the PLGA matrix [25]. Subsequently, the
graph shows a delayed release profile. This can be attributed
to the progressive pralidoxime release through the thicker
pralidoxime depleted layer [25].Water inside the drugmatrix
hydrolyses the PLGA into its oligomeric then monomeric
soluble products [23]. The drug then freely passes and is
released by erosion and diffusion until there is a complete
PLGA solubilization. The biphasic release profile might be
favourable since it can be used for controlled drug release.

The first phase (rapid release) is less pronounced for the
sample with drug/polymer ratio 1 : 2. The delayed release
phase is dominant. This indicates that there is little prali-
doxime close to the PLGA surface [23]. For the sample with
drug/polymer ratio 1 : 4, the initial rapid release phase is
invisible on the graph (Figure 1).This shows that pralidoxime
is completely shielded by PLGA and no drug molecules
are close to the polymer surface. This type of drug release
(monophasic but sustained) may be convenient to the patient
as it reduces dosing frequency and increases compliance.
However, it takes time before the onset of action is expe-
rienced, something undesirable in managing a poisoned
patient. Therefore, a loading dose might be necessary in this
case or initiating this drug in combination with another
organophosphate antidote, for example, atropine.

5. Conclusion

The pralidoxime-loaded PLGA nanoparticles were produced
by the double emulsion solvent evaporation method with the
highest encapsulation efficiency being 68.78% (for particles
with drug/polymer ratio 1 : 4), lowest mean particle size
of 304.7 nm (from particles with drug/polymer ratio 1 : 2
though not statistically different from the size recorded by
the particles with drug/polymer ratio 1 : 4), and the highest
zeta potential being 5.98mV (recorded for particles with
drug/polymer ratio 1 : 4). The in vitro drug release changed
from biphasic to monophasic from the drug/polymer ratios
1 : 1 to 1 : 4. Generally, the drug/polymer ratio 1 : 4 produced
better results compared to the ratios 1 : 1 and 1 : 2.
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Drug resistance is a major barrier that limits the effectiveness of chemotherapies against breast cancer. Here, gold nanoparticles
(GNPs) characterized by good dispersivity, high stability, low cytotoxicity, and simple synthesis were developed to deliver small
interfering RNA (siRNA) against PLK1 (PLK1-siRNA) and overcome the drug resistance of breast cancer cells. Compared with the
commonly used Lipofectamine 2000, GNPs showed higher PLK1-siRNA delivery efficiency and resulted in the remarkable gene
silencing of PLK1 in drug resistance breast cancer cells MCF-7/MDR1 with low cytotoxicity in vitro. Moreover, delivery of PLK1-
siRNA byGNPs could cause 14.23% apoptosis ofMCF-7/MDR1 cells, which was apparently higher than 11.01% apoptosis conducted
by Lipofectamine 2000. In addition, GNPs showed strong X-ray attenuation coefficient, indicating the potential theranostic
application of this system. Therefore, this study disclosed an important step in the use of GNPs as transfection vector of siRNA
that will be of great benefit to gene therapy against drug resistant cancer.

1. Introduction

Breast cancer is the most common cancer in women world-
wide which is expected to account for 29% of all new cancers
among women in the near future [1, 2]. The currently used
clinical methods in cancer treatment mainly include surgery,
chemotherapy, radiation therapy, immunotherapy, and bio-
logic therapy [3]. Efficient suppression of growth of tumors
and their metastatic lesions is a vital factor for breast cancer
therapy [4]. However, despite the remarkable progress in
breast cancer treatment in the last decade, the appearance of
drug resistance greatly decreases the prognosis and survival
rate of cancers and leads to ∼90% failure of chemotherapy
treatment in patientswithmetastatic cancers [5, 6].Therefore,
new strategies to overcome the drug resistance of breast
cancer and increase antitumor efficacy are urgently needed.

The most prominent gene involved in drug resistance
is multidrug-resistant protein 1 (MDR1), encoding the drug

efflux transporter P-glycoprotein. The overexpression of
MDR1 makes cancer cells resistant to a wide range of
chemotherapeutic drugs [7, 8]. Previous studies showed that
the overexpression of oncogene polo-like kinase 1 (PLK1)
could upregulate the transcriptional expression of activator
protein 1, one of the most important transcription factors
of DNA binding protein, resulting in elevation of its target
MDR1 [9]. PLK1, a serine/threonine protein kinase, plays
a key role in cell proliferation. Its overexpression is closely
related to poor prognosis in cancer treatment [10, 11]. Knock-
down of PLK1 gene by small interfering RNA (siRNA) could
downregulate the expression of MDR1 and induce apoptosis
of cancer cells. This will greatly benefit the treatment of drug
resistant breast cancers [12].

RNA interference (RNAi) as one of the most powerful
methods for gene knockdown has shown its great potential
application in cancer gene therapy [13, 14]. However, siRNA
by itself is difficult to exert silencing function due to its

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 720198, 9 pages
http://dx.doi.org/10.1155/2015/720198

http://dx.doi.org/10.1155/2015/720198


2 Journal of Nanomaterials

fast degradation in physiological environment and poor cell
penetrability. A well-designed vector will greatly increase the
therapeutic efficiency of siRNA [15]. Currently, kinds of vec-
tors including liposomes, polymers, and peptides have been
developed [16–18]. These vectors can protect siRNA from
degradation and improve delivery efficiency. However, the
clinical applications of these methods are hindered by their
complicated procedure, potential toxicity, and inability for
theranostic applications. Therefore, exploring new delivery
vectors with the promising advantages will be greatly valuable
to gene therapy [19–22].

Gold nanoparticles (GNPs) are featured with small size,
good dispersivity, high stability, low cytotoxicity, and simple
synthesis procedure [23, 24]. They have been proved as
potential candidates in biomedical application. The surface
of GNPs can be easily modified by oligonuclear acids, large
biomolecules, or peptides to boost their cell uptake and
facilitate drug-delivery [25]. Furthermore, gold has high
atomic number and strong X-ray attenuation coefficient,
making it favorable for developing X-ray imaging [26–28].
So, GNPs can be used as the agent for X-ray imaging and
siRNA delivery. In this study, polyethylenimine (PEI) coated
GNPs were used to transport the specific siRNA against PLK1
(PLK1-siRNA) to conquer drug resistance of MCF-7/MDR1
breast cancer cells.

The in vitro experiments showed that the GNPs could
effectively transfer PLK1-siRNA intoMCF-7/MDR1 cells with
little toxicity.The expression of PLK1was downregulated after
siRNA transfection when the weight ratio between GNPs
and siRNA is 4, evaluated by western blot analysis. The
terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) and flow cytometry assays further
demonstrated that GNPs-siRNA transfection led to higher
efficiency of apoptosis in MCF-7/MDR1 cells, compared with
Lipofectamine 2000.The enhancedX-ray attenuation intensi-
ties of GNPs-PEI were also confirmed by X-ray imaging, and
this effect promptly increased with the rise of the concentra-
tion of gold.This work will be very valuable to further exploit
the transfection methods of siRNA, promote gene therapy,
and develop biological imaging for drug resistant cancers.

2. Materials and Methods

2.1. Materials. Polyethyleneimine (PEI, branched, Mw
25 000), 11-mercaptoundecanoic acid (MUA), chloroauric
acid (HAuCl

4
⋅3H
2
O), and 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) were obtained from
Sigma-Aldrich. Diethylpyrocarbonate (DEPC) water and
Lipofectamine 2000 transfection kit were purchased from
Invitrogen. Sodium citrate and dimethyl sulfoxide (DMSO)
were got from the Shanghai Chemical Corp. (Shanghai,
China). Paraformaldehyde and DAPI were provided by
KeyGEN Biotech Co., Ltd. (Jiangsu, China). GelRed was
purchased from Biotium Inc. (Heyward, California, USA).
Anti-PLK1 antibody and anti-MDR1 antibody were obtained
from Abcam Company (Cambridge, UK). Bovine serum
albumin (BSA) was got from Amresco Company (Solon,
Ohio, USA). In situ cell death detection kit was purchased
from Roche Inc. (Indianapolis, Indiana, USA). Human

breast cancer cells (MCF-7) and human embryonic kidney
(293T) cells were purchased from ATCC (Manassas, VA).
Dulbecco’s Modified Eagle Medium (DMEM), Opti-MEN I
Reduced-Serum Medium (Opti-MEM), fetal bovine serum
(FBS), trypsin, and penicillin/streptomycin were bought
from Gibco/Life Technologies (Grand Island, New York,
USA). The duplexed PLK1-siRNA with or without a Cy 5
fluorophore on the 5 end of the sense strand was purchased
from Ribobio Co., Ltd. (Guangzhou, China).

2.2. Synthesis of GNPs-PEI. The GNPs seed solution was
prepared by adding 3mL of 1% sodium citrate solution to
100mL of boiling 1.0mM HAuCl

4
solution under vigorous

stirring until the transparent solution changed to dark red.
The solution cooled to room temperature (RT) before use.
Next, 20 𝜇L of 20mM MUA was added to 10mL GNPs
solution and kept stirring for 1 h at RT. Then the GNPs
were purified by centrifugation for two times and dispersed
in 10mL water. The aqueous solution was mixed slowly
with 1mL of 10mg/mL PEI and stirred at RT for 2 h. After
stirring, the GNPs-PEI solution was adjusted to pH 7.0 and
centrifuged for two times to purify before use.

2.3. Cell Culture. Humanbreast cancer cells (MCF-7), human
embryonic kidney cells (293T), and drug resistant breast
cancer cells (MCF-7/MDR1) were all cultured in DMEM
with 10% FBS and 1% penicillin/streptomycin in a humidified
incubator at 37∘C under 5% CO

2
atmosphere with 95% rela-

tive humidity. The drug resistant cell line MCF-7/MDR1 was
established fromMCF-7 cells through doxorubicin selection.

2.4. Preparation of PLK1-siRNA. The inhibitory effect of
siRNA on the expression of PLK1 gene was tested. The
sequence of PLK-siRNA were 5-UGAAGAAGAUCA-
CCCUCCUUA-3, 5-GGCAACCAAAGUCGAAUAU-3,
5-GUCUCAAGGCCUCCUAAUA-3, and 5-GAUCAC-
CCUCCUUAAAUAU-3. Firstly, MCF-7/MDR1 cells were
cultured (2.5 × 106 cells per well) on a 6-well plate until the
confluence reached ∼90%. Lipofectamine 2000 (10 𝜇L) was
diluted in 250 𝜇L Opti-MEM and incubated for 5min and
then was mixed with 4 𝜇g PLK1-siRNA diluted in 250 𝜇L
Opti-MEM for 30min at room temperature. After 6 h of incu-
bation, the transfection solution was discarded and replaced
with fresh DMEM for another 24 h. Cell apoptosis was
determined by the in situ cell death detection kit according to
themanufacturer’s instruction. Images of cell apoptosis under
the effect of PLK1-siRNA were recorded by a fluorescence
microscope (Olympus IX71, Japan) equippedwith fluorescent
filter sets (excitation, 450–500 nm; emission, 515–565 nm).

2.5. PLK1-siRNABinding to GNPs-PEI. GNPs-PEI wasmixed
with siRNA (20mM) and incubated for 15min at room
temperature. To evaluate the siRNA binding ability, various
weight ratios between GNPs and siRNA (0 to 4) were mixed
and visualized on 1% (w/v) agarose gel containing 0.01% (v/v)
GelRed. The electrophoresis was carried out for 15min at a
constant voltage of 100V in buffer. The siRNA bands were
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differentiated using aTanonUVGel Image System (Shanghai,
China).

2.6. Characterization of GNPs, GNPs-PEI, and GNPs-siRNA.
The sizes and morphologies of the GNPs were characterized
by transmission electron microscopy (TEM) using a JEOL
JEM-2100 microscope (Japan) at 200 kV. The absorbance
spectra ofGNPs,GNPs-PEI, andGNPs-siRNAwere recorded
through a UV/VIS spectrometer Lambda 35 (PerkinElmer,
USA). The surface charge and the diameter of the samples in
water were obtained via a ZetaPALS Analyzer (Brookhaven,
USA). About 1mL aqueous solution of GNPs-PEI with
different weight (35–280𝜇g) was prepared for X-ray imaging
through an IVIS Lumina XR (Xenogen Corporation-Caliper,
Alameda, CA, USA). And the X-ray intensity ratio between
the signal area of GNPs-PEI and the background area was
calculated by analysis software.

2.7. Cytotoxicity Assay. MTT assay was employed to test
the cytotoxicity of GNPs-PEI against breast cancer cells and
normal cells. MCF-7/MDR1 breast cancer cells and 293T
normal cells were seeded (1 × 104 cells per well) in a 96-
well plate, respectively, until the confluence reached ∼70%.
Then the cells were incubated with different weights of GNPs
(0–1.6 𝜇g) for 24 h and 48 h at 37∘C. Next, the medium was
replaced by 200𝜇L medium with 20𝜇L MTT (5mg/mL)
solution. The cells were incubated for additional 4 h and
diluted in 150 𝜇L dimethyl sulfoxide (DMSO) to dissolve
the blue formazan crystals. The absorbance at 570 nm for
each well was recorded by an automated microplate reader
(BioTek, Winooski, Vermont, USA) to calculate the viability
of cells.

2.8. Cellular Uptake Test. Breast cancer cells MCF-7/MDR1
were cultured (5 × 104 cells per well) in a 24-well plate with
cover slips and incubated at 37∘C with 5% CO

2
for 24 h. The

cells on the cover slips were incubated with Lipofectamine
2000 bearing Cy 5 fluorescence-labeling siRNA for 4 h and
24 h. As parallel groups, the cells were treated with GNPs-
siRNA (weight ratio = 1) for 4 h and 24 h. Finally, MCF-
7/MDR1 cells werewashed and fixed in 4%paraformaldehyde
and then stained with DAPI for nucleus imaging. After
washing again, the cover slips were mounted and observed
using an Olympus Fluoview FV10i (Olympus Instruments,
Tokyo, Japan).

2.9. Western Blot Analysis. MCF-7 and MCF-7/MDR1 cells
were transfectedwith PLK1-siRNAusing Lipofectamine 2000
and GNPs delivery vehicles as above described. After that,
the cells were lysed on ice and centrifuged at 4∘C for
5min. About 10 𝜇L of the supernatants was used for protein
quantitative analysis through Bradford assay (Bio-Rad,USA).
The remaining mixtures were mixed with Laemmli’s buffer
and held at 95∘C for 10min for protein denaturation. Next,
after separating proteins in the SDS-PAGE gel, they were
electroblotted to a hydrophobic polyvinylidene difluoride
(PVDF) membrane, and the membranes were blocked in
buffer containing 5% (w/v) nonfat dry milk. After washing,

membranes were incubated with primary antibody PLK1
(1 : 1000) andGAPDH (1 : 1000) overnight at 4∘C, respectively,
followed bywashing and incubationwith secondary antibody
for 1 h at RT. The signals of the membrane were recorded by
DAB coloration after washing again. Finally, immunoreactive
bands were visualized and quantified using ImageJ software.

2.10. Cell Apoptosis Assay. The PLK-siRNA mediated apop-
tosis of MCF-7/MDR1 cells was tested by the in situ cell death
detection kit of Roche and flow cytometry (FCM) after siRNA
transfection using Lipofectamine 2000 or GNPs delivery
vehicles. Firstly, MCF-7/MDR1 cells were cultured (2.5 × 106
cells per well) on a 6-well plate until the confluence reached
∼90%. The mixtures of Lipofectamine 2000 (10 𝜇L) with
PLK1-siRNA (4 𝜇g) and GNPs (4 𝜇g) carrying PLK1-siRNA
(4 𝜇g) were added into wells and incubated for 24 h. Cells
without any treatment were used as control. Subsequently,
the cells were harvested and stained with annexin V/FITC
and PI according to the instructions.The apoptotic cells were
recorded by a fluorescence microscope and a FACSCalibur
flow cytometer (Becton, Dickinson and Company, Franklin
Lakes, New Jersey, USA).

2.11. Statistical Analysis. All statistical comparisons were
performed using Student’s 𝑡-test. Data was expressed as mean
± SD. A two-sided 𝑃 value of less than 0.05 was considered
statistically significant in all of the statistical tests.

3. Results and Discussion

3.1. PLK1-Specific siRNA Induced Apoptosis of MCF-7/MDR1
Cells. Four different specific siRNAs were chosen to silence
PLK1 expression through the widely used Lipofectamine
2000.The possible apoptosis of the treated cells was analyzed
by TUNEL assay. As shown in Figure 1, annexin V/FITC
labeling MCF-7/MDR1 cells exhibited strong green color
after transfection by the Lipofectamine 2000 carrying PLK1-
siRNA. This demonstrated that the PLK1-siRNA could effec-
tively induce apoptosis ofMCF-7/MDR1 cells.Moreover, cells
after treatment by siRNA-4 showedmore apoptotic cells than
other siRNAs.Therefore, PLK1-specific siRNA-4was a perfect
candidate to evaluate the transfection efficiency of GNPs.

3.2. Morphology and Characteristics of GNPs, GNPs-PEI,
and GNPs-siRNA. Polyethyleneimine (PEI) has been known
to be a gene delivery vector because of its high buffering
capacity to enhance the endosome escape of nucleic acid.
In this study, PEI was functionalized with GNPs to deliver
siRNA, which could condense and protect RNA from high
cellular internalization. The binding capability of siRNA to
GNPs is a key factor to silence PLK1 gene in MCF-7/MDR1
cells. Therefore, different weight ratios between GNPs and
siRNA were evaluated by gel retardation assay. As shown in
Figure 2(a), the migration of siRNA was gradually retarded
as the weigh ratios between GNPs and siRNA increased,
compared with free siRNA.The band completely disappeared
from the gel when the weight ratio became 1 : 1. This weight
ratio was chosen for the following characterization of GNPs.
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siRNA-1 siRNA-2

siRNA-3 siRNA-4

Figure 1: PLK1-specific siRNAs induced apoptosis of MCF-7/MDR1 cells. Cells were incubated with four different Lipofectamine 2000-
siRNAs for 24 h and evaluated by TUNEL assay. Scale bars: 100 𝜇m.

This also indicated the high binding efficiency of siRNA to
GNPs.The GNPs would be an ideal carrier for RNA delivery.

The morphologies and sizes of GNPs were observed by
TEM. Figure 2(b) showed that GNPs exhibited excellent
dispersivity and spherical structure with an average diameter
of ∼20 nm. As shown in Figure 2(c), GNPs, GNPs-PEI, and
GNPs-siRNA displayed broad plasmon spectra peaked at
∼520 nm due to the surface plasmon resonance (SPR) of
gold, which indicated that siRNA was successfully loaded
onto the surface of gold under the assistance of PEI but
slightly influenced the absorbance value of particles. The
zeta potential of the nanoparticles exhibited positive charge
at 36.70 ± 3.00mV and 38.12 ± 2.23mV, due to the PEI
modification, but showed negative charge at −34.33± 1.03mV
before modification (Figure 2(d)). The dynamic light scatter-
ing (DLS) assay demonstrated that the hydrodynamic sizes
of GNPs-PEI and GNPs-siRNA were 52.7 ± 0.7 nm and 54.3
± 0.7 nm, respectively, which were higher than unmodified
GNPs (29.7 ± 0.7) (Figure 2(e)).

Gold has large atomic number and strong X-ray atten-
uation coefficient, making it favorable for X-ray imaging.
Figure 2(f) showed that the X-ray attenuation intensities
of GNPs-PEI increased as the rise of gold concentrations.
At higher concentration (280𝜇g), the X-ray intensity ratio
of GNPs-PEI could exceed 4. The results revealed that

GNPs-PEI could strengthen the X-ray attenuation intensities
in a concentration-dependent way, indicating the potential
theranostic application of this siRNA delivery system.

3.3. Cytotoxicity of GNPs against MCF-7/MDR1 Cancer Cells
and 293T Normal Cells. The toxicity of nanoparticles is a
vital factor for their clinical translation application. Here, the
biocompatibility of GNPs-PEI was determined by treating
MCF-7/MDR1 breast cancer cells and 293T normal cells with
different weights of GNPs-PEI. The MTT results showed
that the weight of gold (from 0.1 𝜇g to 1.6 𝜇g) did not affect
the proliferation of the cells. The viability of cancer cells
and normal cells totally surpassed 90% after 24 h and 48 h
incubation with GNPs-PEI (Figure 3). This indicated that
the PEI-modified gold nanoparticles were not toxic to both
cancer and normal cells and exhibited well biocompatibility.

3.4. Cellular Uptake Study. Confocal laser scanning
microscopy was used to evaluate the transfection of siRNA
into cells conducted by Lipofectamine 2000/GNPs after
incubation for 4 h and 24 h. It was observed that the GNPs-
siRNA labeled with Cy 5 (red) entered MCF-7/MDR1
cells and was distributed in cytoplasm around the nucleus
after 4 h treatment, but not Lipofectamine 2000-siRNA
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Figure 2: (a) Gel retardation assay of GNPs-siRNA. Lanes from left to right indicate different weight ratios (4, 2, 1, 0.5, and 0.125) between
GNPs and siRNA.The 0 weight ratio stands for free siRNA. (b) TEM images of GNPs. Scale bars: 20 nm. (c) UV-VIS spectra of GNPs, GNPs-
PEI, and GNPs-siRNA from 450 to 700 nm. (d) Zeta potential of GNPs, GNPs-PEI, and GNPs-siRNA. (e) Diameters of GNPs, GNPs-PEI,
and GNPs-siRNA. (f) X-ray images and intensity ratios of GNPs-PEI with different weights (1: 35𝜇g, 2: 70 𝜇g, 3: 140𝜇g, and 4: 280 𝜇g).
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Figure 3: Cell viability of 293T cells and MCF-7/MDR1 cells after incubation with GNPs-PEI at different weights for 24 h and 48 h.

(Figure 4). At 24 h, the GNPs-siRNA treated group showed
higher red fluorescence intensities, and the intensity of
GNPs-siRNA treated group was conspicuously stronger
than Lipofectamine 2000-siRNA group. The result clearly
demonstrated that the transfection of siRNA conducted by
GNPs was in a time-dependent manner and showed higher
efficiency than the commonly used Lipofectamine 2000.
This indicated that GNPs-based RNA delivery system had
potential to be used in gene therapy.

3.5. GNPs-siRNA Transfection Restrained the Expression of
PLK1 Gene. To further investigate the knockdown efficiency
of GNPs-siRNA, the expression of the siRNA targeting gene-
PLK1 was analyzed by western blot. The high expression of
PLK1 protein generally concerns the proliferation of malig-
nant cells. The results showed that MCF-7/MDR1 drug resis-
tant breast cancer cells had more PLK1 protein than MCF-
7 cancer cells (Figure 5). Compared with the control, there
was almost no change of PLK1 band in GNPs-treated group.
However, the protein level of PLK1 obviously decreased in
the cells after treatment by Lip-siRNA and GNPs-siRNA
at different weights, especially the weight of 4 between
GNPs and siRNA. The amount of PLK1 protein in MCF-
7/MDR1 cells reduced almost 49% and 81% after treatment
with Lipofectamine and GNPs, respectively (Figure 5). This
indicated thatGNPs-mediated transfection of siRNA resulted
in significant inhibition of PLK1 gene expression in MCF-
7/MDR1 cells, and it was more efficient than Lipofectamine
2000.The results indicated that GNPs-siRNAwas suitable for
the delivery of siRNA and could efficiently downregulate its
targeting genes.

3.6. GNPs-siRNA Transfection Induced Apoptosis of MCF-
7/MDR1 Cells. PLK1 is closely related to cell division and
apoptosis. The downregulation of PLK1 could induce apop-
tosis of drug resistance cells. Therefore, TUNEL assay and

flow cytometry were employed to evaluate the apoptosis
of MCF-7/MDR1 cells after treatment by GNPs-siRNA. In
TUNEL assay, both GNPs-siRNA and Lip-siRNA resulted in
apoptosis of MCF-7/MDR1 cells, compared with the control
group (Figure 6(a)). However, GNPs-siRNA treated group
showed more apoptotic cells than Lip-siRNA by comparing
the green fluorescence images (apoptotic cells) with the
images (total cells) taken under the bright field. The flow
cytometry test further confirmed that GNPs-siRNA and Lip-
siRNA could induce apoptosis ofMCF-7/MDR1 cells, and the
apoptosis rates got to 14.23% and 11.01% after 24 h incubation,
respectively, while there was only 1.71% apoptosis of cells in
the control group (Figure 6(b)). Apoptosis rate was closely
related to the amounts of PLK1-siRNA in the cells. This
meant that GNPs could deliver more PLK1-specific siRNA
into the cells than Lipofectamine 2000. The assay provided
convincing evidence that GNPs-siRNAwas a favorable vector
for siRNAdelivery andwould greatly benefit the gene therapy
for cancer.

4. Conclusions

In this study, PEI-capped GNPs efficiently delivered PLK1-
specific siRNA into the drug resistance MCF-7/MDR1 breast
cancer cells and showed higher transfection efficiency than
the commercial kit Lipofectamine 2000. The transfection of
PLK1-specific siRNA into cells not only silenced its targeting
genes but also induced apoptosis of the drug resistant breast
cancer cells. It was worth noting that exclusive GNPs were
not toxic to normal/cancer cells. Importantly, theGNPs could
be visualized by X-ray imaging in a concentration-dependent
manner because of the excellent properties of gold. Overall,
this work disclosed the great potential of GNPs as the
excellent delivery system in gene therapy for drug resistance
cancers and the further application of X-ray imaging.
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The aim was to evaluate the remineralizing efficacy of fluorohydroxyapatite (FHA) gel on artificial dentinal caries lesion in vitro.
Artificial carious lesions were made on occlusal cavities of teeth by exposing the dentin surface to a demineralizing solution. Each
cavity was capped with a 3mm thick FHA gel for 4 weeks. After the FHA gel was removed, the surface morphology and structure
of the dentin were characterized by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray
diffraction (XRD), and Fourier transform infrared spectroscopy (FT-IR). The dentin mineral density (DMD) was measured by
micro-computed tomography (Micro-CT). A layer of dense and orderly hexagonal crystal structure, with average diameter of 1 𝜇m
and thickness of 4∼5 𝜇m, could be observed on dentin surface. These crystals exhibited elemental peaks for calcium, phosphorus,
carbon, and oxygen and characteristic peaks of hydroxyapatite (HA) and fluorapatite (FA) via XRD and FT-IR.TheDMD of dentin
surface layer significantly increased after it was capped with FHA gel (𝑃 < 0.05). In the present study, the FHA gel could rapidly
construct apatite on the artificial dentin caries surface and significantly increase the mineral density, which suggests that FHA gel
might be a proper IPT material with remineralizing function.

1. Introduction

Minimally invasive dentistry (MID) is the application of
“a systematic respect for the original tissue.” This implies
that the dental profession recognizes that an artifact is of
less biological value than the original healthy tissue [1]. In
deep caries dentin discoloration occurs far in advance of
the infection by microorganisms, and as much as 2mm
of the softened or discolored dentin is not infected but is
reversibly denatured [2, 3]. Residual affected dentin has been
suggested to be retained so as to keep its potential of being
remineralized, which is otherwise removed in traditional
carious excavation procedures. Indirect pulp-capping therapy
(IPT) is considered as a minimally invasive treatment, in
which caries are excavated and the tooth is restored with
a suitable material [1, 3]. In doing so, the caries process

can be halted, and the residual affected dentin can be
remineralized, which can be promoted by bioactive and ion-
releasing base materials [4]. The key success factor is the
application of remineralized materials during indirect pulp-
capping therapy (IPT).

Over the years, calcium hydroxide (Ca(OH)
2
) has

emerged as a gold standard for IPT. The benefits of Ca(OH)
2

include its antimicrobial and anti-inflammatory effects, low
thermal conductivity, and an ability to act as a buffer against
the direct restorations [5–7]. However, it is still unknown
whether this kind of material could remineralize dentin
beneath Ca(OH)

2
. It merely provides hydroxide and calcium

ions upon dissolution, but not the phosphate ion needed
during remineralization.

Another IPTmaterial, mineral trioxide aggregate (MTA),
has been found to be important in dentistry due to its
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biocompatibility and bioactive properties, which has been
available since the early 1990s, displaying excellent potential
in endodontic applications [8–11]. As the calcium silicate-
containing material lacks phosphate, the MTA becomes
bioactive and produces apatite only when it comes into
contact with phosphate-containing fluids [12].The procedure
is effective in vitro in promoting optimal remineralization of
the mineral-sparse surface of a carious lesion, but it is not
possible to rely on dissolving biomimetic analogs in body
fluids in a clinical setting [13]. As a result, these problems are
leading scientists to explore new IPTmaterials which possess
remineralizing efficacy in addition.

A new material system, fluorohydroxyapatite (FHA) gel
system, has been developed for which prism-like struc-
tures on enamel were rapidly constructed on the natural
human enamel surface using this gel system which contains
Ca(NO

3
)
2
, KH
2
PO
4
, KF, deionized water, and agarose [14].

This reaction occurs by spontaneous mineral nucleation on
the surface of etched enamel under physiological conditions.
The newly grown prism-like structure on enamel is identified
as fluorapatite. It is hypothesized that the FHA gel may
also form apatite structures on residual affected dentin
in deep caries and may promote dentin remineralization.
Within these parameters, the FHA gel could be applied as
a suitable IPT material. The present study aims to evaluate
the remineralizing efficacy of FHA gel system on artificial
dentinal caries lesions when the gel is used as an IPTmaterial,
comparing it with calcium hydroxide and MTA.

2. Materials and Methods

2.1. Preparation of Artificial Caries. Sixty noncaries human
third molars were obtained from the Peking University
School of Stomatology under an agreement with the patients.
The protocol for processing human tissue specimens was
reviewed and approved by the University Committee on Use
and Care of Human Tissue Specimens.The root was removed
from the cement-enamel junction of the tooth, and only the
crown was left. A cavity measuring 5mm in length and width
and 6mm in thickness was made on the occlusal surface of
the tooth, and the bottom of the cavity was positioned on
the center of the dentin layer. Each side of the specimen was
then painted with an acid-resistant nail varnish except for the
dentin surface of cavity walls. Artificial carious lesions were
induced by exposing the dentin surface to a demineralizing
solution consisting of 0.1M lactic acid which was adjusted to
pH 5.0 for 72 hours [15]. Subsequently, the specimens were
thoroughly rinsed with deionized water and 54 specimens
were divided into three groups of 18 in each; the other 6
specimens were assigned to a control group.

2.2. IPT and Remineralization Experiments. The three test
groups were as follows:

Group FHA: FHA gel (PCT/CN2013/001026),
GroupCH: Ca(OH)

2
(Calxyl, OCO-Präparat GMBH,

Dirmstein, Germany),
Group MTA: MTA (ProRoot MTA, Dentsply Tulsa,
Dentsply International. Inc., USA).

FHA gel, which contained 0.40M Ca(NO
3
)
2
, 0.24M

KH
2
PO
4
, 0.08MKF, deionized water, and agarose, was

provided by the Department of Biomedical Engineering,
College of Engineering, Peking University [14]. Briefly,
agarose was added to the Ca(NO

3
)
2
solution and heated

with a microwave oven for 5–10 seconds. By adding KH
2
PO
4

and KF to the heated solution, the mixed solution would
cure and form agarose gel in 30 minutes under physiological
conditions.

Ca(OH)
2
and MTA materials were mixed as per the

manufacturers’ instructions.
Each cavity was capped with 3 mm thick materials,

respectively, and subsequently restored with composite resin.
They were placed in a 5mL physiological saline solution at
37∘C for 4 weeks. After 1 or 4 weeks, specimens were removed
from the solution and prepared for examination. After the
restoration and the materials were carefully separated from
the cavity using explorer, specimens were washed with
deionized water in ultrasonic cleaner for 15min at 25KHz
(Transonic TP690, Elma, Germany).

2.3. Scanning Electron Microscopy and Elemental Analysis.
The surface morphology and structure of the artificial dentin
caries were characterized via a scanning electron microscopy
(SEM, ZEISS, Supra 55, Germany). The elemental composi-
tion of the mineral crystal constructed on a remineralized
layer was characterized by energy-dispersive X-ray spec-
troscopy (EDX, ZEISS, Supra 55, Germany).

2.4. X-Ray Diffraction and Fourier Transform Infrared Spec-
troscopy. Thephase composition and structure of themineral
crystal were evaluated by X-ray diffraction spectroscopy
(XRD, Rigaku D/max 2500 VB2+/PC, Japan) at 40mA and
45 kV as well as by Fourier transform infrared spectroscopy
(FT-IR, Nicolet 8700, USA). For Group FHA, XRD samples
were the crystal powder scraped from the artificial caries
layer. For Groups CH andMTA, XRD samples were the cured
materials removed from the artificial caries cavity.

2.5. Micro-CT Scanning. The mineral density and lesion
depth of artificial dentin caries were measured by the Inveon
micro-computed tomography system (SIEMENS Medical
Solutions, USA).

Scanning was performed with a spatial resolution of
9.21 𝜇m at 80 kV and 500 𝜇A and 360∘ rotation. The slab was
rescanned during subsequent weeks with the same acquisi-
tion and reconstruction parameters. Following the scanning
and image reconstruction, a three-dimensional (3D) image
was obtained using COBRA Exxim software and analyzed
via Data Analysis System (Inveon Research workplace 4.1).
Mineral profiles were determined at precisely the same area
(5× 5× 0.05mm)within the 3D image during the experiment
and the mineral density was acquired. Parameters of dentin
mineral density (DMD) of the lesions and lesion depth were
obtained in this study.

Specimens’ assignments were analyzed with one-way
ANOVA to ensure that there were no differences in the
baseline mineral density and lesion depth among the groups.
There were 18 specimens in each experimental group, 6 of
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which were examined by SEM-EDX and XRD-FTIR at 1 week
and another 6 at 4 weeks. The other 6 were examined with
micro-CT scanning at 1-week and 4-week interval.

2.6. Statistical Analyses. The data were analyzed by SPSS
software 19.0 (SPSS Science, SPSS Inc., Chicago, IL, USA).
Statistical differences of mineral density and lesion depth
between groups were evaluated by one-way ANOVA at 𝛼 =
0.05.

3. Results

3.1. SEM Images and EDX Analysis. The SEM images and
EDX analysis at 1 week are shown in Figures 1 and 2.

The dentinal tubules remained open with a diameter of
3∼5 𝜇m in the artificial dentin caries (Figure 1(a)). Dense and
orderly hexagonal crystal structure could be observed on the
dentin surface of Group FHA and they covered the dentinal
tubules and dentin surface (Figure 1(b)). Average diameter of
the hexagonal crystal was about 1 𝜇m (Figure 2(a)) and the
thickness was about 4∼5 𝜇m (Figure 2(b)), which exhibited
elemental peaks for calcium, phosphorus, carbon, and oxy-
gen.

In Group CH, the dentinal tubules were partially
occluded with crystal, which exhibited elemental peaks for
calcium, carbon, oxygen, and barium. In Group MTA, the
dentinal tubules were also occluded with cement phase,
which exhibited elemental peaks for calcium, magnesium,
silicon, carbon, and oxygen.

The SEM images at 4 weeks were similar to those at 1 week
(data not shown).

3.2. XRD and FT-IR Spectroscopy. The XRD diffractogram
and FT-IR spectra for all test materials are shown in Figure 3.
The hexagonal crystal constructed by FHA gel also exhibited
characteristic peaks of hydroxyapatite (HA) and fluorapatite
(FA) (Figure 3(a1)), of which the spectrograph was nearly the
same as that of natural dentin [16].

The crystal of Group CH exhibited characteristic peaks
of calcium hydroxide (Ca(OH)

2
) and barium sulfate (BaSO

4
)

(Figure 3(b1)), while that of Group MTA exhibited charac-
teristic peaks of bismuth oxide (Bi

2
O
3
), tricalcium silicate

(3CaO⋅SiO
2
), dicalcium silicate (2CaO⋅SiO

2
), calcium car-

bonate (CaCO
3
), and calcium dialuminate (3CaO⋅Al

2
O
3
)

(Figure 3(c1)) [17].
FT-IR spectra showed the bands or functional groups

of the powders. The spectra of the hexagonal crystal were
similar to those of natural dentin (Figure 3(a2)). A broad
peak indicated 3800–2600 cm−1 and a small peak between
3536 cm−1 and 3545 cm−1 was related to the OH−. A sharp
and broad peak between 1100 cm−1 and 900 cm−1 was related
to the PO

4

3− group. Stretching and bendingmodes for PO
4

3−

were shown at 600 cm−1 and 572–560 cm−1. Bands of 1500–
1400 cm−1 were related to the CO

3

2− group [16].
As for Ca(OH)

2
, a broad peak indicated 3800–2600 cm−1

and a sharp peak between 3700 cm−1 and 3600 cm−1 was
related to the OH−. Bands of 1500–1400 cm−1 were related to
the C–O group. A sharp and broad peak between 1210 cm−1

and 1040 cm−1 and at 610 cm−1 was related to the SO
4

2− group
(Figure 3(b2)) [18].

As the spectra of MTA showed, the splitting of the band
in the 1000–850 cm−1 region resulted from the presence
of silicate phases. The bands in the 1600–1300 cm−1 corre-
sponded to the asymmetric stretching of the CO

3

2− group.
A broad peak indicated 3800–2600 cm−1 and a small peak
between 3536 cm−1 and 3545 cm−1 was related to the OH−
(Figure 3(c2)) [19].

3.3.Micro-CT Scanning. Development ofDMDat each lesion
level was presented in Figure 4. There were no significant
differences in the baseline (0W) DMD and lesion depth
between groups (𝑃 > 0.05). Figure 4 presented an artificial
caries lesion with a depth of approximately 300∼400 𝜇m and
a surface DMD of 1.73 g/cm3.

After the IPT for 1W, the DMD of dentin surface layer in
the group FHA significantly increased to 2.018 ± 0.041 g/cm3
because of the hexagonal crystal (𝑃 < 0.05, Figures 5(b1)
and 5(b2)), and the density was 1.756 ± 0.044 g/cm3 in
the control group, 1.775 ± 0.038 g/cm3 in Group CH, and
1.796 ± 0.008 g/cm3 in Group MTA. However, there were no
significant changes in the mineral density of the subsurface
part of the lesion, nor in the lesion depth (Figure 4(a)).

After the IPT for 4W, the DMD of dentin surface layer
in Group FHA significantly increased to 2.077 ± 0.012 g/cm3
compared to the baseline at 0W (𝑃 < 0.05, Figures 5(c1)
and 5(c2)), but there was no significant difference with the
DMDat 1W (𝑃 > 0.05).TheDMDof dentin surface layer was
1.764±0.045 g/cm3 in the control group, 1.775±0.009 g/cm3
in Group CH, and 1.805 ± 0.135 g/cm3 in GroupMTA.There
were still no significant changes in the mineral density of
the subsurface part of the lesion, nor in the lesion depth
(Figure 4(b)).

Micro-CT images showed that the hexagonal crystal
covered nearly all the surface of dentinal caries lesions after
being capped with FHA gel for 1 week and 4 weeks (Figures
5(b1) and 5(c1)). The crystal constructed on the surface and
the mineral density of the surface layer increased, while the
mineral density of the subsurface part of the lesion as well as
lesion depth presented similar results as those before the IPT
(Figures 5(b2) and 5(c2)).

4. Discussion

The present study was designed to assess the remineraliz-
ing efficacy of FHA gel system on artificial dentin caries
lesions. Dental apatite is multiphase and can be described
as carbonate-substituted or fluor-substituted hydroxyapatite
[20]. This gel system contained Ca2+, PO

4

3−, OH−, and all
ionic components that were necessary during HA crystal
construction. Commercial product Ca(OH)

2
in the present

study was comprised of Ca(OH)
2
and BaSO

4
which is used as

a developer, and the main components of MTA were calcium
silicate. FHA gel system embodied a distinct advantage when
compared with Ca(OH)

2
andMTA, which could not provide

the phosphate ion needed during remineralization.
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Figure 1: SEM images andEDXanalysis of artificial caries layer surface. (a)Artificial dentin caries, (b)GroupFHA, hexagonal crystal structure
on artificial caries layer, exhibited elemental peaks for Ca P, C, andO, (c) Group CH, artificial caries layer with crystal in dentin tube, exhibited
elemental peaks for Ca, C, O, and Ba, and (d) GroupMTA, artificial caries layer with crystal in dentin tube, exhibited elemental peaks for Ca,
Si, Mg, C, and O.
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(a) (b)

Figure 2: SEM image for the hexagonal crystal on the artificial caries surface of Group FHA. (a) The diameter of the hexagonal crystal was
about 1𝜇m. (b) The thickness of the hexagonal crystal was about 4∼5 𝜇m.

Another innovation was the application of agarose in this
system. Recently, biomimeticmineralization approacheswith
an organic matrix to control apatite growth and orientation
have been shown to induce enamel or dentin regeneration [21,
22]. Ning et al. obtained disordered deposited hydroxyapatite
ondentin surface using agarose gel loadedwith calciumphos-
phate.They also suggested that agarose hydrogel may provide
the hydrogel microenvironment to mimic dentin formation
and agarose may be considered as a template to control
mineralization. We also used agarose in FHA gel system in
the present study and obtained preferred orientation hydrox-
yapatite/fluorapatite crystals on dentin surface, and agarose
may play the same role of hydrogel microenvironment and
template based on the samemechanism as in previous report.
The anionic groups of agarose in its monomeric units may
bond to collagen molecules that carry a positive charge and
induce HA crystals to nucleate and grow [22].

A unidirectional ion supply is thought to play a critical
role in apatite growth andorientation [23]. In FHAgel system,
calcium ions and phosphate ions may undergo oriented
diffusion in the agarose hydrogel toward the dentin surface,
which supplies ionic fluid from one direction as the source of
mineralization [24].

A hypotheticalmodel for the processmay be summarized
as follows. The formation of FA crystals is determined by
two processes: the initiation of nucleation and the continued
growth of nucleate [14]. It was believed that, in the initial
stage, crystal nuclei form spontaneously in supersaturated
solutions, and ions attach around the crystal nuclei. Agarose
molecules in FHA gel system bond to the collagen molecules
with positive charge on the dentin surface and formed the
nucleation site. Calcium ions and phosphate ions in FHA gel
diffuse to the site where mineralization occurs. Atomic or
molecular building blockswill find the energetically favorable
sites and integrate into the surface of the immature crystal.
Nucleation clusters are generated in random orientation and
then spontaneously aggregate into primary nanoparticles to
minimize the total surface energy. Because van der Waals
attraction along the long axis of the rods is stronger than
that at the rod ends, rod-like crystals form a bundle when

continuing their growth. When the surface is covered with
crystals, larger crystals would huddle together and maintain
a uniform direction. In addition, the gel system provides a
hydrogel microenvironment and the agarose may act as a
template to induce nucleation and growth [22].

The layer of hexagonal crystal cannot be removed using
an ultrasonic cleaner, which suggests that there may be
some physical and chemical structures at the junction of
crystal and dentin substrate surface. The results showed that
the layer covered nearly all dentinal tubules and dentin
surface, which may decrease permeation of demineral-
ized dentin and protect the function of the pulp-dentinal
complex.

In addition, this system also contained fluoride, which, in
a remineralizing system, can be preferentially incorporated
in the new mineral “veneer.” The absorbed fluoride on
partially demineralized crystal surfaces enhances mineral
reprecipitation, leading to the formation of a new surface on
the existing crystal remnants with lower solubility [25, 26].

The mineral density and lesion depth of artificial dentin
caries were measured by the micro-CT system, which is a
nondestructive technique [27]. After being capped with FHA
gel for 1Wand 4W, theDMDof dentin surface layer inGroup
FHA significantly increased, which was probably due to the
dense layer of hexagonal crystal in Group FHA.

There were no significant changes in the mineral density
of the subsurface part of the lesion, nor in the lesion depth
in all three groups. The explanation may be that the apatite
was too large to enter the space between collagen fibers.
This is also the limitation and problem identified with
other remineralizing systems [28]. Li and Chang found that
when calcium phosphate nuclei grew to microspheres with
a diameter of about 1 𝜇m and interconnected by collagen
nanofibers, the apatite could just locate on the collagen fibers
of surface layer [28]. Furthermore, the mineral content of
surface layer affects the characteristics of subsequent rem-
ineralization [29]. Although fluorapatite enhances mineral
uptake, it causes hypermineralization of the lesion surface
and prevents effective remineralization of deeper parts of the
caries lesion [29, 30].
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Figure 3: XRD spectrograph (a1, b1, and c1) and FT-IR (a2, b2, and c2) spectra of the hexagonal crystal of Group FHA, Ca(OH)
2
, and MTA.

(a1 and a2) Group FHA; (b1 and b2) Group CH; (c1 and c2) Group MTA.
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Figure 4: Dentin mineral density (DMD) and lesion depth of dentin disks after being treated for 1 week (a) and 4 weeks (b). Values represent
the mean ± SD (𝑛 = 6, ∗𝑃 < 0.05).
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Figure 5: Micro-CT images of artificial dentinal caries lesion before (a1 and a2) and after being capped with FHA gel for 1 week (b1 and b2)
and 4 weeks (c1 and c2). Hexagonal crystal covered nearly all the surface of the dentin (b1 and c1), and the mineral density of surface layer
significantly increased (b2 and c2). E, enamel; D, dentin; C, crystal; L, lesion.

Amorphous calcium phosphate (ACP) is known as an
important intermediate phase in the formation of calcium
phosphate [24, 31]. Recently, a strategy called “Guided Tissue
Remineralization” represents an approach to this problem by

attempting to backfill the demineralized dentin collagen with
liquid-like ACP nanoprecursor particles that are stabilized
by biomimetic analogs of noncollagenous proteins [12]. This
strategy manages to achieve the goal of biomineralization
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of caries-like dentin [32, 33]. Taken into account, the
incorporation of biomimetic analogs of matrix proteins may
be an effective solution in future studies.

5. Conclusion

In the present study, the administration of FHAgel resulted in
a well-compacted fluorapatite layer deposited onto the dentin
surface and significant increase of the mineral density. These
findings suggest that FHA gel might be a proper IPTmaterial
with remineralizing function.
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[17] I. A. Beĺıo-Reyes, L. Bucio, and E. Cruz-Chavez, “Phase compo-
sition of ProRoot mineral trioxide aggregate by X-ray powder
diffraction,” Journal of Endodontics, vol. 35, no. 6, pp. 875–878,
2009.

[18] M. Saitoh, S. Masutani, T. Kojima, M. Saigoh, H. Hirose, and
M. Nishiyama, “Thermal properties of dental materials—cavity
liner and pulp capping agent,” Dental Materials Journal, vol. 23,
no. 3, pp. 399–405, 2004.

[19] L. Grech, B. Mallia, and J. Camilleri, “Characterization of set
intermediate restorative material, biodentine, bioaggregate and
a prototype calcium silicate cement for use as root-end filling
materials,” International Endodontic Journal, vol. 46, no. 7, pp.
632–641, 2013.

[20] W. Zhao, S. Wang, H. Hong, Z. Chen, M. Fan, and S. Yu, “The
crystallographic properties of themineral phases of enamel and
dentin in normal deciduous and permanent teeth,” Zhonghua
Kou Qiang Yi Xue Za Zhi, vol. 37, no. 3, pp. 219–221, 2002.

[21] M. Iijima and J. Moradian-Oldak, “Control of apatite crystal
growth in a fluoride containing amelogenin-rich matrix,” Bio-
materials, vol. 26, no. 13, pp. 1595–1603, 2005.

[22] T.-Y. Ning, X.-H. Xu, L.-F. Zhu et al., “Biomimetic mineral-
ization of dentin induced by agarose gel loaded with calcium
phosphate,” Journal of Biomedical Materials Research Part B:
Applied Biomaterials, vol. 100, no. 1, pp. 138–144, 2012.

[23] M. Iijima, K. Hayashi, and Y. Moriwaki, “Effects of the Ca2+
and PO3−

4
ion flow on the lengthwise growth of octacalcium

phosphate in a model system of enamel crystal formation with
controlled ionic diffusion,” Journal of Crystal Growth, vol. 234,
no. 2-3, pp. 539–544, 2002.



Journal of Nanomaterials 9

[24] L. B. Gower, “Biomimetic model systems for investigating the
amorphous precursor pathway and its role in biomineraliza-
tion,” Chemical Reviews, vol. 108, no. 11, pp. 4551–4627, 2008.

[25] J. D. B. Featherstone, “Dental caries: a dynamic disease process,”
Australian Dental Journal, vol. 53, no. 3, pp. 286–291, 2008.

[26] I. Diamanti, H. Koletsi-Kounari, E. Mamai-Homata, and G.
Vougiouklakis, “Effect of fluoride and of calcium sodium
phosphosilicate toothpastes on pre-softened dentin demineral-
ization and remineralization in vitro,” Journal of Dentistry, vol.
38, no. 8, pp. 671–677, 2010.

[27] S. K. Manesh, C. L. Darling, and D. Fried, “Assessment of
dentin remineralization with PS-OCT,” in Lasers in Dentistry
XV, vol. 7162 of Proceedings of SPIE, Society of Photo-Optical
Instrumentation Engineers, February 2009.

[28] X. Li and J. Chang, “Preparation of bone-like apatite-collagen
nanocomposites by a biomimetic process with phosphorylated
collagen,” Journal of BiomedicalMaterials Research—Part A, vol.
85, no. 2, pp. 293–300, 2008.

[29] K. Kawasaki, J. Ruben, H. Tsuda, M. C. D. N. J. M. Huysmans,
and O. Takagi, “Relationship between mineral distributions
in dentine lesions and subsequent remineralization in vitro,”
Caries Research, vol. 34, no. 5, pp. 395–403, 2000.

[30] K. P. Preston, P. W. Smith, and S. M. Higham, “The influence
of varying fluoride concentrations on in vitro remineralisation
of artificial dentinal lesions with differing lesionmorphologies,”
Archives of Oral Biology, vol. 53, no. 1, pp. 20–26, 2008.

[31] H. Cölfen, “Single crystals with complex form via amorphous
precursors,” Angewandte Chemie International Edition, vol. 47,
no. 13, pp. 2351–2353, 2008.

[32] Y. Liu, S. Mai, N. Li et al., “Differences between top-down
and bottom-up approaches in mineralizing thick, partially
demineralized collagen scaffolds,”Acta Biomaterialia, vol. 7, no.
4, pp. 1742–1751, 2011.

[33] A. K. Burwell, T. Thula-Mata, L. B. Gower et al., “Functional
remineralization of dentin lesions using polymer-induced
liquid-precursor process,” PLoS ONE, vol. 7, Article ID e38852,
2012.



Research Article
The Application of Carbon Nanotubes in
Magnetic Fluid Hyperthermia

Grzegorz Raniszewski,1 Arkadiusz Miaskowski,2 and Slawomir Wiak1

1Lodz University of Technology, Stefanowskiego Street 18/22, 90-924 Lodz, Poland
2University of Life Sciences in Lublin, Akademicka Street 13, 20-033 Lublin, Poland

Correspondence should be addressed to Grzegorz Raniszewski; grzegorz.raniszewski@p.lodz.pl

Received 22 May 2015; Revised 12 July 2015; Accepted 14 July 2015

Academic Editor: Anh-Tuan Le

Copyright © 2015 Grzegorz Raniszewski et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The aim of this paper is to present the results of the investigation into the applications of carbon nanotubes with ferromagnetic
nanoparticles as nanoheaters for targeted thermal ablation of cancer cells. Relevant nanoparticles’ characteristics were exploited in
terms of their functionality for biomedical applications and their magnetic properties were examined to determine heat generation
efficiency induced by the exposure of the particles to an alternating magnetic field.The influence of the electromagnetic field on the
human body tissues was assessed, providing quantitative measures of the interaction.The behavior of a liquid containing magnetic
particles, during the exposure to the alternating magnetic field, was verified. As for the application for the ferromagnetic carbon
nanotubes, the authors investigated temperature distribution in human liver tumor together with Arrhenius tissue damage model
and the thermal dose concept.

1. Introduction

The magnetic fluid hyperthermia (MFH) is a new and
promising therapeutic technique. It works by increasing the
temperature in the area of tumor, which triggers the natural
mechanisms of self-destruction of the cells called apoptosis.
Classical methods of hyperthermia suffer serious problems
related to focusing the temperature rise at tumor area, and
thus they cause side effects for the patient. In case of theMFH,
it is different because the heating energy is provided directly
to the target region. This is done by means of magnetic
nanoparticles that are placed in the patient’s body. When the
nanoparticles are exposed to an alternating magnetic field
with properly chosen frequency, the superparamagnetic heat
phenomenon is observed.

Authors have assumed that a magnetic fluid with known
ferromagnetic carbon nanotubes concentrationwas delivered
directly to a tumor. It can be done when the location and
extent of the tumor are known and it is easily accessible for
delivery, for example, through an injection. Moreover, it is

assumed that magnetic nanoparticles, together with tumor
region, create homogeneous composite and their physical
parameters are expressed in the form of effective ones.
Moreover, we have not considered the power density due to
the eddy currents as they are negligible regarding the heating
of the injectedmagnetic fluid. On the other hand, the authors
are conscious that eddy currents are important when talking
about inductive heating.Themaximum power density values
in the body are determined by the size of the body, and so
is the distance between the applicator and the skin. But this
phenomenon will not be discussed in this study.

2. Synthesis of Ferromagnetic
Carbon Nanotubes

There exists an extensive research on magnetic nanoparticles
(MNPs) heated in a magnetic field as a tool for destroying
cancer [1–6]. Among different kinds of MNPs, carbon nan-
otubes have gained interest of scientists due to very promising
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Figure 1: The experimental setup.

physical properties. The nanotubes have the advantage over
other MNPs. Their quasi-one-dimensional shape renders
themmore efficient in terms of heat generation due to higher
coercivity and saturation of magnetization of the CNTs as
compared to spherical particles [7, 8].

The most common methods for carbon nanotubes
(CNTs) synthesis are various types of chemical vapor depo-
sition (CVD) and arc discharge methods. In CVD methods,
gases containing carbon are usually used as a source of
carbon forCNTs formation. In arc dischargemethods, carbon
comes from graphite anode. In the arc reactors, two types of
carbon nanotubes can be collected: single-wall carbon nan-
otubes (SWNTs) andmultiwall carbon nanotubes (MWNTs).
MWNTs are usually located inside the cathode deposit. The
syntheses of SWNTs need application of catalysts and they
are deposited on the reactor walls, especially on the top of the
reactor and in the anode area.

In CVD methods, the carbon for formation of carbon
nanotubes is delivered in gaseous form. Two most common
methods of carbon introduction into the system are applica-
tion of hydrocarbons such as ethylene and acetylene. Gases
with carbon gas decompose in high temperature and form
carbon structures such as carbon nanotubes. Another group
of CVD systems employ catalysts with carbons in solid or
liquid state. Catalysts vaporize and are deposited as carbon
nanotubes on substrates.

3. An Experiment

The method used for ferromagnetic carbon nanotubes syn-
thesis was chemical vapor deposition with the tube furnace.
As the carbon source ethylenewas chosen, ferrocenewas used
as the catalyst. In the experimental setup, shown in Figure 1,
four gases such as argon, helium, hydrogen, and ethylenewere
used and introduced into the furnace which was divided into
three zones. In the first zone, inside the quartz tube, there
was placed a catalyst in a ceramic boat. Relatively low tem-
perature of this zone (500K) allows for slowing evaporation
of catalyst containing iron and carbon. The second zone was
for regulation of the reaction time (500–1000K). Too low
temperature caused lack of catalyst decomposition. In the
third zone, there was a silicon plate, substrate on which the
CNTs should be deposited.The temperature of the third zone
was about 1000K. These parameters allowed for formation
of carbon nanotubes with iron nanoparticles (Fe-CNTs). The
scheme of Fe-CNT’s formation is presented in Figure 2.

Carbon nanotubes collected from the substrate (and
from the quartz tube walls) are contaminated with soot and

Substrate

Figure 2: Carbon nanotubes filled with iron.

100nm

Figure 3: TEM of ferromagnetic nanotubes.

amorphous carbon. To purify the final product, an oxidation
in high temperature (700K) was used. Carbon impurities
oxidize in low temperatures. Carbon nanotubes due to their
thermal properties are resistant to temperatures up to 1000K
[11].

4. Results

Carbon nanotubes produced by this method were charac-
terized by their ability to generate heat caused by the elec-
tromagnetic field with known parameters, that is, frequency
and magnetic flux density. Moreover, to investigate if the
thermal oxidationwas an appropriatemethod of purification,
thermogravimetric test was done. The iron contamination
in the sample was estimated by EDS analysis. It was found
that 5–15wt% of iron was found in CNTs synthesized at tem-
peratures 1000–1100K. The iron spontaneously filled carbon
nanotubes in different ratios. Some of the iron nanoparticles
were attached to the surface outside the nanotubes (Figure 3).

Although fulfillment of the nanotubes has a much larger
volume, the majority of molecules placed outside the nan-
otube have the size of nanometers. It was calculated that aver-
age diameter of iron nanoparticles was 10.3 nm. To estimate
the diameter of nanotubes, dynamic light scattering (DLS)
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has been used. Multiwalled carbon nanotubes synthesized by
this method have length around 30–50 𝜇m and diameter of
30–60 nm.

To determine the cytotoxicity ferromagnetic carbon nan-
otubes and their effects on cell, viability tests on the cell lines
were conducted.A variety of carbonnanotubes concentration
in the culture cell medium was prepared in the range of 5–
500mg/L. There was no significant influence of CNTs on
cell viability. It indicates that they are inert to the cells.
After functionalization (ligands conjugation to the carbon
nanotubes structure) and attachment to the cells, they will
have a selective destructive effect on cancer cells in the
electromagnetic field.

The interaction of magnetic nanoparticles with the elec-
tromagnetic field depends on the particles’ properties, their
morphology, and suspending medium (if present), as well
as the field parameters. Combining all the above factors,
various magnetic loss mechanisms can be distinguished.
Knowing the mechanism, the quantity of heat generated by a
certain amount of particles can be calculated per one period
of oscillating field. The quantity is generally referred to as
Specific Magnetic Loss Energy (SMLE). In order to obtain
the overall heating capacity of a given particle amount in a
specific field, the Specific Loss Power (SLP) is calculated, by
multiplying SMLE with the frequency 𝑓 of the field applied.
In different magnetic loss mechanisms, the SLP is estimated
using various relations.

Ferromagnetic-doped CNTs in the form of powder pro-
duce heat when exposed to an alternating magnetic field.
The atomic dipoles’ alignment, as a response to the magnetic
field, can be represented by a hysteretic dependence of
magnetization (M) versus magnetic field strength (H). The
heat generation is a result of hysteresis losses due to the
reversing of magnetization [12–14].

Ferromagnetic nanoparticles generate heat in cases when
an appliedmagnetic field is stronger than the coercivity that is
applied. This is the reason why the low coercivity nanoparti-
cles are preferred. Ferromagnetic carbon nanotubes are able
to generate heat with the application of low magnetic fields
[15]. In hyperthermia applications, the applied magnetic field
ranges from 10mT to about 25mT at a frequency of kHz.The
high frequency is required to avoid pain. The small field will
only partially magnetize the nanoparticles. In kHz frequen-
cies, AC loss effects are also significant. Figure 4 shows the
hysteresis loops for the sample obtained from CVD system
for temperature 300K. They are compared to the hysteresis
loops for the sample without iron (Figure 5). As a reference
sample, Nanocyl NC 7000 has been used. As expected, the
carbon nanotubes with ferromagnetic nanoparticles show a
significant hysteresis compared to ferromagnetic properties
of multiwall carbon nanotubes from the market.

The amount of heat generated by the magnetic nanopar-
ticles is commonly expressed in terms of the SAR, which is
understood as the power generated per unitmass ofmagnetic
material in the solution. SAR is given by

SAR = 𝑐 ⋅
𝑚sample

𝑚Fe

Δ𝑇

Δ𝑡
, (1)
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Figure 4: Hysteresis loop for carbon nanotubes with ferromagnetic
nanoparticles.
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Figure 5: Hysteresis loop for carbon nanotubes without ferromag-
netic nanoparticles.

where 𝑐 is the heat capacity of the colloid,𝑚sample is the mass
of the sample, 𝑚Fe is the mas of iron oxide in the sample,
andΔ𝑇/Δ𝑡 represents the heating rate.The volumetric energy
dissipation rates 𝑄ext and SAR are related by

𝑄ext = SAR ⋅ 𝑤Fe = SAR ⋅ 𝜑 ⋅ 𝜌Fe, (2)

where 𝑤Fe is the mass of iron oxide per unit volume, 𝜑 is the
volume fraction on iron oxide, and 𝜌Fe is the density of iron
oxide. It is very important to note that (2) is accurate if the
heat capacity of the nanoparticles is in thermal equilibrium
with its surroundings at the start of the experiments. Other-
wise, heat flow to/from the environment can confound the
measurements [16].

On the other hand, the SAR parameter for the same
magnetic fluid will change when measured in AC magnetic
field systems with different frequencies and strengths, as
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Figure 6: The heating profile of 2mL DMSA stabilized magnetite
carbon nanotubes dispersed in water, 𝐵 = 11mT, 𝑓 = 532 kHz.

can be deduced from the formula for volumetric power
dissipation [5]:

𝑄ext = 𝜇0𝜋𝜒

𝑓𝐻

2
0 , (3)

where 𝜇
0
is the permeability of free space, 𝜒 is the out-of-

phase (imaginary) component of susceptibility, and 𝐻 is the
applied magnetic field strength.

5. CNT’s Dispersion in Aqueous Media

In our case, themagnetic fluidwas prepared by ferromagnetic
carbon nanotubes dispersion in aqueous media. Due to their
insolubility in any sort of solvents resulting from strong Van
der Waals forces, extremely high aspect ratio, and flexibility
of the particles, the particles tend to form bundles or agglom-
erates [17–19]. The dispersion is achieved by ultrasonication.

The examined Fe concentrations were from 5 to
75mg/mL, whereas the average magnetic particle diameter
was 10.3 nm. Moreover, ferromagnetic nanotubes were
DMSA stabilized and dispersed in distilled water. The
heating properties of the ferrofluid were measured using
Nanotherics Magnetherm system. The system consists of a
function generator and a power amplifier and it is monitored
by oscilloscope. During measurements, the sample was
placed in a coil enclosure and the temperature was measured
with a fiberoptic temperature sensor. The data collected by
the sensor are shown in Figure 6 at frequency 𝑓 = 530 kHz.

In order to validate the measured data, the numerical
investigation was prepared and the results of both the numer-
ical and the experimental investigations were compared. The
numerical model of the Magnetherm system was prepared
using Semcad X software (Figure 7). During the experiments,
the 9-turn coil leading current 𝐼rms = 43 [𝐴] was used.
The numerical axisymmetric model of the 40mm diameter
copper’s coil can be seen in Figure 8.

To calculate a magnetic flux distribution in the coil,
the low frequency solver was applied. In our case, we have
used the low frequency magnetoquasistatic algorithm where
the electric field E is calculated in the lossy (𝜎 ̸= 0)

z
y
x

Figure 7: The numerical model of 9-turn coil used in the system
with the ferrofluid sample.

domain, whereas the magnetic field H is calculated overall.
The magnetic flux distribution in the middle cross-section
can be seen in Figure 9. It can be seen that the sample is
exposed to a uniform magnetic field and it can be assumed
that the sample is uniformly heated.

6. Temperature Distribution in Biological
Cell Hyperthermia Cancer Treatment

6.1. Thermal Problem. For heat transfer in biological tissues
in this study, Pennes’ bioheat transfer equation was used [20]:

𝜌𝑐
𝜕𝑇

𝜕𝑡
= ∇ ⋅ (𝜅∇𝑇) − 𝜌

𝑏
𝑐
𝑏
𝜔 (𝑇−𝑇

𝑏
) +𝑄met +𝑄ext, (4)

where 𝜌 is the tissue density, 𝑐 is tissue specific heat, 𝜌
𝑏
is

the density of blood, 𝑐
𝑏
is blood specific heat, 𝜅 is tissue

thermal conductivity, 𝜔 is blood perfusion rate, 𝑇
𝑏
is arterial

blood temperature, and 𝑄met is metabolic heat source. The
cooling associated with the heat exchange with environment
was imposed in the form of Robin’s boundary condition; that
is,

𝜅
𝜕𝑇

𝜕𝑛
= ℎ (𝑇ext −𝑇) , (5)

where ℎ is the heat transfer coefficient and 𝑇ext is the external
temperature.

In the case of magnetic fluid hyperthermia, the𝑄ext term
is the power density (the energy deposition) due to heating of
the magnetic fluid in an AC magnetic field. In this study, the
authors have used the SAR value received from experiments
to numerically investigate a temperature distribution in the
anatomically correct human model. A special attention has
been paid on the model of the tumor region with magnetic
fluid, where the values for the electrical conductivity 𝜎, the
density 𝜌, the heat capacity 𝑐, and the thermal conductivity 𝜅
have been calculated as the effective one as follows:

𝜌 = (1−𝜑) 𝜌tumor +𝜑𝜌MF. (6)
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Figure 8: The magnetic flux distribution in the 9-turn coil used in the experiments.
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Figure 9: Magnetic flux distribution along 𝑧-axis

The effective specific heat is as follows:

𝑐 = (1−𝜑) 𝑐tumor +𝜑𝑐MF. (7)

The effective thermal conductivity is as follows:

1
𝜅
=

1 − 𝜑
𝜅tumor

+
𝜑

𝜅MF
(8)

and the effective electrical conductivity is as follows:

1
𝜎
=

1 − 𝜑
𝜎tumor

+
𝜑

𝜎MF
, (9)

where subscriptMF indicatesmagnetic fluid.Thatmeans that
the tumor region was treated as a homogeneous composite.
Moreover, a blood heat capacity 𝑐

𝑏
= 4.05 ⋅ 10

6 and liver
metabolic heat 𝑄met = 11.37W/m3 were used in the Pennes
model.

The temperature distribution in the human tissues is
determined by a number of thermophysical factors, such as
heat capacity and thermal conductivity, the spatial geometry
(anatomy), and heat production due tometabolism.There are
high-resolution numerical phantoms based MRI imagines

z

y
x

Figure 10: The model of Ella with liver tumor and points in which
the temperature was measured.

which can be used to predict thermophysical effects. In this
work, the authors have used an anatomically correct model
fromVirtual Population [21].Themodel represents a 26-year-
old female, with 1.63m height and 58.7 kg weight (Figure 10).
To numerically model a liver tumor, the sphere with radius
𝑟 = 15mm has been embedded in it. The properties of
tissues were taken, obtained from the database of the IT’IS
Foundation [22] and the calculations was fixed at a frequency
of 530 kHz. The liver tumor electric and thermal properties
were taken from the literature [9, 10] (see Table 1). In our case,
the SAR = 41.8W/kg.

6.2. Tissue Damage Model. Apart from the temperature
distribution, the Arrhenius model was used to estimate tissue
damage as another parameter. In this model, it is assumed
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Figure 11: Temperature distribution in the liver tumor after 1800 sek. (cross-section (a), surface temperature distribution (b)).

Table 1: Electric and thermal properties of healthy liver and the one with tumor [9, 10].

Tissue 𝜌 (kg⋅m−3) 𝐶 (J⋅kg−1K−1) 𝜅 (W⋅m−1K−1) 𝜎 (S⋅m−1) 𝜔
0
(kg⋅m−3s−1)

Healthy liver 1080 3455 0.173 0.51 17.03
Liver tumor 1045 3760 0.52 0.5 2.09

Table 2: Kinetic coefficients for the healthy liver and liver tumor
[9, 10].

Tissue 𝐴 (s−1) Δ𝐸 (J/mol)
Healthy liver 7.390 ⋅ 10

39
2.577 ⋅ 10

5

Liver tumor 3.247 ⋅ 10
43

2.814 ⋅ 10
5

that the biological damage depends on both temperature and
time and can be quantified by the function of tissue injuryΩ:

Ω (𝑡) = ∫

𝑡

0
𝐴𝑒
−Δ𝐸/𝑅𝑇

𝑑𝑡, (10)

where 𝑇 is the absolute temperature, which is a function of
ablation time, 𝑅 is the gas constant 8.314 J/(mol K)), 𝐴 is the
frequency factor (𝑠−1), and Δ𝐸 is the energy activation for the
irreversible damage reaction. Kinetic coefficients 𝐴 and Δ𝐸
are presented in Table 2. It should be underlined that Ω(𝑡) is
the damage integral, while 𝐹 = 1 − 𝑒−Ω(𝑡) and corresponds to
a 63% probability of the death of cells if Ω(𝑡) = 1. In other
words, at Ω(𝑡) < 1, the tissue is considered as a live one.

6.3. Thermal Dose. Together with the temperature distri-
bution and Arrhenius tissue damage model, the authors
have analyzed the thermal factor, which is the thermal dose
concept developed by Sapareto and Dewey in 1984 [23].
Cumulative equivalent minutes at 43∘C (CEM43) are defined
as

CEM43 = ∫
𝑡

0
𝑅
43−𝑇(𝑡)

𝑑𝑡 (11)

with 𝑅 = 0.5 for 𝑇 > 43, 𝑅 = 0.25 for 43 ≥ 𝑇 ≥ 39, and 𝑅 = 0
for 𝑇 < 39.

When the CEM
43

value exceeds a critical threshold, the
tissue is considered to be thermally necrosed. Thresholds
for CEM

43
have been tabulated in the literature for several

types of tissue based upon experimental observation of tissue
injury at 43∘C [24–28].

The critical thermal dose for liver tissue is CEM
43

=
340 minutes [29]. Once the temperature was determined at
each time step, the CEM

43
was calculated. The tissue was

considered to begin necrosis when this factor exceeded 40
minutes [30], although significant degree of damage appears
when cumulative equivalent is not less than 240 minutes [31–
33].

7. Results

Figure 11 shows the temperature distribution in the liver
tumor after 1800 sec. The important observation in Figure 11
is the temporal evaluation of temperature at various points
which is unsymmetrical. The effect of anatomy (the liver
shape) can be seen in Figure 11 where it is shown that the
maximum temperature is reached at the different locations,
which may have an implication for expected treatment
planning.

The cumulative equivalent minutes for this case are
shown in Figure 12.

It can be observed that maximum temperature 𝑇 =

43.5
∘C in the middle of the tumor was reached after about

300 sek. (Figure 13). In Figure 14, there are temperature pro-
files in the thermosensors symmetrically surrounding the
tumor. In our numerical experiments, it was assumed that
magnetic nanoparticles were dispersed homogeneously, but
the temperatures on the tumor boundary did not have the
same profiles. One should notice that the liver is surrounded
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Figure 13: Temperature versus time for different thermal sensors,
sensor placed in the middle of the tumor.

by different tissues and due to different perfusion rates the
tumor boundaries will be cooled with various rates.

8. Conclusions

There are many methods of carbon nanotubes synthesis.
The main methods employ high temperature (e.g., arc dis-
charge method) and low temperature (e.g., chemical vapor
deposition). Although both methods need purification of the
results of synthesis, CVD method is preferred in this study.
In our research, we used a ferrocene as a catalyst and to
fill carbon nanotubes by iron. These carbon nanotubes work
then as ferrofluids but in contrast to ferrofluids CNTs may
be easily biofunctionalized and then can be introduced into
the human body. Cancer cells overexpress folic acid (FA)
as well as epidermal growth factor (EGF) receptors. Carbon
nanotubes with FA and EGF show preference for binding to a
cancer cell which is an advantage in relation to ferromagnetic
fluids. Application of carbon nanotubes with ferromagnetic
properties can be used in a radiofrequency thermal ablation.
RF ablation therapy brings the lowest risk compared to
the other techniques (e.g., surgery, chemotherapy) of tumor
therapy. This method offers faster and more targeted treat-
ment for liver cancer with fewer side effects. The absorption
coefficient of radio waves by the human body is relatively
low. Metals in the carbon nanotube absorb this energy much

37
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Figure 14: Temperature versus time for different thermal sensors,
sensors placed on the tumor boundary.

more efficiently than a tissue. In this paper, prediction of
spatial temperature distribution in the anatomically correct
human model has been presented. Based on experimental
and numerical investigation, the power dissipation from
ferromagnetic carbon nanotubes has been investigated. The
authors have shown that the carbon nanotubes have the
potential for the hyperthermia treatment.

From the numerical investigation presented above, one
can conclude that, in terms of maximum temperature rise,
the expected treatment outcome depends on the tissue
distribution around the tumor.
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