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Nanoparticles engineered for shape, size, and surface proper-
ties impart special functionalities including catalytic behav-
ior, improved strength, enhanced thermal and electrical
conductivity, and controlled release of host molecules. These
advances have opened up applications in biomedicine,
nanoenergetic materials, and functional nanocomposites.
This special issue highlights successes in developing nanopar-
ticles for a number of diverse applications.

A field in which nanoparticles are poised to play a signif-
icant role is biomedicine. Y. Shi and coworkers review recent
advances in the use of FePt nanoparticles in themedical field.
These alloy nanoparticles exhibit enhanced magnetic prop-
erties while also being chemically stable against oxidation.
In addition to physical methods of preparation, which are
scalable but suffer from poor control of morphology and size,
several chemical methods have been shown to successfully
produce monodisperse particles in the low nanometer range.
These functionalizable and biocompatible particles find uses
as MRI agents, fluorescence image probes, and targeted drug
delivery, among others. This is clearly an area where much
progress has been made and it is likely that in the near
future FePt nanoparticles will make the transition from lab-
oratory to clinical applications. One particularly promising
biomedical application is targeted delivery. Drug losses in
the gastrointestinal track are minimized and the half-life of
the drug increases and allows release in a sustained manner.
Thus higher bioavailability is possible with lower dosage and
lower toxic side effects. K. Matlhola and coworkers study
the targeted delivery of tenofovir, one of the first line drugs
against HIV. The carrier particle in this study is Eudragit
RS PO, a synthetic polymer that is widely used in tablets

and capsules to retard the release of the drug and allow
delivery in a sustainedmanner. Size, encapsulation efficiency,
and release profile depend on several processing parameters
including amount of polymer, concentration of surfactant,
amount of drug, stirring speed and time, and temperature.
The authors usedBox-BehnkenDesign (BBD) to optimize the
drug formulation with respect to these process parameters.
The size of the particles was found to depend strongly
on the polymer-to-drug ratio, surfactant concentration, and
sonication time. The optimized formulation that resulted
from the statistical design was characterized by very high
encapsulation efficiency (98%), good particle stability, as
indicated by its zeta potential, and a sustained release profile
of the drug over a period of 80 hours.

Gold nanoparticles (nAu) have been used in biomedical
research quite extensively but one issue is colloidal stability
in the presence of salts at physiological pH. K.-H. Tseng
and coworkers studied the stability of nAu produced by
pulse spark discharge.The authors report that carboxymethyl
cellulose and polyvinyl pyrrolidone are quite effective in
stabilizing nAu. Sensing of biological molecules is another
area of application for gold nanostructures. R. Chauhan and
T. Basu report on a highly sensitive sensor for aflatoxin B1, a
toxin and potent carcinogen that is of major concern in the
food processing industry. The authors describe a successful
implementation of a piezoelectric sensor based on a gold
coated iron oxide core-shell nanostructure functionalized
to immobilize the toxin and sensed via a piezoelectric
mechanism. An overlooked aspect of nAu is the potential
environmental impacts and toxic effects to aquatic organisms
when nanoparticles are released to the environment. T. L.
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Botha and coworkers used species sensitivity distribution
(SSD) to address this question. SSD is a statistical tool rou-
tinely used in assessing environmental risks by quantifying
the sensitivity of aquatic species to a particular stressor.
The toxicity of Au nanoparticles was examined with respect
to concentration, size distribution, surface charge, surface
functionality, and level of agglomeration.The toxicity of gold
nanoparticles was found to be generally low. Only one species
(T. sparrmanii) displayed a maximum mortality of 48% after
96 h. Nanoparticles that are stabilized by nitrate capping lose
their stability when diluted in aquatic environments and this
leads to aggregation.The size of the aggregates depends onpH
and the presence of other ionic species, but, generally, larger
aggregates aremore difficult to be takenupby organisms.This
highlights an intricate interplay between colloidal chemistry
and toxicity.

Nanoparticles and nanocomposites find new applications
in sustainable energy research. J. Lui and coworkers discuss
the synthesis of Cu

2
Sn
3
S
7
as the light absorbing layer for

thin-film solar cells. This material, produced by the powder,
baking, sulfur, and sintering (PBSS) process, exhibits an
improved energy band gap and increases carrier concentra-
tion and mobility. C.-W. Ma and coworkers show how ZnO
needle-shaped nanoparticles may be used to fabricate dye-
sensitized solar cells. In this example, ZnO produced by a
chemical solutionmethodwas deposited on a fluorine-doped
tin oxide (FTO) glass to form the working electrode, against a
platinized FTO glass as the counter electrode. As the authors
show, this system yielded a high power conversion efficiency
and enhanced electron transport. H. Xu and coworkers dis-
cuss the fabrication of a core-shell structured Co

3
O
4
-PANI

nanocomposite to produce a low cost but highly efficient
nanomaterial for microwave absorption. In an interesting
application, G. Hernández-Padrón and coworkers produced
antifog coatings from recycled polystyrene. They used sil-
ica particles to produce a nanocomposite material with
hydrophobic properties and variable optical transparency.

A final application discussed in this issue is the use of
nanoparticles to enhance the electric and thermal properties
of colloidal suspensions. J. Li and coworkers prepared Fe

3
O
4

particles with an oleate coating which were then suspended
in oil to produce a highly stable nanofluid with improved
dielectric breakdown behavior. Both the electric and thermal
properties of suspensions are influenced very strongly by the
presence of nanoparticles. S. Lotfizadeh and T. Matsoukas
demonstrate these effects in a numerical study of thermal
conductivity in suspensions containing colloidal clusters of
various structures and shapes. The authors show that chain
aggregates and nonspherical particles in general enhance the
thermal conductivity.

The collection of studies in this special issue highlights the
importance of engineered nanoparticles and points to multi-
ple areas in which nanoparticle research has the potential to
make new contributions.

Themis Matsoukas
Tapan Desai
Kangtaek Lee
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In aircraft applications, fuel is used not only as a propellant but also as a coolant and improving both the thermal conductivity
and combustion enthalpy of the fuel is beneficial in these applications. These properties can be enhanced by dispersing aluminum
nanoparticles into the fuel; however, the nanoparticles require stabilization from agglomeration and passivation from oxidation in
order for these benefits to be realized in aircraft applications. To provide this passivation and stabilization, aluminum nanoparticles
were encapsulated with a coating by the plasma enhanced chemical vapor deposition (PE-CVD) method from toluene precursors.
The thermal conductivity, combustion and ignition properties, and stability of the nanoparticles dispersed in RP-2 fuel were
subsequently evaluated. In addition, the effect of dispersing aluminum nanoparticles in RP-2 fuel on the erosion rate of fuel nozzles
was evaluated. The dispersion of PE-CVD coated aluminum nanoparticles at a concentration of 3.0% by volume exhibited a 17.7%
and 0.9% increase in thermal conductivity and volumetric enthalpy of combustion, respectively, compared to the baseline RP-2 fuel.
Additionally, particle size analysis (PSA) of the PE-CVD coated aluminum nanofuel exhibited retention of particle size over a five-
month storage period and erosion testing of a 1mm stainless steel nozzle exhibited a negligible 1% change in discharge coefficient
after 100 hours of testing.

1. Introduction

Increasing the mission capability of aircraft is a never ending
objective for themilitary. Critical to achieving this objective is
improving the thermal performance and energy density of the
fuel aboard the aircraft, which is used as both a propellant and
coolant [1]. Thus, improving the thermal conductivity and
energy density of the fuel is one way to reach this objective.
The improvement in thermal conductivity of oil-based fluids
has been demonstrated by dispersing metallic nanoparticles
into the base fluid in numerous research efforts [2]. Addi-
tionally, metals have higher combustion energy than carbon
based fuels [3]. Thus, creating a metallic nanofuel for aircraft
applications can improve both the thermal performance and

combustion energy of the fuel to meet the objective of inc-
reasing mission capability.

Due to its low density compared to other metals and
larger combustion enthalpy than the base fuel [4], aluminum
is a preferred candidate nanoparticle for the development of
nanofuels. The improvement in the volumetric enthalpy of
combustion of ethanol by Jones et al. shows that additions
of 50 nmdiameter aluminumnanoparticles at concentrations
ranging from 1 to 10% by volume exhibited improvements
in the volumetric enthalpy of combustion up to 15%. This
increase in heat release upon combustion was also demon-
strated by Mitchell et al. for aluminum nanoparticle/diesel
fuel systems [5]. Despite the potential for combustion impro-
vements, the aluminum rapidly oxidizes to form aluminum
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Figure 1: PE-CVD coating process wherein metallic nanoparticles are coated by a deeply fragmented volatile organic precursor.

oxide, which reduces the combustion enthalpy of the nano-
particles. Additionally, in the dispersed phase, the aluminum
nanoparticles can agglomerate due to strong attractive forces
and increase the average particle size of the aluminum, which
causes the subsequent settling of the nanoparticles. This not
only reduces the stability of the nanofuel, but could increase
the erosion damage of fuel system components.

Reduction from agglomeration can be accomplished by
a combination of electrostatic and steric stabilization [6],
which can be achieved by the use of surfactants, coatings,
or ionic fluids. The surface agents acting to stabilize the
nanoparticles from agglomeration simultaneously protect
the nanoparticle from oxidation. Meziani et al. developed
stabilized aluminum nanoparticles in organic solvents using
a wet-chemical synthesis approach from alane precursors
with carboxylic acid molecules for surface passivation.These
methods demonstrated an average aluminum particle size
of 48 nm with a 15 nm standard deviation and low oxygen
concentration consistent with passivation from oxidation [7].
While the wet-chemical approach has been shown to produce
small diameter nanoparticles that are stabilized and passi-
vated during synthesis [7, 8], application of passivating and
stabilizing coatings has been conducted in the dry state [9].

To prevent the oxidation and agglomeration of the alu-
minum nanoparticles, the PE-CVD coating method was
utilized to develop a 6 nm thick coating that encapsulates
individual metallic nanoparticles. This coating passivates
the aluminum nanoparticle to protect from oxidation and
reduces the strong attractive forces to weak attractive forces

to eliminate agglomeration, thereby stabilizing the nano-
fuel. Through previous research, this coating method has
demonstrated the successful passivation of aluminum, which
increased the combustion enthalpy of the aluminum [9].
In this research effort, we present the coating of aluminum
nanoparticles by the PE-CVD coatingmethod, the evaluation
of the stability of the nanofuel over a 5-month period by
particle size analysis (PSA), and the evaluation of the thermal
conductivity and combustion enthalpy of the nanofuel at
concentrations of 0.7%, 1.5%, and 3.0% by volume by the
transient hot-wire method and bomb calorimetry, respec-
tively. Additionally, the erosion rate of a 1mm stainless steel
nozzle with aluminum nanofuel pumped at 200 PSID for 100
hours was evaluated in a custom built pumped loop, and the
ignition delay time of the aluminum nanofuel was measured
by spray injection of the fuel into an electrically heated,
constant volume combustion chamber.

2. Materials and Methods

2.1. PE-CVD Coating Deposition. The PE-CVD coating pro-
cess is a dry, one-step coating method that applies a nanome-
ter thin plasma coating to the surface of the aluminum
nanoparticles, which is outlined in Figure 1.

As is shown in Figure 1(a), the PE-CVD process is com-
prised of a volatile organic precursor, which is carried by
inert argon gas to a plasma reaction chamber that contains
aluminum nanoparticles (99.9% purity, 80 nm diameter par-
ticles from Nanostructured and Amorphous Materials, Inc.,



Journal of Nanomaterials 3

Houston, TX). The toluene precursor is deeply fragmented
by radio frequency (RF) glow discharge, as depicted in
Figure 1(b). The deeply fragmented precursors react on the
surface of the nanoparticles creating a coating thatmimics the
chemistry of the initial precursor material [10]. The volatile
organic precursor chosen for this research effort was toluene
due to its chemical similarity to RP-2 fuel. In order to achieve
uniform coating, as is shown in Figure 1(c), the aluminum
nanoparticles are agitated by a magnetic stirrer. The growth
of the coating is linear with respect to time, and therefore, it
is controlled by adjusting the residence time of the nanopar-
ticles in the reaction chamber.The target coating thickness of
the toluene PE-CVD coating was 6 nm and was confirmed by
transmission electron microscopy (TEM).

2.2. Nanoparticle Storage Stability Evaluation. To evaluate
the stability of the aluminum nanofuel, the particle size
distribution of PE-CVD coated aluminum nanofuel samples
at concentrations of 0.7% by volume was evaluated after
initial dispersion in RP-2 fuel and was reevaluated in one-
month intervals for five months. At each month interval, the
samples were sonicated and well mixed, and an aliquot of
the nanofuel was analyzed by dynamic light scattering (DLS).
A baseline nanofuel sample produced from uncoated alu-
minum nanoparticles at equivalent concentration was evalu-
ated to determinewhether the coating provided stability from
agglomeration during the five-month storage period.

Additionally, to evaluate the ability to redisperse the alu-
minum nanoparticles after the first month of storage, the
particle size distribution of an aliquot of PE-CVD coated and
uncoated aluminum nanofuel was evaluated with and with-
out sonication.

2.3. NanofuelThermal ConductivityMeasurements. The ther-
mal conductivity of the aluminum nanofuel was evaluated by
the transient hot-wire method. The transient hot-wire appa-
ratus consists of a thin diameter platinum wire, as is shown
in Figure 2, immersed in a stagnant fluid sample. Current is
passed through the wire generating heat and the temperature
of the wire is monitored throughout the duration of the test
by measuring the electrical resistance of the wire.

The temperature of the wire was determined through
the resistance-temperature relationship of platinum. The
working equation of the transient hot-wire test is presented
in (1), where 𝑞 is the applied electrical power to the wire, 𝑘 is
the thermal conductivity of the fluid, Δ𝑇 is the temperature
change of the wire, 𝑡 is time, 𝛼 is the thermal diffusivity of
the fluid, 𝑟 is the radius of the wire, and 𝐶 is a constant of the
apparatus [11]:

𝑇 (𝑡) − 𝑇ref = Δ𝑇 =
𝑞

4𝜋𝑘
ln( 4𝛼𝑡

𝑟2𝐶
) . (1)

Equation (1) demonstrates that plotting Δ𝑇 versus ln(𝑡)
produces a linear plot which can be fitted to determine the
thermal conductivity of the fluid. However, prior to analyzing
nanofuel samples, the constant of the transient hot-wire test

Instrumentation and 
power supply 
connections

Thin platinum 
wire

Fluid sample 
holder

Figure 2: Transient hot-wire apparatus for evaluating the thermal
conductivity of nanofuels.

apparatus, 𝐶, in (1), was determined by calibrating the appa-
ratus with baseline RP-2 fuel using a thermal conductivity of
0.15W/mK.

A programmable potentiostat was used to apply power
and record electrical data in the transient hot-wire test appa-
ratus, and the data was processed to calculate the thermal
conductivity of the nanofuel. The potentiostat was program-
med to conduct six consecutive runs in a single trial, which
enables the thermal conductivity to be observed over a five-
minute time period. This method not only measured the
absolute thermal conductivity of the nanofuel but also pro-
vided indication of the stability of the PE-CVD coated alu-
minum nanoparticles.

2.4. Combustion Enthalpy Evaluations. To quantify the inc-
rease in combustion energy of the PE-CVD coated aluminum
nanofuel, the volumetric enthalpy of combustion was evalu-
ated by bomb calorimetry. The evaluations were conducted
at concentrations of 0.7%, 1.5%, and 3.0% by volume using
a Parr 1341 oxygen bomb calorimeter. To evaluate the ability
of the coating to passivate the aluminum nanoparticles from
oxidation, the volumetric enthalpy of combustion of baseline
uncoated aluminum nanoparticles dispersed in RP-2 fuel at
equivalent concentrations was evaluated.

Prior to evaluating the combustion energy of nanofuel
samples, the heat capacity of the bomb calorimeter was deter-
mined using National Institute of Standards and Technology
(NIST) certified benzoic acid tablets. Additionally, com-
bustible gelatin capsules were used to handle the liquid nano-
fuel samples and the combustion energy of the capsules was
evaluated prior to conducting combustion energy evaluations
on nanofuel samples.

2.5. Nozzle Erosion Testing. Adding aluminum nanoparticles
to RP-2 fuel to increase the thermal conductivity and com-
bustion energy presents risks to erosion of fuel system
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Figure 3: (a) CADmodel of custom nozzle erosion pumped loop. (b) Cross section of the nozzle and reservoir. (1) Air Driven Piston Pump,
(2) Air Pressure Regulator and Flow Meter, (3) High-Accuracy Differential Pressure Sensor, (4) Adjustable Pressure Relief Valve, (5) 1mm
stainless steel nozzle, and (6) Nanofuel Reservoir.

components. The most vulnerable area was suspected to
be the injectors where the nanofuel is forced through a
small diameter orifice and atomized. Nanofluids that are
unstable will agglomerate during storage and when pumped
through the nozzle could severely erode the nozzle or even
clog the nozzle. To evaluate the effect of the addition of
PE-CVD coated aluminum particles to RP-2 fuel, a custom-
made pumped loop was designed and fabricated to pump
the PE-CVD coated nanofuel at a concentration of 0.7% by
volume through a 1mm stainless steel nozzle at 200 PSID for
100 hours, as shown in Figure 3.

The nozzle erosion pumped loop was designed with
an Air Driven Piston Pump that delivered nanofuel to a
removable 1mm nozzle. A differential pressure transducer
was connected to the inlet and outlet of the nozzle tomeasure
and monitor the differential pressure across the nozzle. A
pressure relief valve was incorporated into the pumped loop
to ensure fluid bypass in the event of clogging.

Erosion of the nozzle would cause a change in the flow
characteristics of the nozzle. Thus, a nozzle evaluation loop
was developed, as shown in Figure 4, to measure the dis-
charge coefficient of the nozzle at 25-hour intervals. Addi-
tionally, optical microscopy evaluations were conducted to
measure the diameter of the nozzle and observe the nozzle
for signs of erosion.

At 25-hour intervals, the nozzle was removed from the
erosion test pumped loop, cleaned thoroughly in acetone, and
placed into the nozzle evaluation loop. Water was pumped
through the nozzle at flow rates varying from 2.5GPH to
15GPH in 2.5GPH increment and the pressure differential
across the nozzle at steady state was measured. The flow
performance and erosion of the nozzle were compared to
a baseline RP-2 fuel tested for 100 hours under the same

Gear pump

Pressure 
transducers

Nozzle

Flow meter 

Figure 4: Nozzle evaluation test loop developed to characterize the
discharge coefficient of the nozzle at 25-hour intervals.

condition in order to determine how the addition of metallic
nanoparticles effects the erosion of fuel system components.

2.6. Ignition Delay TimeMeasurements. To evaluate the effect
of the addition of the aluminum nanoparticles on the com-
bustion kinetics of the fuel, the ignition delay time of baseline
RP-2 fuel, uncoated aluminumnanofuel, andPE-CVDcoated
aluminum nanofuel, each at a concentration of 1.5% by vol-
ume, was evaluated in a constant volume, electrically heated
combustion chamber, shown in Figure 5.
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Figure 5: Spray combustion apparatus for evaluating the ignition delay time of RP-2 fuel and aluminum nanofuel.

The combustion chamber was heated with electric-resist-
ance heaters embedded into the chamber walls and was insu-
lated with 5 cm of high-temperature ceramic fiber, mineral
wool insulation. The chamber was instrumented with K-
type thermocouples for chamber wall temperature measure-
ments and a water-cooled Kistler pressure transducer (model
6041A) for measurement of chamber pressure during the
spray ignition event and determination of the ignition delay
time. At the top of the cylindrical combustion chamber, a
low-pressure diesel, single-hole, pintle-style injector (Bosch
W0133-1827210) atomized the fuel samples into the chamber.
The injector was cooled by circulating diesel fuel, which flows
through the injector body. The fuel sample was pressurized
in a hydraulic accumulator, and the duration of injection
was controlled by a solenoid valve located between the high-
pressure accumulator and the injector. The pressure of the
fuel delivered to the injector was set to 2200 psia for a dura-
tion of 3ms.

Prior to ignition delay time measurements, the mass
of the fuel injected was characterized to ensure consistent
injector performance. High-pressure fuel was injected into
a container and the mass of single injections was measured
over ten trials using a high-accuracy scale (Mettler PM6100).
The mass per injection for the three fuel samples studied is
presented in Figure 6.

As is shown in Figure 6, the mass of fuel injected with a
2200 psia injection pressure and a 3ms pulse duration was
consistent over the 10 trials and deviated by less than 3%
between fuel samples. Additionally, the consistent injection
performance between the baseline RP-2 fuel and the nanofuel
samples demonstrated that injector performance was not
affected by the addition of toluene PE-CVDcoated aluminum
nanoparticles.

To carry out a series of spray ignition delay timemeasure-
ments, the combustion chamber was heated to a temperature
of approximately 800K, and the heaters were turned off. As
the combustion chamber cooled over the course of several
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Figure 6: Characterization of fuel mass injection during spray com-
bustion testing demonstrating consistent spray performance.

hours, spray injection measurements were conducted at
temperatures ranging from 800 to 600K with a temperature
uniformity of ±3K. The evacuated chamber was filled with
high-purity air to 20 atm from a compressed gas cylinder,
and the fuel sample was injected into the high-temperature,
high-pressure air, which initiates the combustion experiment.
The pressure of the chamber was monitored using a Kistler
pressure transducer, as shown in Figure 7.

As is shown in Figure 7, at injection, the pressure in the
chamber immediately decreases due to evaporative cooling
of the chamber air as the fuel evaporates in the chamber and
mixes. After an induction period, a partially mixed fuel/air
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Figure 7: Sample pressure profile for spray ignition delay measure-
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region locally ignites causing the chamber pressure to rise
rapidly. The ignition delay time was determined by compar-
ing the time interval between spray injection, defined as the
time at which the chamber pressure first decreases due to
spray evaporation, and the onset of ignition, defined as the
time at which the pressure gradient first becomes positive due
to ignition-related heat release.

3. Results and Discussion

3.1. PE-CVD Coating Deposition. The target coating thick-
ness of the PE-CVD coating from toluene precursor was
6 nm. To ensure the coating thickness met this target and
encapsulated individual nanoparticles, the coating thickness
of dry aluminum nanoparticles was characterized by trans-
mission electronmicroscopy (TEM). As is shown in Figure 8,
the toluene PE-CVD coating encapsulates the individual
aluminum nanoparticles and has an average thickness of
6.21 nm, which demonstrates that PE-CVD coating met the
target coating thickness specification.

3.2. Nanoparticle Stability Evaluation. During storage, nano-
particles will settle due to the relative density of the particle
and the base fuel. However, a stabilized nanofluid will redis-
perse after settling without increasing particle size (i.e., will
not agglomerate). The ability to redisperse the PE-CVD
coated aluminum nanofuels compared to the uncoated coun-
terpart was evaluated by measuring the median particle size
with andwithout sonication of the respective sample by dyna-
mic light scattering (DLS) after onemonth of storage at room
temperature.

As is shown in Figure 9, the PE-CVD coated nanofuel
sample increases particle size over the one-month period
but is easily redispersed with sonication. This indicates that
weak bonding forces are present between agglomerated alu-
minum nanoparticles. Alternatively, the uncoated aluminum
nanofuel sample demonstrated a consistent particle size that
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5.982nm

Figure 8: TEM micrograph of toluene PE-CVD coated aluminum
nanoparticles exhibiting a 6 nm coating thickness that encapsulates
individual aluminum nanoparticles.
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Figure 9: Median particle size of PE-CVD coated and uncoated
aluminum nanofuel after one month of storage before and after
sonication demonstrating that the PE-CVDcoated nanoparticles are
able to be redispersed.

could not be redispersed due to strong bonding forces
between aluminum nanoparticles which leads to agglomera-
tion. The ability to redisperse the PE-CVD coated aluminum
nanofuel sample by sonication demonstrates that the coating
provides stabilization from agglomeration, which improves
storage stability of the nanofuel.

In order to quantify the extent of agglomeration of PE-
CVDcoated anduncoated aluminumnanoparticles, dynamic
light scattering (DLS) was conducted to evaluate the particle
size distribution of each sample. Particle size distributions
were determined by the number of particles of a given diam-
eter. Moreover, the samples were stored at room temperature
and the DLS analysis was repeated at one-month intervals
over a 5-month period to determine the growth rate of parti-
cle size due to agglomeration. DLS results at the one-month
intervals are presented in Figure 10.
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As is shown in Figure 10, the smallest nanoparticle size
present in the uncoated sample distribution was greater than
200 nm, while the PE-CVD coated aluminum nanoparticle
distribution exhibited the smallest aluminum nanoparticle
size at ∼80 nm. Moreover, the median particle size of the
PE-CVD coated aluminum nanoparticle sizes was ∼150 nm,
which was 30% of the median particle size of the uncoated
counterpart. After being stored for five months at room
temperature, the PE-CVD coated aluminum nanoparticles
maintained a smaller particle size than the uncoated counter-
part sample with 90% of the particles being less than 235 nm
in diameter indicating that the PE-CVD coating prevents
agglomeration of the aluminum nanoparticles.

3.3. NanofuelThermal ConductivityMeasurements. The ther-
mal conductivity of PE-CVD coated aluminum nanofuel
samples at a concentration of 0.7%, 1.5%, and 3.0% by
volume was determined by the transient hot-wire method
in nine trials spanning a three-month period and results are
presented in Figure 11. The measured thermal conductivity
was plotted with the upper and lower bounds of the Hashin
and Shtrikman (H-S) model for thermal conductivity in
nanofluids, which is presented in (2), where 𝑘f is the thermal
conductivity of the base fluid RP-2 fuel, 𝑘p is the thermal
conductivity of the aluminum particle, 𝜙 is the volume
fraction of nanoparticles, [𝑘] = 𝑘p −𝑘f , and 𝑘nf is the thermal
conductivity of the nanofuel [12]:

𝑘f [1 +
3𝜙 [𝑘]

3𝑘f + (1 − 𝜙) [𝑘]
] ≤ 𝑘nf

≤ [1 −
3 (1 − 𝜙) [𝑘]

3𝑘p − 𝜙 [𝑘]
] 𝑘p.

(2)
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Figure 11: Thermal conductivity of PE-CVD coated aluminum
nanoparticles dispersed in RP-2 fuel at 0.7%, 1.5%, and 3.0% volume
fractions.

As is shown in Figure 11, the thermal conductivity of PE-
CVD coated aluminum nanofuel increases with increasing
nanoparticle concentration and reaches a 17.7% improvement
in thermal conductivity over the baseline RP-2 fuel at a 3.0%
volume fraction. The error bars in Figure 11 represent one
standard deviation in the thermal conductivity measured
over multiple trials.This indicates that addition of aluminum
nanoparticles improves the thermal performance of RP-2 fuel
and, as a result, increases the heat transfer properties of the
fuel as a coolant. Furthermore, agreement of the thermal con-
ductivity of the PE-CVD coated aluminum nanofuel samples
with the lower bound of the H-S model indicates that there
is no anomalous improvement in thermal performance. The
well-known H-S model bounds the thermal conductivity of
a nanofluid based on the configuration of the nanoparticles.
The lower bound of the model corresponds to a nanofluid
configuration in which the nanoparticles are discretely dis-
persed, while the upper bound of the model corresponds
to a nanofluid configuration in which nanoparticles form
chains that increase the thermal conduction path, as shown
in Figure 12 [12]. The agreement with the lower bound of the
H-S model provides supporting evidence that the PE-CVD
coated aluminum nanofuels have increased stability that can
be attributed to lack of agglomeration and support the PSA
results presented in Figure 10.

As nanoparticles settle, the thermal conductivity of the
nanofuel will decrease, approaching that of the RP-2 fuel.
Hence, a consistent thermal conductivity throughout the six
consecutive runs indicates a low settling rate and demon-
strates a stable nanoparticle suspension. The experimentally
determined thermal conductivity of six consecutive runs for
the RP-2 baseline, 0.7%, 1.5%, and 3.0% by volume PE-CVD
coated aluminum nanofuel is presented in Figure 13.

As is shown in Figure 13, the thermal conductivity of
the nanofuel samples is consistent over six consecutive runs,
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Figure 12: Depiction of nanoparticle configurations that correspond to the (a) lower bounds and (b) upper bounds of the H-S model [12].
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Figure 13: Thermal conductivity measurements of baseline RP-2,
0.7%, 1.5%, and 3.0% PE-CVD coated aluminum nanofuel over six
consecutive runs spanning a five-minute period exhibiting consis-
tent thermal conductivity and indicating low settling rate of the
aluminum PE-CVD nanoparticles.

which indicates a low settling rate. The consistent thermal
conductivity between consecutive runs provides evidence to
support enhanced stabilization of the PE-CVD coated alu-
minum nanoparticles.

PE-CVD coated aluminum nanoparticle stability in stor-
age conditions was also determined by repeating the ther-
mal conductivity analysis over three consecutive months.
Agglomerating nanoparticleswill increase the diameter of the
nanoparticles causing them to settle out of solution, which
reduces the thermal conductivity of the nanofuel, according
to the H-S model. Consistent thermal conductivity readings
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Figure 14: Thermal conductivity of baseline RP-2, 0.7%, 1.5%, and
3.0% PE-CVD coated aluminum nanofuel after three months of
storage indicating the ability to easily redisperse the nanoparticles
after storage.

over a three-month period would demonstrate a stable nano-
particle suspension that resists agglomeration and subse-
quent settling.Thermal conductivity data conducted over the
three-month period is presented in Figure 14.

As is shown in Figure 14, the thermal conductivity of the
baseline RP-2, 1.5%, and 3.0% samples was repeatable over the
three-month period and exhibited a 2.6% relative standard
deviation at 3.0% volume fraction. The repeatable thermal
conductivity over a three-month storage period demonstra-
ted a nanoparticle suspension that was easily redispersed due
to stabilizing the aluminum nanoparticles from agglomera-
tion and supports the data presented in Figure 9.
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3.4. Combustion Enthalpy Evaluation. Thevolumetric enthal-
py of combustion,Δ𝐻fuel,vol, of PE-CVDcoated and uncoated
aluminum nanofuel samples at a concentration of 0.7%, 1.5%,
and 3.0% by volume was determined by bomb calorimetry
and was calculated from (3), where 𝐶cal is the heat capacity
of the bomb calorimeter, Δ𝑇 is the temperature change of
the bomb calorimeter, 𝑚gel is the mass of the gelatin capsule
used to hold the liquid sample, Δ𝑈gel is the internal energy
of combustion of the gelatin capsule, 𝐿wire is the length of
ignition wire combusted during the bomb calorimetry trials,
𝛾wire is the combustion energy of the wire per unit length, Δ𝑛
is the change in the number of moles of gaseous species, 𝑅 is
the universal gas constant (8.3145 J/molK), 𝜌fuel is the density
of the fuel sample, and𝑚fuel is the mass of the fuel sample:

Δ𝐻fuel,vol

=
(𝐶calΔ𝑇 − 𝑚gelΔ𝑈gel − 𝐿wire𝛾wire + Δ𝑛𝑅𝑇) 𝜌fuel

𝑚fuel
.

(3)

Experimentally determined volumetric combustion enthal-
pies of PE-CVD coated and uncoated aluminum nanofuel
samples that were stored for one month are presented in
Figure 15.

As shown in Figure 15, the volumetric enthalpy of com-
bustion of the PE-CVD coated aluminum nanofuels inc-
reased with increasing volume concentration, reaching 0.9%
enhancement at 3.0% volume fraction. Conversely, uncoated
0.7% and 1.5% volume fractions did not improve the volumet-
ric combustion enthalpy of the RP-2 fuel, while the uncoated
3.0% nanofuel sample exhibited 0.3% improvement in volu-
metric combustion enthalpy. Furthermore, statistical analysis
of the combustion energy data using a 𝑡-test, assuming
unequal variance, suggests that the measured improvement
of the 3.0% volume fraction PE-CVD coated sample is within
a 90% confidence interval. Thus, the statistical analysis of
the volumetric enthalpy of combustion suggests that the
observed improvement in energy density of the PE-CVD
coated samples was statistically significant.

3.5. Nozzle Erosion Testing. After 25 hours of erosion testing,
the nozzle was placed in the evaluation test loop and water
was pumped through the nozzle at flow rates varying from 2.5
to 15GPH in 2.5GPH increments. The pressure differential
across the nozzle was measured in three trials. The discharge
coefficient, 𝐶

𝑑
, of the nozzle was determined by (4), where

Δ𝑃theor is the theoretical pressure difference of the nozzle at
the given flow rate and Δ𝑃meas was the measured pressure
difference. The theoretical pressure difference was calculated
from (5), where �̇� is the mass flow rate of water, 𝐷 is the
diameter of the nozzle (1mm), 𝜌 is the density of water, and
𝑑 is the ratio of the nozzle diameter to the upstream pipe
diameter (0.16):

𝐶
𝑑
=
√Δ𝑃theor

√Δ𝑃meas
(4)

Δ𝑃theor = (
4�̇�

𝜋𝐷2𝜌
)

2 𝜌 (1 − 𝑑
4
)

2
. (5)

37300
37350
37400
37450

37550
37600
37650
37700
37750
37800
37850
37900

38000

Vo
lu

m
et

ric
 en

th
al

py
 o

f c
om

bu
sti

on
 (M

J/m
3
)

0.5 1 1.5 2 2.5 3 3.5 40
Aluminum nanoparticle volume fraction (%)

PECVD coated nanofuel
Uncoated nanofuel

37950

37500

Figure 15: Volumetric combustion enthalpy of PE-CVD coated and
uncoated aluminum nanofuel samples.
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Figure 16: Nozzle discharge coefficients throughout the 100 hours of
erosion testing indicating negligible change in discharge coefficient.

The discharge coefficients of the nozzle tested with baseline
RP-2 fuel and 0.5% volume fraction nanofuel throughout the
100-hour erosion test are presented in Figure 16.

As is shown in Figure 16, after 100 hours of erosion test-
ing, the discharge coefficient of the nozzle tested with nano-
fuel reduced by 2% while the baseline RP-2 fuel decreased
by 1% indicating a negligible change in discharge coefficient
for both samples. The error bars in Figure 16 represent one
standard deviation in themeasured discharge coefficient over
multiple experimental trials. Optical microscopy images of
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Figure 17: Optical microscopy images of nozzle discharge and inlets at initial conditions and after 100 hours of erosion testing exhibiting no
significant erosion damage.

the nozzle discharge and inlet, prior to testing and after 100
hours of erosion testing, are presented in Figure 17.

As is shown in Figure 17, the diameter of the nozzle dis-
charge and inlet remained constant after 100 hours of erosion
testing. However, additional wear was noticed in the inlet of
the nanofuel tested nozzle after 100 hours of erosion testing.
The additional wear in the nozzle inlet was suspected to
increase the roughness of the inlet, thereby increasing the
coefficient of friction and subsequently reducing the dis-
charge coefficient, as is observed in Figure 16. However, the
change in discharge coefficient between the nanofuel tested
nozzle and baseline RP-2 tested nozzle was insignificant after
100 hours of pumping the fuel at a pressure differential of
200 PSI indicating that the nanofuel did not increase the
erosion rate of fuel injector components.

3.6. Ignition Delay TimeMeasurements. To evaluate the effect
of adding aluminum nanoparticles to the combustion kinet-
ics of RP-2 fuel, spray ignition delay times were measured in
a constant volume combustion chamber. Spray ignition delay

times at temperatures ranging from 600 to 800K for baseline
RP-2 fuel, 1.5%PE-CVDcoated aluminumnanofuel, and 1.5%
uncoated aluminum nanofuel are presented in Figure 18.

The spray ignition delay time for the PE-CVD coated
aluminum nanofuels is 10–20% longer than baseline RP-2
fuel, which is considered within an acceptable deviation. The
ignition delay times of the uncoated RP-2 nanofuel samples
were approximately 50–100% longer than the baseline RP-
2. The combustion process is divided into three major steps:
evaporation, mixing, and gas-phase chemical reaction. It was
hypothesized that the uncoated sample formed agglomerates
that reduced the evaporation rate of the RP-2 fuel, which
reduces the kinetics of the combustion process. On the other
hand, the negligible change in ignition delay time for the PE-
CVD coated aluminum nanofuel sample provides evidence
to support the conclusion that the PE-CVD coating reduces
agglomeration and permits the fuel to evaporate and main-
tain combustion kinetic characteristics while simultaneously
releasing more energy as determined in the combustion
enthalpy evaluations.
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Figure 18: Spray ignition delay time results demonstrating a 10–20%
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4. Conclusions

Utilizing nanoparticle technology to improve the thermal per-
formance and energy density of fuels can helpmeet the objec-
tives of improving mission capabilities of aircraft but must be
passivated from oxidation and stabilized from agglomeration
to ensure the functionality of the fuel is not compromised.
Through our research, a passivating 6 nm thick coating that
stabilizes individual nanoparticles was demonstrated by the
PE-CVD coating process. Once dispersed into RP-2 base fuel,
the nanoparticles exhibited retention of particle size over a
five-month storage period, thereby demonstrating stability
from agglomeration. Additionally, the thermal conductivity
and volumetric enthalpy of combustion of the PE-CVD
coated aluminum nanofuel at a concentration of 3.0% by
volume exhibited 17.7% and 0.9% improvement, respectively,
compared to the baseline RP-2 fuel. At an equivalent concen-
tration, uncoated aluminum nanofuel exhibited 0.3% imp-
rovement in volumetric enthalpy of combustion compared to
the baseline RP-2 fuel. The greater improvement in the volu-
metric enthalpy of combustion between the PE-CVD coated
and uncoated aluminumnanofuel indicates that the PE-CVD
coating protected the aluminum fromoxidation, thereby pro-
viding a greater amount of combustible aluminum per mass
of nanofuel. Furthermore, the PE-CVD coated aluminum
nanofuel exhibited a negligible 1% reduction in the discharge
coefficient of a 1mm stainless steel nozzle compared to base-
line RP-2 fuel after 100 hours of erosion testing at pressure
differential across the nozzle of 200 PSID. Finally, the ignition
delay time of the PE-CVD coated aluminum nanofuel and

uncoated aluminum nanofuel at a concentration of 1.5% by
volume exhibited an increase in ignition delay time of 10–
20% and 50–100%, respectively, compared to the baseline RP-
2 fuel. Thus, the larger increase in ignition delay time for the
uncoated sample compared to the PE-CVD coated sample
indicates that the agglomeration of the uncoated nanoparti-
cles affected the ignition process. As a result, the passivation
and stabilization of aluminum nanoparticles by the PE-CVD
coating method demonstrated that nanoparticle technology
can be utilized to improve the thermal performance and
energy density of fuels.
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The objective of present study was to develop an optimized polymeric nanoparticle system for the antiretroviral drug tenofovir.
A modified nanoprecipitation method was used to prepare Eudragit RS PO nanoparticles of the drug. The effect of amount of
polymer, surfactant concentration, and sonication time on particle size, particle distribution, encapsulation efficiency (EE), and
zeta potential were assessed and optimized utilizing a three-factor, three-level Box-Behnken Design (BBD) of experiment. Fifteen
formulations of nanoparticles were prepared as per BBD and evaluated for particle size, polydispersity index (PDI), EE, and zeta
potential. The results showed that the measured mean particle sizes were in the range of 233 to 499 nm, PDI ranged from 0.094 to
0.153, average zeta potential ranged from −19.9 to −45.8mV, and EE ranged between 98 and 99%. The optimized formulation was
characterized for in vitro drug release and structural characterization. The mean particle size of this formulation was 233 nm with
a PDI of 0.0107. It had a high EE of 98% and average zeta potential of −35mV, an indication of particle stability. The FTIR showed
some noncovalent interactions between the drug and polymer but a sustained release was observed in vitro for up to 80 hours.

1. Introduction

Tenofovir is one of the first-line drugs used in the treatment
of the human immunodeficiency virus (HIV) infected adults.
It is a potent inhibitor of the virus nucleotide reverse
transcriptase and was approved for clinical use in 2001 [1]. Its
relatively low toxicity, long plasma half-life of 17 hours, and
convenient dosing of 300mg per day has made it favoured
in HIV/AIDS-burdened countries like South Africa [2]. It is
also an important component of the fixed dose antiretroviral
combinations Truvada, Atripla, and Complera [3]. However,
tenofovir suffers fromnephrotoxicity, high aqueous solubility
and is characterized by low gastrointestinal membrane pene-
tration, which lowers its bioavailability to 25% [4].Therefore,
to maintain the oral delivery route, formulating the drug

into polymeric nanoparticles is essential for improving the
bioavailability.

Nanoparticles present significant advantages over con-
ventional free drug dosing [5, 6]. There is minimal drug
loss during transit through the gastrointestinal tract while
the particles evade degradation in the acidic environment
of the stomach. Their size and surface properties allow for
uptake, without disrupting the particles’ integrity, by M cells
in the Peyer’s patches of the small intestine [7].The lymphoid
tissue associated with these patches facilitates distribution of
the nanoparticles through the systemic circulations.While in
the systemic circulation the nanoparticles extend the half-
life of the drug and release it in a sustained manner. The
resultant benefit is a reduction of therapeutic dose, increased
bioavailability, and limitation of toxic side-effects.
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The selection of a polymer for encapsulation is informed
by several factors including the desired nanoparticle design
and its biocompatibility [8]. Eudragit polymers are commer-
cially available synthetic polymers used in drug delivery.They
are copolymers of acrylic and methacrylic esters compatible
with oral drug administration [9]. Eudragit RS PO is a
derivative with quaternary ammonium functional group [10].
It is insoluble at the physiological pH but the cationic charge
facilitates rapid permeation through the intestinal mucosa
[10]. This means that the drug payload can be transported
by diffusion. Eudragit RS PO is used in the pharmaceutical
industry as a film-coating agent for tablets and capsule
[11]. It has also been used in the preparations of time-
controlled drug delivery formulations [12]. Tenofovir was
encapsulated in Eudragit RSPO in this study intended for oral
administration sincemost studies are based on the prevention
of HIV transmission [13].

The most important characteristics of drug-bearing
nanoparticles are size, encapsulation efficiency (EE), zeta
potential, and drug release [14]. Various formulation and
process variables such as amount of polymer, concentration
of surfactant, amount of drug, stirring speed, stirring time,
and temperature play a key role in determining the final
physical and mechanical characteristics of nanoparticles.
These parameters are often screened and optimized using
highly automated statistical tools and design of experiment.
Box-Behnken Design (BBD) is an experimental design of
response surface methodology. It is one of the most popular
experimental designs which is used for the development
and optimization of drug delivery systems [8] and it offers
the advantage of exploring more than three formulation
variables to minimize the number of wet experiments to be
carried out [15]. Apart from this, BBD was chosen in this
study because it is a more cost-effective technique than other
similar experimental designs like central composite design,
D-optimal design, and Latin square design which require 20
runs and 5 levels of the factor [13]. It also does not contain
any points at the corners, which helps to avoid unreasonable
results [16].

More than 50% of the nanoparticles reported in the liter-
ature are prepared by nanoprecipitation [17]. It is also known
as solvent displacement or interfacial deposition method and
was developed about 40 years ago [18]. Compared to other
methods like emulsion [19], desolvation [20], salting out,
and supercritical fluid technology it involves an economy of
energy and steps and does not require specialized equipment.
Particles synthesized by nanoprecipitation are typically of
the size 200 nm [21]. In this project we used a modified
nanoprecipitation method to encapsulate tenofovir.

2. Materials and Methods

2.1. Materials. Polyvinyl alcohol (PVA) (molecular weight
13–23 kDa, 87–89% hydrolyzed), sodium dodecyl sulphate
(SDS), Pluronic F127, Poloxamer 188, and acetone were
purchased from Sigma-Aldrich (SouthAfrica). Tenofovir was
purchased from DB Fine Chemicals (South Africa). Eudragit
RS PO (average molecular weight, 35 kDa) was received as

a gift from Evonik (South Africa). All other chemicals used
were of analytical grade and purchased from Sigma-Aldrich
(South Africa).

2.2. Solubility Studies. Solubility experiments were carried
out by adding excess amount of tenofovir (134mg) in 5mL
of surfactants (PVA, SDS, Poloxamer 188, and Pluronic F127)
in stoppered vials and agitated on a shaker at 100 rpm for 24
hours at room temperature.The solution was filtered through
a 0.45𝜇mmembrane filter and the concentration of the drug
was determined using UV/Vis spectrophotometer at 260 nm
(Perkin Elmer, Lambda 35, Singapore).

2.3. Experimental Design and Analysis. The BBD (three
factors, Quantum XL, Sigma) was used to study the influence
of formulation parameters in optimizing the preparation
of nanoparticles. Effects of three independent parameters,
namely, ratio of a polymer to a drug (𝑋

1
), concentration

of surfactant (𝑋
2
), and sonication time (𝑋

3
) on average

particles size (𝑌
1
), particle size distribution (expressed as

polydispersity index, PDI) (𝑌
2
), encapsulation efficiency (EE)

(𝑌
3
), and zeta potential (𝑌

4
) were studied.They were selected

at their low, medium, and high levels with replicated centre
points as shown in Table 1. The completed design consisted
of 15 experimental runs, which were done in triplicate.

Analysis of variation (ANOVA) helps to identify the
significant independent factors that affect the responses [22]
and the fitness of the model. It was applied to determine
the significance and the magnitude of the effects of the
main variable and their interactions by applying probability
value (𝑝 value). The fitness of the model was checked by
coefficient of determination (𝑅2) and signal to noise (𝐹-test).
A nonlinear quadratic model correlating the relationship
between the independent and dependent variables were
generated and shown in
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where 𝑌 is the dependent variable, 𝑏
0
is the intercept, 𝑏

1
to

𝑏

23
are the regression coefficients, and 𝑋

1
, 𝑋
2
, and 𝑋

3
are

the independent variables. To graphically demonstrate the
influence of each factor on the response, the surface plots for
each response were generated results using BBD [23].

2.4. Preparation of Nanoparticles. Tenofovir nanoparticles
were prepared usingmodified nanoprecipitationmethod [24]
in accordance with BBD (Table 2). Fifteen different amounts
of Eudragit RS PO were dissolved in acetone (3mL) and
diluted with distilled water (2mL) under sonication for
5min. The prepared solutions were added into 10mL of the
aqueous phases containing 50mg of tenofovir and different
percentages of SDS, which were previously sonicated for
10 minutes. Subsequently, nanoparticles were formed which
turned the aqueous phase slightly milky with bluish opales-
cence. However, the mixtures were continued to be sonicated
at different time frames and were left to stir overnight to aid
size reduction and to evaporate solvent present.
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Table 1: BBD experimental parameters and levels for preparation of nanoparticles.

Levels
Low (−1) Medium (0) High (+1)

Independent variables
𝑋

1
= ratio of a polymer to a drug (mg) 50 75 100
𝑋

2
= SDS (%) 3 4 5
𝑋

3
= sonication time (min) 30 45 60

Dependant variables Constraints
𝑌

1
= PS (nm) Minimum
𝑌

2
= PDI Minimum
𝑌

3
= EE (%) Maximum
𝑌

4
= zeta potential (mV) Maximum

Table 2: BBD experimental parameters and levels for preparation of
nanoparticles.

Run
𝑋

1
𝑋

2
𝑋

3

Ratio of a
polymer to a
drug (mg)

Concentration
of a surfactant

(% SDS)

Sonication time
(min)

1 50 3 45
2 50 5 45
3 100 3 45
4 100 5 45
5 50 4 30
6 50 4 60
7 100 4 30
8 100 4 60
9 75 3 30
10 75 3 60
11 75 5 30
12 75 5 60
13 75 4 45
14 75 4 45
15 75 4 45

2.5. Particle Size, Particle Size Distribution, and Zeta Potential.
The mean particle size, particle size distribution (PDI),
and zeta potential of nanoparticles were determined using
Malvern Zetasizer Nano ZS (Malvern Instruments, United
Kingdom). Each sample was measured in triplicate. The
results are expressed as mean standard deviation (SD).

2.6. Encapsulation Efficiency and Drug Loading of Nanopar-
ticles. The encapsulation efficiency and drug loading of
nanoparticles were determined by UV/Vis spectrophotome-
try. The prepared samples were centrifuged at 20 000 rpm for
one hour, to separate nanoparticles from aqueous medium.

The supernatant was taken and quantified by measuring at
260 nm.The encapsulated drug was calculated using

Encapsulation efficiency (%)

= (

(total amount of drug − amount of the free drug)
total drug

)

× 100,

Drug loading (%)

= (

(amount of drug in nanoparticles)
total weight of nanoparticles

) × 100.

(2)

2.7. Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectra of pure drug, Eudragit RS PO polymer, and nanopar-
ticles were recorded using Perkin Elmer Spectrum 100 FTIR
spectrophotometer, USA. The samples were placed onto
sample holder and scanned in the spectral region between
4000 cm−1 and 650 cm−1.

2.8. Morphology. The morphology of the nanoparticles was
studied using a scanning electron microscope, SEM (Field
Emission ElectronMicroscope, JEOL JSM-7500F, Japan).The
samples were prepared using a double adhesive tape stuck to
an aluminium stub. Drops of nanoparticles dispersion were
applied on the stub and dried overnight. They were then
coated with gold under an argon atmosphere using a gold
sputter in a high vacuum evaporator.

2.9. In Vitro Drug Release. The in vitro drug release studies
were carried out using dialysis bag method [25]. Briefly,
20mg of freeze-dried samples was suspended in 10mL of
PBS (pH 7.4 and 1.5) and filled in dialysis bags with the
molecular weight cut-off value of 12 000Da. The bags were
placed separately in 50mL PBS (pH 7.4 and 1.5), respectively,
and agitated in a 37∘C water bath shaker at 100 rpm. At
predetermined time intervals, 5mL aliquots were drawn and
the dissolution media were then replaced by 5mL of fresh
PBS to maintain a constant volume. Concentration of drug
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Table 3: Observed responses in BBD for Eudragit RS PO nanoparticles.

Formulation code
Variable levels in coded form Dependent variables

𝑋

1
𝑋

2
𝑋

3

PS
(nm ± SD)

PDI
(±SD)

ZP
(mv ± SD) EE (%)

1
−1 −1 0 233.5 ± 7.973 0.107 ± 0.019 −35.2 ± 4.47 98

2
−1 +1 0 307.65 ± 4.59 0.094 ± 0.022 −35.7 ± 6.19 99

3
+1 −1 0 283.0 ± 6.545 0.131 ± 0.021 −32.2 ± 9.19 99

4
+1 +1 0 404.5 ± 6.382 0.153 ± 0.028 −26.2 ± 2.43 99

5
−1 0 −1 258.85 ± 9.14 0.109 ± 0.018 −36.5 ± 4.14 99

6
−1 0 +1 260.5 ± 9.589 0.094 ± 0.017 −45.8 ± 6.93 99

7
+1 0 −1 408.6 ± 5.150 0.132 ± 0.056 −19.9 ± 2.62 99

8
+1 0 +1 317.1 ± 8.567 0.120 ± 0.019 −40.6 ± 6.19 99

9 0 −1 −1 321.4 ± 9.140 0.108 ± 0.018 −39.8 ± 4.14 99
10 0 −1 +1 305.95 ± 3.87 0.132 ± 0.041 −28.4 ± 3.07 99
11 0 +1 −1 553.35 ± 9.79 0.104 ± 0.027 −25.6 ± 1.32 99
12 0 +1 +1 301.4 ± 13.51 0.117 ± 0.028 −32.5 ± 12.7 99
13 0 0 0 373.05 ± 10.6 0.123 ± 0.077 −37.5 ± 0.97 99
14 0 0 0 329.65 ± 5.36 0.099 ± 0.019 −29.9 ± 4.44 99
15 0 0 0 358.7 ± 19.33 0.124 ± 0.030 −36.0 ± 12.3 99

released was determined using UV spectrophotometer. The
percent drug release was determined by

Drug release =
release drug
total drug

× 100. (3)

3. Results and Discussion

3.1. Solubility Study. Nanoprecipitation of hydrophobic
drugs is more facile than the hydrophilic ones. Hydrophilic
drugs tend to rapidly equilibrate from the organic to the outer
aqueous phase leaving very little drug in the precipitating
nanoparticles [26]. Modification of the traditional method
with the use of surfactants improves the EE.Thus the purpose
of solubility study was to identify suitable surfactant that
possesses good solubilizing capacity for tenofovir to increase
entrapment of the drug. A number of surfactants (SDS,
PVA, Pluronic F127, and Poloxamer 188) were employed. It
was found that the drug exhibited maximum solubility of
226mg⋅mL−1 in SDS, followed by Pluronic F127 (151mg/mL)
(Figure 1). It was also found that SDS was able to increase the
drug solubility by threefold when compared to the solubility
of tenofovir in water. Divya et al. [18] also determined
the solubility of tenofovir in different oils and surfactants
(Tween 20 and Tween 80) by employing the same method
[18]. Their results indicated that the drug had a solubility
of 33.3mg⋅mL−1 in Tween 20, which is much less when
compared to our results.

3.2. Preparation and Optimization of Nanoparticles. Three-
level, three-factor BBD was used to study the effect of
variables in the preparation steps of nanoparticles. Modified
nanoprecipitation method was used to prepare 15 formula-
tions as per BBD. On the basis of the results obtained from
solubility study, SDS was chosen as surfactant to stabilize
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Figure 1: Solubility study of tenofovir in different surfactants.

nanoparticles and acetone was chosen as an organic phase.
As shown in Table 3, the measured mean particle sizes are in
the range of 233 to 499 nm, PDI 0.094 to 0.153, average zeta
potential −19.9 to −45.8mv, and EE 98-99%.

3.3. Statistical Analysis of the Model. ANOVAwas performed
to test the significance and adequacy of the model. The
criteria followed in this model are if the calculated value of
the 𝐹-ratio (signal to noise ratio) of the regression model
is more than the standard value specified (𝑓-table) for 95%
confidence level and themodel is considered adequate within
the confidence limit [27]. Normally the ratio greater than 4
is desirable for the model to be used effectively [28]. Factors
with 𝑝 values that are less than 0.05 are considered to be
statistically significant to the response [29]. Any terms in
the models with high 𝑓-value and small 𝑝 value indicate
more significant effect on the respective response variables.
Moreover, coefficient of determination (𝑅2) indicates the
proportion of variation in the data that is explained by the



Journal of Nanomaterials 5

Table 4: The result of ANOVA for mean particle size.

Variables Coefficient 𝑡-test 𝑝 value 𝑅2 𝑅2 adj. 𝐹-test
Constant 351.778 70.589 0.000 0.9446 0.9152 32.191
𝑋

1
50.367 11.67 0.000

𝑋

2
35.525 7.9997 0.000

𝑋

3
−15.475 −3.5857 0.002

𝑋

1
𝑋

3
−23.275 −3.1136 0.006

𝑋

2
𝑋

3
−38.35 −5.1303 0.000

𝑋

2
𝑋

2
−20.1 −2.6889 0.016

𝑋

3
𝑋

3
−29.171 −4.9361 0.000

Table 5: The result ANOVA for EE.

Variables Coefficient 𝑡-test 𝑝 value 𝑅2 𝑅2 adj. 𝐹-test
Constant 99.0 216.748 0.000 0.9328 0.9126 46.254
𝑋

1
−3.2667 −6.3969 0.000

𝑋

1
−0.7333 −1.436 0.166

𝑋

1
−0.8333 −1.6319 0.118

𝑋

1
𝑋

2
−7.3 −8.2533 0.000

𝑋

1
𝑋

3
−7.5 −8.4794 0.000

𝑋

1
𝑋

1
−6.5667 −9.5846 0.000

Table 6: ANOVA results for zeta potential.

Variables Coefficient 𝑡-test 𝑝 value 𝑅2 𝑅2 adj. 𝐹-test
Constant 34.98 39.156 0.000 0.8167 0.7352 10.023
𝑋

1
−2.533 −3.1841 0.005

𝑋

2
−1.1167 −1.4305 0.177

𝑋

3
2.1667 2.7233 0.014

𝑋

1
𝑋

3
5.55 4.0275 0.001

𝑋

2
𝑋

3
6.45 4.6806 0.036

𝑋

1
𝑋

1
−2.4133 −2.2609 0.036

Table 7: The result of ANOVA for PDI.

Variables Coefficient 𝑡-test 𝑝 value 𝑅2 𝑅2 adj. 𝐹-test
Constant 0.1163 57.983 0.000 0.654 0.59 10.396
𝑋

1
0.0183 6.0683 0.000

𝑋

2
0.0011 0.3602 0.722

model. An𝑅2 closer to 1 or 0.9 indicates that themodel fits the
data perfectly. Tables 4–7 show results of the ANOVA model
for mean particle size, EE, average zeta potential, and PDI,
respectively.

The significant effects of the independents variables were
graphically demonstrated by 3D surface plots. These kinds of
plots are useful in studying the effects of two independent
factors on the response at one time [30]. Since the model has
more than two factors, one factor was held constant for each
diagram [31]. The 3D surface plots illustrating the effects of
independent variables on mean particle size, EE, average zeta
potential, and PDI are shown in Figures 2–5, respectively.

Mathematical models were developed to understand the
nature of the true relationship between the input variables
and the output variables of the system [32]. The equation is

composed of linear and interaction terms. The linear terms
are coded independent variables ranging between −1 and +1
[33] while interaction terms are second-order terms which
are useful to estimate nonlinearity of response [34] and
how response changes when two variables are simultaneously
changed [8]. The negative sign for the coefficients in the
equation indicates a negative effect on responses, while the
positive sign indicates a positive effect [8]. The reduced
mathematical models for mean particle size, EE, average zeta
potential, and PDI are presented by (4) to (7), respectively.

3.4. Effect of Independent Variables on Particle Size. The
results presented in ANOVA Table 4 indicate that all the
studied factors (𝑋

1
= ratio of polymer to a drug, 𝑋

2
=

concentration of surfactant, and 𝑋
3
= sonication time) were

found to have significant effect on mean particle size. The
coefficient of determination (𝑅2) of the model for mean
particle size was 0.9446 with adjusted 𝑅2 of 0.9152 indicating
that 94.46% and 91.52% of the model can be predicted. The
equation derived for mean particle size is given in

Mean particle size = 351.778 + 50.369𝑋
1
+ 35.525𝑋

2

− 15.475𝑋

3
− 23.275𝑋

1
𝑋

3

− 38.35𝑋

2
𝑋

3
− 20.1𝑋

2

2

− 29.171𝑋

2

3
,

(4)

where 𝑋
1
, 𝑋
2
, and 𝑋

3
are ratio of a polymer to a drug, con-

centration of a surfactant, and sonication time, respectively,
and 𝑋

1
𝑋

3
and 𝑋

2
𝑋

3
are interaction effects between ratio of

a polymer to a drug and sonication time, concentration of a
surfactant, and sonication timewhile𝑋1

1
and𝑋2

3
are quadratic

effect on mean particle size.
From equation, it was observed that ratio of a polymer

and concentration of a surfactant had positive effect onmean
particle size whereas sonication time had negative effect.
Figure 2 provides the 3D response surface plots showing
the change of particles size corresponding to the change of
independent variables. Figure 2(a) shows the effect of ratio
of a polymer to a drug and concentration of a surfactant
at a constant sonication time. It can be seen from the plot
that an increase in ratio of a polymer and concentration of a
surfactant resulted in an increased mean particle size. It was
explained that an increase in polymer concentration leads
to an increase in viscous force resisting droplet breakdown
by sonication [35]. Small mean particle size was obtained
by low polymer to a drug having ratio of 1 : 1 (50mg of
a polymer to 50mg of a drug). These results are in good
agreement with the results reported by Gannu et al. [36]
where they showed that smaller particle size was observed
with the formulation having drug polymer ration 1 : 1 due to
the surfactant concentration enough to maintain the stability
of the particles [36]. Small mean particle size was observed
in Figure 2(b) when sonication time was increased. This may
be due to the increase erosion effect on the surface of large
particle and particle agglomerates resulting in small particles
[37].
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Figure 3: 3D response surface plots showing the effect of (a) ratio of a polymer to a drug (𝑋
1
) and concentration of a surfactant (𝑋

2
) at

constant sonication time (𝑋
3
) and (b) ratio of a polymer to a drug (𝑋

1
) and sonication time (𝑋

3
) at constant concentration of a surfactant

(𝑋
2
).

3.5. Effect of Independent Variables on EE. Table 5 provides
ANOVA results for EE. It was observed that ratio of a polymer
to a drug (𝑋

1
) has significant effect whereas other factors do

not have an effect on EE. The interactions between ratio of
a polymer to a drug and concentration of a surfactant and
ratio of a polymer to a drug and sonication time were also

statistically significant (𝑝 < 0.05) on EE. The reduced model
for EE is presented in

EE = 99.0 − 3.2667𝑋
1
− 0.7333𝑋

2
− 0.8333𝑋

3

− 7.38𝑋

1
𝑋

2
− 7.5𝑋

1
𝑋

3
− 6.5667𝑋

1

1
,

(5)
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where 𝑋
1
, 𝑋
2
, and 𝑋

3
are ratio of a polymer to a drug, con-

centration of a surfactant, and sonication time, respectively,
and𝑋

1
𝑋

2
and𝑋

1
𝑋

3
are interaction effects between ratio of a

polymer to a drug and sonication time while 𝑋1
1
is quadratic

effect on EE.
The direction of the magnitude of significance as shown

in (5) was negative for ratio of a polymer to a drug indicating
an inverse relationship between ratio of a polymer to a drug
and EE. This can further be seen from 3D surface plots in
Figure 3. From Figure 3(a), a higher EE was attained with
decrease in ratio of polymer to a drug and a maximum
concentration of a surfactant at a constant sonication time.
Similarly in Figure 3(b), a higher EE was obtained with a
decrease in ratio of a polymer to a drug and a maximum
sonication time at a constant concentration of a surfactant.
This can be due to the fact that an increase in polymer
concentration led to an enhancement of the concentration
gradient between emulsion droplets and the continuous
phase, as a result increasing the amount of drug partitioning
into the continuous phase [38].

3.6. Effect of Independent Variables on Zeta Potential. Table 6
shows that zeta potential is significantly influenced by ratio
of a polymer to a drug and sonication time. It was also found
that the interaction between ratio of a polymer and sonication
time and concentration of surfactant and sonication time
significantly influence zeta potential.The coefficient of deter-
mination (0.8167) for the response was found to be close with
adj. 𝑅2 (0.7352), indicating that the model has predicted the
response values well. The quadratic model of zeta potential is
shown in

Average zeta potential

= 34.98 − 2.5333𝑋

1
− 1.1167𝑋

2
+ 2.1667𝑋

3

+ 5.55𝑋

1
𝑋

3
+ 6.45𝑋

2
𝑋

3
− 2.4133𝑋

1

1
,

(6)

where 𝑋
1
, 𝑋
2
, and 𝑋

3
represent ratio of a polymer to a

drug, concentration of a surfactant, and sonication time,
respectively, and 𝑋

1
𝑋

3
and 𝑋

2
𝑋

3
are interaction effects

between ratio of a polymer to a drug and sonication time and
concentration of a surfactant and sonication time while 𝑋1

1

are quadratic effect.
3D surface plots corresponding to zeta potential are

illustrated in Figure 4. From Figure 4(a), it was observed
that decreasing the ratio of a polymer to a drug from
100mg to 50mg resulted in an increased zeta potential with
an increased concentration of a surfactant. The results are
similar to the results published by various researchers [22]
that the zeta potential decreases at high level of ratio of
a polymer to a drug. The reduction in zeta potential is
attributed to the effect of the shift in the plane of shear away
from the particle surface [39]. Figure 5(b) also shows that a
decrease in ratio of a polymer resulted in an increased zeta
potential with an increased sonication time.

3.7. Effect of Independent Variables on PDI. In case of PDI,
ratio of polymer to a drug has shown statistically significant

Table 8: Predicted and observed values for the model.

Dependent
variable Predicted Observed Percentage

prediction error
PS (𝑌

1
) 240.3 233.5

−2.83

PDI (𝑌
2
) 0.108 0.107

−0.93

EE (𝑌
3
) 99 98

−1.01

Zeta
potential (𝑌

4
) −34.6 −35.2 1.73

influence (𝑝 < 0.05) on PDI as shown in Table 7. All other
tested factors and their interaction did not have an effect on
PDI. The reduced model for PDI is presented in

PDI = 0.1163 + 0.0183𝑋
1
+ 0.0011𝑋

2
, (7)

where 𝑋
1
and 𝑋

2
are ratio of a polymer to a drug and

concentration of a surfactant, respectively. Figure 4 shows
3D response surface plots showing the change of PDI corre-
sponding to the change of independent variables. As shown
in Figure 4(a) increasing an amount of polymer resulted in an
increase in PDI.The same profile was observed in Figure 3(b).
The equation explaining the effect of independent factors on
PDI is shown in (7) below.

3.8. Validation of the Model. The aim of the optimization
was to obtain small particles size, small PDI, high EE, and
high zeta potential. The optimal formulation was found to
be 50mg of polymer, 3% concentration of surfactant (SDS),
and 45 minutes of sonication time. In order to confirm the
predicted results, the predicted and experimental results were
compared as shown in Table 8. The percentage prediction
error was calculated which helps in the validation of gener-
ated regression by using (8). The percentage errors between
measured and predicted valueswere found to be insignificant.
A graphical representation of an optimizedmean particle size
is given in Figure 6:

Percentage prediction error

=

Observed − Predicted
Predicted

× 100.

(8)

3.9. FTIR and SEM Analysis of Optimized Nanoparticles. The
FTIR spectra of tenofovir, Eudragit RS PO, and Eudragit
RS PO-tenofovir nanoparticles are shown in Figure 7. FTIR
spectra of pure tenofovir drug showed a weak intensity broad
band at 3225 cm−1 corresponding to O-H of aromatic ring,
a sharp peak at 1600 cm−1 which is due to phosphoric P=O
group and N–H wagging bands at 660 and 900 cm−1 [40].
Eudragit spectra showed peaks at 1260, 1736, and 1340 cm−1
which are due to C–O, C=O, and C–N, respectively. A
stronger, wide peak was observed in the final nanoparticles
without major shift in the structure of Eudragit. This could
be attributed to an ionic electrostatic interaction between
the drug and the polymer during formation of nanoparticles.
Additionally, there was compatibility between drug and the
polymer, meaning that, during the process of formulation,



Journal of Nanomaterials 9
In

te
ns

ity
 (%

)

20

15

10

5

0

Size (d, nm)
0.1 1 10 100 1000 10000

Figure 6: Mean particle size of optimized nanoparticles.

40

50

60

70

80

90

100

110

500 1000 1500 2000 2500 3000 3500 4000

Tr
an

sm
itt

an
ce

 (%
)

Tenofovir
Eudragit
Nanoparticles

Wave number (cm−1)
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RS PO-tenofovir nanoparticles.

polymer has not reacted with the drug to give rise to reactant
products; it is only physical mixture. A spherical morphology
of the prepared nanoparticles was observed in the SEM
images (Figure 8).

3.10. In Vitro Drug Release Studies. The in vitro drug release
studies were carried out in dissolution media pH (7.4 and 1.5)
within a period of one week. The release profiles for both
pH 7.4 and 1.5 are displayed in Figure 9. An identical release
profiles were observed in both dissolution media, which is
due to the fact that Eudragit RS PO is pH independent; the
release of drug is dependent on the diffusion of the drug
from the matrix of the polymer. After 80 hours about 90%
of the drug was able to be released in both media. However,
the release of a drug in acidic media pH 1.5 was slightly
higher than that of the alkaline media; this is attributed to
the fact that Eudragit RS PO contains quaternary ammonium
groups and solubilisation of these quaternary ammonium
groups in acidic pH leads to formation of pores in the matrix,
thereby releasing more drug in the acidic pH [41]. Long term
release of the drug may be due to the charge interactions
between the cationic polymer and anionic drug resulting in
a gradual drug release. These results demonstrated that the
nanoparticles were able to sustain the release of tenofovir

Figure 8: Scanning electron microscope image of Eudragit RS PO-
tenofovir nanoparticles.

0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0

100.0

0.0 20.0 40.0 60.0 80.0

Cu
m

ul
at

iv
e d

ru
g 

re
le

as
e (

%
)

Time (h)

pH 7.4
pH 1.5

Figure 9: The release curves of tenofovir from nanoparticles in
various pH (7.4 and 1.5).

by showing slow absorption rate and therefore were more
suitable for controlling the release of the drug.

4. Conclusion

The encapsulation of tenofovir in Eudragit RS PO nanoparti-
cles was successful with the aid of an optimal design based
on BBD. The characteristics of the designed nanoparticles
are attractive for pharmaceutical use as they showed high
EE, physical stability, narrow size distribution, and prolonged
drug release.
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Cu
2
Sn
3
S
7
(CTS) can be used as the light absorbing layer for thin-film solar cells due to its good optical properties. In this research,

the powder, baking, sulfur, and sintering (PBSS) process was used instead of vacuum sputtering or electrochemical preparation to
form CTS. During sintering, Cu and Sn powders mixed in stoichiometric ratio were coated to form the thin-film precursor. It was
sulfurized in a sulfur atmosphere to form CTS.The CTS filmmetallurgy mechanism was investigated. After sintering at 500∘C, the
thin film formed the Cu

2
Sn
3
S
7
phase and no impurity phase, improving its energy band gap.The interface of CTS film is continuous

and the formation of intermetallic compound layer can increase the carrier concentration and mobility. Therefore, PBSS process
prepared CTS can potentially be used as a solar cell absorption layer.

1. Introduction

For thin-film solar cells, copper indium gallium selenide
(CIGS) materials are expensive, and thus copper zinc tin
sulfide (CZTS) materials have been developed [1, 2]. Studies
[3, 4] have shown that it is difficult to control the Cu, Zn,
Sn, and S atomic ratio of the four-element CZTS system.
For upper ZnS junction solar modules, interactions during
the crystallization process cause Zn atoms to easily diffuse
into the CZTS system (insufficient or excess Zn).The present
study uses the Cu, Sn, and S (CTS) ternary system, mainly
formed by colloidal baking and powder sintering, as a light
absorbing layer material [5, 6].

Studies have reported that CuS and SnS
2
coevapora-

tion [7, 8] and sputtering [9] can be used to form CTS
ternary films whose energy band gap is close to the ideal
energy band gap of Cu

2
Sn
3
S
7
(1.2∼1.3 eV). However, this

process is easy to produce much secondary degradation like
Cu
10
Sn
2
S
13

and Cu
4
SnS
4
of nature, reducing the energy

conversion efficiency. This study coated Cu and Sn powders
at a set atomic percentage mix on a Mo substrate with spin-
coater and formed powder film. Baking, sulfurizing (sulfur
vapor), and liquid-phase sintering were then applied to form

the Cu-Sn-S compound and a crystalline thin film.The pow-
der, baking, sulfur, and sintering (PBSS) process can reduce
the solar film process (sputtering and deposition) costs [10]
and avoid the reliability problems of chemical solutions such
as forming oxide phase and atomic ratio control problem [11].

Comparing with other literatures processes [12, 13], PBSS
process has potential applications due to its easy fabrication,
lower cost, and easy-controlling atomic ratio procedure.
In addition, no previous studies have been conducted on
CTS/Mometallurgy and the interfacial diffusionmechanism.
This research determines the CTS crystalline phase and opti-
cal and electrical properties. The PBSS process was adopted
according to temperature effects. The interface diffusion
behavior of atoms between absorption layer andMo substrate
was explored to understand relationship between structure
and optoelectric properties. The results may be used as a
reference for solar cell manufacturing.

2. Experimental Procedure

Cu (∼500 nm) and Sn (∼1000 nm) powders were mixed in a
2 : 3 molar ratio in colloid and deposited onto Mo substrates
with spin coater (3000 rpm). Cu-Sn prefilms were obtained
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Figure 1: Schematic procedure of CTS film.
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Figure 2: Morphology of CTS films sintered at (a) 200, (b) 300, (c) 400, (d) 500, (e) 600, and (f) 700∘C.

by vacuum baking (200∘C, 10−2 Torr, 8 h). Subsequently, the
films were subjected to sulfur vapor in an oven (240∘C, 1 h)
and followed by different sintering temperatures at 300, 400,
500, 600, and 700∘C (4 h for each) to form CTS film in
vacuum process. All the procedure is schematically shown in
Figure 1.

The specimens were observed using scanning electron
microscopy (SEM, Hitachi SU8000), energy-dispersive X-ray
spectroscopy (EDS), and atomic-scale surface topography. X-
ray diffraction (XRD, Bruker AXS, Germany) was conducted
at a scanning rate of 1∘/min in the 2𝜃 range of 20∘–60∘
to determine phase composition. A photoluminescence-
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Figure 3: XRD patterns of CTS sintered at (a) 200, (b) 300, (c) 400, (d) 500, (e) 600, and (f) 700∘C.
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(PL-) ultraviolet (UV) spectrometer (ULVAC) was used to
determine the sintering temperatures and the absorption
layer specifications. Hall measurements were conducted for
samples sintered at 200, 500, and 600∘C to determine the
resistance value and carrier mobility.The interfacial diffusion
behavior study of samples sintered at 500∘C was chosen
because the sample had flattening surface and less second
phases. It possessed the best morphology and phase com-
position. The sample sintered at 500∘C was observed by
transmission electron microscopy (TEM, JEM-2100F). The
interface structure characteristics caused by atoms diffusion
between absorption layer and Mo substrate are discussed by
the atomic and structure change between CTS and Mo.

3. Results and Discussion

In the PBSS process (vulcanization condition), for sintering
temperatures of 200∘C to 400∘C, the specimen surface was
coarse and Sn particles had not completely melted. The
particle size was approximately 3∼5 𝜇m (Figure 2). When
the sintering temperature was increased to 500∘C, melting
and solidification film were evenly distributed on the sub-
strate surface. When the temperature was 600∘C or 700∘C,
the surface of the sample had sheet-like deposition on CTS
film surfacewhichwas regarded asCuS precipitates.TheXRD
patterns (Figure 3) for samples sintered at between 200∘C and
400∘C show that CuS and Cu

10
Sn
2
S
13

formed, without the
Cu
2
Sn
3
S
7
phase. At 500∘C, Cu

2
Sn
3
S
7
began to become the

main phase. At 600∘C or 700∘C, most of the CuS transformed
into a liquid phase that coagulated and precipitated on the
surface. The XRD patterns show multiple CuS diffraction
peaks. The phases of specimens sintered at various temper-
atures identified from XRD patterns are shown in Table 1.
The films are divided into three broad categories: (I), (II),
and (III), corresponding to the experiment in the choice of
200, 500, and 600∘C specimens. The chosen specimen with
best optical properties is regarded as ideal sintering condition
for CTS. And it will be taken in interface characteristics
discussion.

In the analysis of spectral absorption and excitation
properties of Cn-Sn-S materials, the conversion results of
UV spectrometer measurements are shown in Figure 4. The
specimens sintered at 200, 500, and 600∘C have energy
band gaps of about 3.77, 1.25, and 2.08 eV, respectively.
The energy band gap of the specimen sintered at 500∘C is
close to the ideal range of a solar absorption layer (1.3–
1.5 eV). To determine the absorption of various wavelengths
of light, PL measurements (Figure 5) were taken. The PL
spectra show three absorption peaks.The specimens sintered
at 200, 500, and 600∘C have absorption peaks at a short
wavelength (607.1 nm) near a clear continuous peak region,
a long wavelength (859.0 nm) near the infrared region, and
short wavelengths (577.1 and 611.5 nm) and a long wave-
length (871.7 nm), respectively. From the phase composition
(Table 1), the Cu

10
Sn
2
S
13
and CuS phases contributed to the

short wavelength absorption waves. The long wavelength
absorption is contributed by Cu

2
Sn
3
S
7
. Overall, the UV and
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Figure 4: CTS band gap of 200, 500, and 600∘C sintering tempera-
tures.

Table 1: Phase composition of samples sintered at various tempera-
tures.

(I) (II) (III)
200∘C 300∘C 400∘C 500∘C 600∘C 700∘C

Cu2Sn3S7 I I I
SnO2 I I I I I I
CuS I I I I I
Cu4SnS4 I I I I
Cu10Sn2S13 I I I I I I

PL spectra show similar trends, confirming that the specimen
sintered at 500∘C possesses an ideal band gap.

In addition to the light absorption characteristics, the
characteristics of the absorption layer and substrate interface
affect thematerial conversion efficiency. Figure 6 shows TEM
image and selected area electron diffraction (SAED) pattern
of the specimen sintered at 500∘C. The structure change of
the intermetallic compound (IMC) layer was showing at the
interface that the SAEDpattern changed from (b) and (c)Mo-
rich IMC to (d) and (e) CTS layer and from (d) and (e) CTS
layer to (f) and (g) Mo layer. At the IMC interface, there is a
face centered cubic (FCC) structure (thickness: about 38 nm),
the upper CTS is orthorhombic, and the lower Mo substrate
has a body centered cubic (BCC) structure. Therefore, we
got the whole structure of “CTS/IMC (38 nm)/Mo” by PBSS
processes.

Hallmeasurement values of samples are shown in Table 2.
The average thickness of the CTS films was approximately
50 𝜇m. Each specimen was measured by four probes on
sample surface corners. The formula [𝜌 = Rs × 𝑇 = [C.F. ×
(𝑉/𝐼)] × 𝑇] was used to calculate bulk resistivity, where 𝜌 is
resistivity (𝜇 𝜔-cm); Rs is sheet resistance (𝜔); 𝑇 is thickness
(cm); C.F. is correction factor (=4.532); 𝑉 is voltage; 𝐼 is
current.
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Figure 5: PL characteristics of specimens. (a) 200∘C and visible light, (b) 200∘C and infrared, (c) 500∘C and visible light, (d) 500∘C and
infrared, (e) 600∘C and visible light, and (f) 600∘C and infrared.
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Table 2: Hall 4-point measurements of CTS after sintering at various temperatures.

CTS 200∘C 500∘C 600∘C
Bulk resistivity (Ohm⋅cm) 3.3899 × 10−2 1.6038 × 10−1 1.8678
Sheet resistivity (Ohm⋅Sq.) 3.3899 1.6038 × 10 1.8678 × 102

Bulk carrier concentration (cm−3) 2.6494 × 1020 2.1088 × 1017 9.7608 × 1015

Sheet carrier concentration (cm−2) 2.6494 × 1018 2.1088 × 1015 9.7608 × 1013

Mobility (cm2/Vs) 6.9590 × 10−1 1.8479 × 102 3.4282 × 102

Conductivity P-type P-type P-type

CTS

Mo

Mo-rich
IMC

(a)

(000)

(110)

(−211)

(b) (c)

(010)

(000) (100)

(110)

(d)

(e)

(000)
(200)

(121)
(−121)

(f) (g)

Figure 6: TEMmorphology and SAED patterns of CTS sintered at 500∘C. (a) Morphology of CTS-Mo interface and SAED patterns, (b) and
(c) Mo-rich IMC, (d) and (e) CTS layer, and (f) and (g) Mo layer.
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The sample sintered at 200∘C has the lowest carrier
mobility. With increasing sintering temperature, the carrier
mobility significantly increases. The ideal migration rate is
101 ∼102 cm2/Vs [14]. The specimen sintered at 600∘C has
a lower carrier concentration than that of the specimen
sintered at 500∘C and the highest resistance value mainly due
to the formation of CuS. Therefore, CuS not only affected
light absorption, but also affected carrier concentration and
resistance. It could be presumed that the specimen sintered
at 500∘C melted evenly and contained more Cu

2
Sn
3
S
7
phase

than the other sintering conditions. Also, the CTS/IMC
(38 nm)/Mo structure improves carrier mobility which can
be found that 500∘C and 600∘C specimens were both better
than 200∘C specimen.

4. Conclusion

CTS material was obtained by the PBSS process. For a
given sulfurizing condition, sintering at 500∘C led to sur-
face melting and formation of Cu

2
Sn
3
S
7
possesses positive

benefits in spectral absorption and electrical properties.
When temperatures are too high, forming sheet specimen
surface structure (CuS) deteriorates characteristics. Thus, an
appropriate sintering temperature is needed for absorption
layer preparation. From the study, the 500∘C temperature
possessed the best morphology and optoelectric properties
which is ideal for further research.

The PBSS process is continuous formation at the absorp-
tion layer and substrate interface.The cross-section structure
is CTS/IMC/Mo. The crystal structure of the IMC layer is
rich-Mo and has a face centered cubic arrangement (nonvoid
doped).This interfacemechanism is dominated by Cu and Sn
thermal diffusion and leads to improvements in optoelectric
properties.

Conflict of Interests

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

Acknowledgments

Theauthors are grateful toThe Instrument Center ofNational
Cheng Kung University and the National Science Council,
Taiwan, for financial support under Grants nos. 102-2221-E-
006-061 and 103-2221-E-006-066.

References

[1] S. Abermann, “Non-vacuum processed next generation thin
film photovoltaics: towards marketable efficiency and produc-
tion of CZTS based solar cells,” Solar Energy, vol. 94, pp. 37–70,
2013.

[2] N. M. Shinde, C. D. Lokhande, J. H. Kim, and J. H. Moon,
“Low cost and large area novel chemical synthesis of Cu

2
ZnSnS

4

(CZTS) thin films,” Journal of Photochemistry and Photobiology
A: Chemistry, vol. 235, pp. 14–20, 2012.

[3] T. P. Dhakal, C.-Y. Peng, R. R. Tobias, R. Dasharathy, and C. R.
Westgate, “Characterization of aCZTS thin film solar cell grown
by sputtering method,” Solar Energy, vol. 100, pp. 23–30, 2014.

[4] C. Malerba, F. Biccari, C. L. A. Ricardo et al., “CZTS stoi-
chiometry effects on the band gap energy,” Journal of Alloys and
Compounds, vol. 582, pp. 528–534, 2014.

[5] M.Monsefi andD.-H.Kuo, “Influence ofCu content on the 𝑛 →
𝑝 transition of 15% Sn-doped Cux(In,Ga)Se2 bulk materials,”
Journal of Alloys and Compounds, vol. 580, pp. 348–353, 2013.

[6] S. Fiechter,M.Martinez,G. Schmidt,W.Henrion, andY. Tomm,
“Phase relations and optical properties of semiconducting
ternary sulfides in the system Cu-Sn-S,” Journal of Physics and
Chemistry of Solids, vol. 64, no. 9-10, pp. 1859–1862, 2003.

[7] V. P. G. Vani, M. V. Reddy, and K. T. R. Reddy, “Thickness-
dependent physical properties of coevaporated Cu

4
SnS
4
films,”

ISRN Condensed Matter Physics, vol. 2013, Article ID 142029, 6
pages, 2013.

[8] T. Tanaka, A. Yoshida, D. Saiki et al., “Influence of composition
ratio on properties of Cu

2
ZnSnS

4
thin films fabricated by co-

evaporation,”Thin Solid Films, vol. 518, no. 21, pp. S29–S33, 2010.
[9] T. Ericson, J. J. Scragg, T. Kubart, T. Törndahl, and C. Platzer-

Björkman, “Annealing behavior of reactively sputtered precur-
sor films for Cu

2
ZnSnS

4
solar cells,” Thin Solid Films, vol. 535,

no. 1, pp. 22–26, 2013.
[10] A. I. Inamdar, S. Lee, K.-Y. Jeon et al., “Optimized fabrication of

sputter deposited Cu
2
ZnSnS

4
(CZTS) thin films,” Solar Energy,

vol. 91, pp. 196–203, 2013.
[11] N. M. Shinde, P. R. Deshmukh, S. V. Patil, and C. D. Lokhande,

“Aqueous chemical growth of Cu
2
ZnSnS

4
(CZTS) thin films:

air annealing and photoelectrochemical properties,” Materials
Research Bulletin, vol. 48, no. 5, pp. 1760–1766, 2013.

[12] S. M. Pawar, A. I. Inamdar, B. S. Pawar et al., “Synthesis
of Cu

2
ZnSnS

4
(CZTS) absorber by rapid thermal processing

(RTP) sulfurization of stackedmetallic precursor films for solar
cell applications,”Materials Letters, vol. 118, pp. 76–79, 2014.

[13] A. V. Moholkar, S. S. Shinde, G. L. Agawane et al., “Studies
of compositional dependent CZTS thin film solar cells by
pulsed laser deposition technique: an attempt to improve the
efficiency,” Journal of Alloys and Compounds, vol. 544, pp. 145–
151, 2012.

[14] O. J. Weiß, R. K. Krause, and A. Hunzea, “Hole mobility of 1-
NaphDATA,” Journal of Applied Physics, vol. 103, no. 4, Article
ID 043709, 6 pages, 2008.



Research Article
Comparative Aquatic Toxicity of Gold Nanoparticles and
Ionic Gold Using a Species Sensitivity Distribution Approach

Tarryn L. Botha,1 Tanyn E. James,1 and Victor Wepener2

1Department of Zoology, University of Johannesburg, P.O. Box 534, Auckland Park 2006, South Africa
2Unit for Environmental Sciences and Management, Water Research Group (Ecotoxicology), North-West University,
Private Bag X6001, Potchefstroom 2520, South Africa

Correspondence should be addressed to Tarryn L. Botha; tlbothanano@gmail.com

Received 22 May 2015; Accepted 23 June 2015

Academic Editor: Kangtaek Lee

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

Gold nanoparticles (nAu) are used in drug delivery systems allowing for targeted cellular distribution. The effects of increased
use and release of nanoparticles into the environment are not well known. A species sensitivity distribution (SSD) allows for the
ecotoxicological hazard assessment of a chemical based on single species toxicity tests. Aquatic toxicity needs to be related to particle
characterization in order to understand the effects. The behaviour of nAu in the medium changed as the concentration increased.
The toxic potential of ionic gold andnAuwas expressed as a hazardous concentrationwhere 5%of specieswill be harmed (HC5).The
HC5 for nAu was much higher (42.78mg/L) compared to the ionic gold (2.44mg/L).The differences between the hazard potentials
of nAu and ionic gold were attributed to the nAu not releasing any Au ions into solution during the exposures and following an
aggregation theory response. Exposures to ionic gold on the other hand followed a clear dose dependent response based on the
concentration of the ionic metal. Although SSDs present an indication of the relative hazard potential of nanoparticles, the true
worth can only be achieved once other nanoparticle characteristics and their behavior in the environment are also considered.

1. Introduction

In recent years, gold nanoparticles (nAu) have been studied
and developed within the biological and photothermal thera-
peutic contexts.Themajor clinical interest is within the appli-
cation of novel drug delivery systems and targeted delivery
into cells [1–4] as well as microelectromechanical systems
[5] and diagnostic systems [6]. Exposure of nanoparticles
can occur in different stages of the lifecycle of the product,
from their synthesis, application (which can include ingestion
or intravenously), and weathering to their waste disposal.
Due to little research within this field there are currently no
guidelines for their use; therefore, the previously mentioned
exposure routes could build up in the environment [1, 7–10].

Tomanage environmental resources such aswater quality,
laboratory toxicity tests are used worldwide and are deemed
as the first step in a tiered approach to set up guidelines
for acceptablemaximumconcentrations of specific pollutants
[11–14]. Bioassays are employed to find toxicity which could
come from complex mixtures and are a complementary tool

to assess toxic effects overcoming certain limitations and
are relatively rapid, cost effective, and simple to perform
[15–17]. Bioassays can detect synergistic, antagonistic, and
additive effects and also explain both point and diffuse
sources of aquatic pollution since they are site specific [15, 18–
20]. Several different bioassays are used simultaneously at
different trophic levels of different biological complexity to
sufficiently assess whether a potential hazard exists [11, 21]
since no single test is suitable to measure all ecological risks
due to different sensitivities by organisms [17, 22–24].

Species sensitivity distributions (SSDs) are being inte-
grated into ecological risk assessments to evaluate the toxicity
of particular chemicals [25]. An SSD is a distribution of
statistical data approximated from a set of toxicity data and
observed as a function of accumulative distribution [26, 27].
Species sensitivity distributions are used to calculate the
concentration at which a specified proportion of species will
be affected. The SSD provides a plot of logarithmic toxicity
endpoints, specifically LC50 (the lethal concentration of
toxicant that causes 50% death of test organisms at a specific
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period of time) against rank-assigned percentiles for each
endpoint value to which a statistical distribution is fitted [28].
A resulting hazard concentration (HCp) is produced from the
SSD which is expressed as the percentage (𝑝) of all species
that are presumed to become affected [28, 29]. Toxicological
databases are key factors in the derivation of water quality
guidelines; thus SSDs are more commonly used in ecological
risk assessments and generating water quality guidelines
[28, 30]. The application of SSDs to evaluate the hazard of
nanoparticles is fairly new since the database for nanoparticle
toxicity data is relatively small compared to bulk chemical
equivalents. Adam et al. [31] and Garner et al. [32] made
use of SSDs to compare the relative toxicity of nanoparticles
for which data are available, for example, CuO, ZnO, TiO

2
,

and carbon nanotubes.Many nanoparticle ecotoxicity studies
highlight the importance of physicochemical nanoparticle
characterization in the exposure media to be able to link
exposure to effect [11, 33–35]. However there are very limited
data for nAu.Therefore the aim of this studywas to determine
the comparative toxicity of aquatic organisms exposed to nAu
and ionic gold using an SSD approach. The study also aimed
to link mortality to the nAu particle characteristics.

2. Materials and Methods

2.1. Gold Nanoparticle and Ionic Gold Stock Solutions. The
nAu stock solution (14 ± 2 nm nAu with product code
TMU14G, batch numbers 20130304FKP49b, 20130308FKP52,
and 20140905BM001)was prepared by standard citrate reduc-
tion techniques according toMurphy et al. [36] and Fren [37]
and was sterilized using the filtration method. Gold used for
ionic exposures was purchased in powder form from Aldrich
(USA) as gold(III) chloride and was dissolved in standard
OECD medium to a stock solution concentration of 1 g/L of
Au3+ prior to the preparation of exposure concentrations.

2.2. Preparation of Environmental Media as Diluent for nAu
Suspensions of Varying Concentrations. The reconstituted
water forDaphnia toxicity testingwas performed bymaking a
standard OECD [38] medium (NaHCO

3
, CaSO

4
⋅2H
2
O, KCl,

and MgSO
4
⋅7H
2
O). The standard OECD medium [38] for

fish toxicity testing contained CaCl
2
⋅2H
2
O, MgSO

4
⋅7H
2
O,

NaHCO
3
, and KCl. The reconstituted water media were

aerated for 24 hours prior to use [39].The nAu stock solution
was placed in an ultrasonicator bath and sonicated for two
hours prior to use. To make up the required exposure
concentrations, relevant volumes of the nAu stock were
added to the environmental media water.

2.3. Physicochemical Water Quality. Physicochemical water
quality parameters were measured according to standard
test protocols [36]. Measurements were taken at the start
of the test and at 24-hour (h) intervals until the tests were
concluded. The pH, electrical conductivity (EC), total dis-
solved solids (TDS), oxygen saturation (% O

2
), and dissolved

oxygen (DO) concentration (mg/L) were measured using a
handheld Eutech pH 110 RS232C meter, Eutech CON 110
RS232C conductivity and TDS meter, and Eutech DO6 DO

meter. The oxygen saturation was maintained above 60% for
the duration of the test by bubbling compressed air into the
exposure beakers.

2.4. Nanoparticle Exposure Concentration. Total gold con-
centrations were determined at the start of the toxicity
bioassay (0 h) as well as at the conclusion of the assay (48 h
or 96 h where relevant) to verify nominal concentrations
in both ionic and nAu exposures. Samples (11mL) were
acidified with 3mL Suprapur 30% hydrochloric acid (Merck)
and 1mL 65% HNO

3
to ensure that all of the gold was

in ionic form. Inductively coupled plasma atom emission
spectroscopy (ICP-OES) (Spectro Arcos FSH12) techniques
were used to analyse the water samples.

2.5. Characterization of nAu Particles. Based on the recom-
mendations by von der Kammer et al. [42], Stone et al.
[43], and Klaine et al. [35], the following characteristics were
determined: concentration, size distribution, surface charge,
surface functionality, and agglomeration patterns. Dynamic
light scattering (Malvern Zetasizer Nano series, NanoZS)
was used to measure the hydrodynamic size distribution
and zeta potential of the nAu in solution. Fourier trans-
form infrared spectrometry (FTIR) (Perkin Elmer FTIR-
spectrometer, Spectrum 100) was used to determine the
nAu surface functionality and provide insight into possible
reasons of particle aggregation. These measurements were
taken at 0 h as well as at the conclusion of the test; that is,
for fish this was after 96 h while for Daphnia this was 48
hours. Transmission electronmicroscopy (TEM) (FEI Tecnai
G2) was used to quantify nAu diameter and nAu surface
morphology as well as show particle aggregation patterns.
One drop of nAumedium was dropped onto a carbon coated
copper grid and allowed to settle for a fewminutes.The excess
water was removed using a filter paper by touching only the
edge of the droplet and the grid was allowed to dry before
examination at high resolution (200 kV).

2.6. Daphnia pulex and Daphnia magna 48-Hour Acute
Immobilisation Test. The arthropods Daphnia pulex and D.
magna were used for acute testing. Adults were kept in 2.5 L
tanks in Daphnia media which were replaced three times
per week and kept at a temperature of 20∘C. Five milliliters
of Daphnia food was suspended in the Daphnia media at
each water cycle change. Prior to testing approximately thirty
adults were transferred to a new tank and neonates less than
24 hrs old were used for the test.

For nAu a concentration range of 0.5mg/L, 2mg/L,
5mg/L, 10mg/L, 15mg/L, 20mg/L, 25mg/L, 35mg/L, and
45mg/L was used. A separate dispersant control (the citrate
buffer in which the nAu particles were dispersed) was made
up in the same concentration range as the nAu.The ionic gold
exposure concentration range was 0.0005mg/L, 0.005mg/L,
0.5mg/L, 1mg/L, 2mg/L, and 5mg/L. A positive control
consisting of 1 g/L potassium dichromate solution was also
conducted. The test organisms were not fed during the assay.

Twenty-one neonates were used for each concentration
and tests were carried out in triplicate with each of the three
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50mL beakers per concentration containing seven organ-
isms. A 16 h light and 8 h dark cycle was applied for the
duration of the test and the temperature was maintained at
20 ± 2

∘C. After each 24 h exposure period, the number of
immobilized Daphnia, that is, any animal that was immobi-
lized for more than 15 seconds, was counted. Any abnormal
behaviour was also noted. The test was concluded after 48 h.

2.7. Fish 96-Hour Acute Lethality Test. Acute toxicity tests
were conducted using two standard toxicity test fish species,
that is,Danio rerio (zebrafish) and Poecilia reticulata (guppy),
and four indigenous fish species, that is, Labeobarbus
aeneus (smallmouth yellowfish), Pseudocrenilabrus philan-
der (southern mouthbrooder), Tilapia sparrmanii (banded
tilapia), andOreochromismossambicus (Mozambique tilapia).
All fish were maintained and cultured in the research lab-
oratories of the University of Johannesburg. The fish acute
lethality test [36] was performed on 14-day-old juveniles.
Similar to the Daphnia exposures a concentration range
of 5mg/L, 10mg/L, 15mg/L, 20mg/L, 25mg/L, 30mg/L,
35mg/L, 40mg/L, 45mg/L, 50mg/L, 100mg/L, and 200mg/L
was used for nAu. A range of 50mg/L, 100mg/L, and
200mg/L was used to conduct a solvent (dispersant) control
assay on the citric buffer dispersant. A concentration range
of 1mg/L, 2mg/L, 5mg/L, and 10mg/L was used for the ionic
gold (in the form of chloroauric acid) bioassay. Potassium
dichromate (1 g/L) was used as a positive control. Three
replicates of seven fish per concentration were conducted in
500mL beakers containing exposure medium. A 16 h light
and 8 h dark cycle was maintained for the duration of the
test and the temperature was maintained between 21∘C and
25∘C. The physicochemical water quality parameters were
taken at the start of the test and again at 24 h intervals until
the test was concluded after 96 h. The oxygen saturation was
maintained above 60% for the duration of the test. If more
than 10% of the juveniles died in the control the test was
discarded and repeated. At 24 h intervals mortalities were
recorded. Mortality was regarded if no visible movement was
seen including gill movement. All dead fish were removed
from the exposure beaker.

2.8. Statistical Analysis

2.8.1. Acute Toxicity. Data from the acute bioassays were
analysed to calculate LC50/EC50 values using the Probit
or Trimmed Spearman-Kärber methods where appropriate
[44]. To determine whether there were any significant differ-
ences between the LC50 values for the different species, the
following formula was used [45]: 𝑓

1.2
= antilog√((log𝑓

1
)
2
+

(log𝑓
2
)
2
), where 𝑓 is the factor for 95% confidence limits of

the LC50 and is calculated by dividing the upper confidence
limit by the LC50. If the ratio of the higher LC50 to the
lower LC50 exceeds the value for 𝑓

1.2
for both the upper

and lower 95% confidence limits the LC50s are considered to
be significantly different. The nominal concentrations were
used to determine the LC50 values. In the absence of chronic
data, the lowest observed effect concentration (LOEC) and
no observed effect concentration (NOEC) can be useful in

deriving water quality criteria. The NOEC was taken as the
maximum concentration of the test materials that produced
no significant harmful effect on the test organisms. The
LOEC was determined as the lowest concentration that has
a significant harmful effect on test organisms.

2.8.2. Species Sensitivity Distributions. The results obtained
from the bioassays were used to compare the tolerances
of standard test species and indigenous arthropod and fish
species using an SSD approach [27].The SSDs were produced
using the CADDIS SSD Generator [44]. Separate distribu-
tion models were constructed with the acute toxicity data
collected for a range of species for nAu and ionic gold from
which the average hazard concentration (HCp) endpoint
was extrapolated. The HC5 (hazard concentration where 5%
of species are affected) was determined for freshwater fish
and arthropods with exposure durations from 48 to 96 hrs.
The comparisons in sensitivity were drawn between toxic
responses of indigenous organisms and the standard test
organisms. The taxonomic groups were analysed separately
for the SSD model to illustrate the difference in tolerance
between the taxa. A cumulative SSDmodel of all data for fish
and arthropod’s endpoints was also constructed for both nAu
and ionic gold to ascertain the hazard threshold values.

3. Results

3.1. Physicochemical Water Parameters. The physicochemi-
cal water parameters were maintained within the OECD
guidelines [38] as shown in Table 1. The temperature ranged
between 20 and 23.9∘C across all exposures; the pH was
maintained between 7 and 8 but had a minimum of 6.24 and
a maximum of 8.95 for chloroauric acid exposures. The DO
concentration ranged between 4.44mg/L and 9.78mg/L and
as previously discussed the oxygen percentage (O

2
%) was

well maintained above 60% according to standard protocol.
The Daphnia medium had a lower EC and TDS when
compared to the fish medium. This was expected as the
reconstituted water is made up of different salts at higher
concentrations. The EC ranged between 198 and 420 𝜇S/cm
for the Daphnia medium and 621 and 809𝜇S/cm for the fish
medium. The TDS ranged between 104 and 267mg/L for the
Daphnia medium, while for the fish medium the range was
between 309 and 485mg/L.

3.2. Nanoparticle Exposure Concentration. To verify the con-
centrations added to each exposure group, total gold concen-
trations were measured. The nominal ionic gold concentra-
tions and measured concentrations were in close agreement
(Figure 1). After a 48 h and 96 h period the concentrations
were maintained within the start concentration limits. The
total gold concentrations in the nAu exposures showed up
to a 20% difference between nominal and measured gold
concentrations.

3.3. Particle Size Distribution. The largest proportion of nAu
(i.e., >90%) in the Daphnia medium across all exposure
concentrations showed agglomerations greater than 566 nm
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Table 1: Physicochemical water qualitymeans for selected species in toxicity exposure bioassays with nAu, chloroauric acid, and citrate buffer.

Species pH
(min–max)

D.O. (mg/L)
(min–max)

O2 (%)
(min–max)

EC (𝜇S/cm)
(min–max)

Temp. (∘C)
(min–max) TDS (mg/L)

Citrate buffer

D. pulex 7.85 5.43 64.6 339 20.5 171
(6.57–8.36) (4.44–6.08) (61.7–67.4) (309–374) (20–21.2) (156–189)

D. magna 7.70 7.26 77.0 310 19.3 155
(7.6–8.37) (6.63–8.72) (62.6–91.4) (297–362) (20–21.9) (148–181)

D. rerio 8.26 4.77 69.6 708 23.3 350
(7.10–8.65) (4.0–6.15) (60.0–87.2) (621–809) (22.7–23.9) (309–398)

O. mossambicus 7.98 5.04 66.9 708 21.4 365
(7.39–8.34) (4.26–5.9) (60.2–78.08) (530–841) (20.6–22.1) (321–407)

P. reticulata 7.74 4.85 67.7 748 22.2 373
(6.57–8.22) (3.5–5.77) (60–77.1) (696–810) (21.6–23.03) (316–405)

P. philander 6.93 5.62 71.7 732 23.1 366
(6.01–7.75) (4.3–6.47) (60–89.5) (665–874) (22.9–23.2) (333–402)

T. sparrmanii 6.57 4.85 67.9 674 22.1 372
(5.81–7.39) (4.00–5.77) (60–77.1) (612–704) (21.3–22.6) (313–595)

L. aeneus 7.06 5.93 67.0 680 22.5 346
(5.99–7.93) (4.89–7.07) (60.3–80.5) (638–729) (21.5–23) (324–369)

nAu

D. pulex 7.66 5.05 63.1 328 20.7 167
(7.05–8.7) (4.4–6.1) (60.7–72.6) (208–420) (20–21.9) (104–220)

D. magna 7.78 7.23 78.4 309 20.2 155
(7.74–8.39) (6.39–9.28) (71.7–97.8) (293–374) (20.5–22.2) (146–206)

D. rerio 7.88 4.49 68.1 674 22.6 336
(7.13–8.42) (4.04–6.26) (60.1–98.7) (642–765) (22.4–23.9) (321–412)

O. mossambicus 7.43 4.68 63.9 681 20.8 340
(7.13–7.97) (4.11–6.24) (60.0–82.9) (621–827) (20.1–21.1) (310–414)

P. reticulata 7.57 5.97 67.3 743 22.2 370
(6.31–8.19) (4.84–8.26) (60.0–79.6) (658–824) (21.3–22.6) (329–412)

P. philander 7.24 5.89 73.9 699 23.0 350
(6.23–7.79) (5.14–6.76) (60.8–92.20) (580–762) (22.9–23.2) (328–379)

T. sparrmanii 7.51 5.69 66.6 703 22.2 335
(6.85–8.01) (4.37–8.26) (60–79.6) (617–754) (21–22.7) (308–378)

L. aeneus 7.55 5.55 55.9 556 22.9 275
(6.29–7.90) (4.08–7.08) (60.0–80.7) (628–762) (21.6–23.1) (314–381)

Chloroauric acid

D. pulex 7.90 5.35 66.3 344 20.6 176
(6.93–8.95) (4.35–6.13) (62.7–71.5) (198–382) (20–22) (104–267)

D. magna 8.22 7.57 83.3 332 21.6 168
(7.59–8.43) (6.4–9.78) (62.5–99.7) (296–381) (20.4–22.4) (148–259)

D. rerio 7.92 4.98 72.0 677 23.0 350
(6.24–8.67) (4.2–6.044) (62.8–85.3) (621–739) (21.8–23.7) (311–485)

O. mossambicus 7.56 5.86 72.3 700 21.3 350
(6.45–7.98) (4.23–7.85) (60.2–84.8) (620–806) (20.6–21.6) (310–403)

P. reticulata 7.33 5.63 73.6 711 21.7 355
(6.26–8.27) (4.8–7.67) (60.9–81) (616–838) (20.9–22.4) (308–419)

P. philander 7.62 6.82 77.0 702 23.1 352
(7.36–8.04) (4.49–8.26) (62.1–99) (603–736) (22.3–23.5) (301–400)

T. sparrmanii 7.24 5.61 73.4 633 21.6 388
(6.26–8.14) (4.6–7.67) (62.3–81) (545–792) (21.0–22.1) (308–436)

L. aeneus 7.77 5.90 76.7 700 23.1 350
(7.36–8.04) (4.46–8.24) (61.8–99.4) (603–794) (22.3–23.6) (301–398)
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Figure 1: Mean measured gold concentrations (mg/L) ± standard deviation of the (a) ionic gold (HAuCl
4
) and (b) nAu exposures at all

exposure concentrations used in this study.

Table 2: Size distribution of gold nanoparticles across all concen-
trations in Daphniamedium.

nAu size Daphniamedium
Concentration nm St. dev. % intensity
25mg/L 565.6 87.82 93.9
35mg/L 827.45 56.50 92.5
45mg/L 3175.5 443.35 93

(Table 2). As the exposure concentration increased, so did
the average sizes of the agglomeration; for example, in the
45mg/L exposure the average sizes were 3175.5 nm (Table 2).

In contrast to the nAu particle aggregation/agglo-
meration in Daphnia media, the dynamic light scattering
(DLS) indicated that the size distribution in fish media is
represented by two peaks in terms of percentage intensity
(Figure 2). The particle size distribution is therefore not
presented as the average size as there were distinct differences
and this would not give an accurate indication of the sizes
available for biological uptake.Therefore the size distribution
is represented as two dominant size classes per concentration
with the corresponding percentage intensities at 0 h as well as
at 96 h.

The nanoparticle size distribution was determined at 0 h
and again at 96 h to observe any changes in aggregation
over time. Results are presented by indicating the main size
distribution classes in terms of the percentage contribution
after 0 h and 96 h. At 0 h nAu exposures there were two
dominant size distribution classes, that is, sizes representing
>60% intensity and less than 40% intensity (Figure 3). The
same was shown at 96 h where more than 55% of nanoparti-
cles had the indicated size. In four concentrations (10mg/L,
20mg/L, 25mg/L, and 45mg/L) the particles had less than
45% percentage intensity of the indicated size.
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Figure 2: Raw data sheet showing two peaks of 𝑍-average size
(d⋅nm) of gold nanoparticles in aquatic mediumwhere peak 1 shows
a size of 96.89 nm (±45.5 nm) and peak 2 shows a size of 455.6 nm
(±54.5 nm).

At 0 h in the 5mg/L concentration 89% of the sample
had a size distribution of 150.7 nm and 12% of nanoparticles
were 12.64 nm. After 96 h more than 90% of particles were
133.7 nm in size. At 10mg/L all particles measured in the
sample were around 75.79 nm while after 96 h the particles
(82.7%) had agglomerated to 986.4 nm while 17.3% remained
approximately 79.64 nm in diameter. At 15mg/L, 89%were in
the size range of 89.49 nm, while 11% were at 15.51 nm. After
96 h particles had all aggregated to 96.6 nm. At the onset of
the 20mg/L exposure 88% of the particles had aggregated to
127.9 nm and 12.2% to 17.12 nm in diameter. After 96 h 64%
of the sample had agglomerated to 894.5 nm and 36% of the
sample was 121.5 nm in size. At the 25mg/L concentration
just over half (59.6%) of the sample was 298.4 nm in size
while just under half (40.4%) of the sample was 71.48 nm.
After 96 h the same ratio was maintained where 54.5% of
the sample had a size of 455.6 nm and 45.5% had a size of
96.89 nm. At 30mg/L the prevalence was 72.3% distribution
of 163.1 nm particles and 27.7% at 40.27 nm, while after 96 h
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Figure 3: Particle size distribution (nm) of nAu with a percentage intensity of (a) more than 60% at 0 h and (b) less than 40% at 0 h as well
as (c) more than 55% at 96 h and (d) less than 45% at 96 h.

all particles had agglomerated to 201.5 nm. The 35mg/L
concentration revealed that 91% of the sample had aggregated
to 96.89 nm and 9% of the sample remained around 14 nm in
size. After 96 h all particles had aggregated to 138.2 nm. The
40mg/L concentration showed an immediate aggregation
at 0 h where 57.4% of the sample was 464.9 nm and 42.6%
of the sample was 57.55 nm in size. After 96 h all sample
measured contained a uniform size of 226.9 nm. At the
highest concentration, 45mg/L, 79.9% of the sample had

particles 82.52 nm in size and 15% remained around the
original size of 14 nm. After 96 h the prevalence of particles
at 288 nm was 87.7% and 12.3% were 63.05 nm in size. In
the 40mg/L and 45mg/L concentration nAu had precipitated
out of solution and were visible to the naked eye. These
agglomerates were in the millimetre size range and could not
be measured on the DLS instrument.

At 0 h there was a clear increase in size of nAu aggre-
gations and agglomeration at concentrations of 25mg/L and
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Table 3: Zeta potential (mV) of the nAu in the Daphniamedium across exposure concentrations.

nAu 1mg/L 5mg/L 15mg/L 25mg/L 35mg/L 45mg/L
Zeta potential [mV]

0 h −8.74 ± 2.91 −3.07 ± 1.58 −8.13 ± 9.72 −17.16 ± 22.92 −10.27 ± 2.12 −9.40 ± 0.54

48 h −2.03 −7.17 ± 4.30 −16.10 −8.50 ± 0.92 −2.78 ± 0.80 −4.14 ± 1.23
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Figure 4: (a)The zeta potential (mV) average peak reading across all concentrations. (b)The zeta potential (mV) reading where the peak had
greater-than-seventy-percent distribution measured across all concentrations.

40mg/L when compared to other concentrations. But after
96 h the 20mg/L and 25mg/L concentrations still showed
agglomerations increasing in size and dispersion in themedia
while concentrations 30mg/L and above showed no or lower
measured sizes, which is attributed to particle precipitation.

3.4. Particle Charge (Zeta Potential). The EC differed for the
Daphnia and fish media based on the salts used to make up
the reconstituted water. For the Daphnia medium the zeta
potential ranged between −3.07mV and −17.16mV (Table 3)
with all values across all time intervals being negative. At
5mg/L and 15mg/L exposures the zeta potential decreased
even further after 48 h while at all other concentrations the
zeta potential became more positive.

For the fish medium there was much greater variation
(as observed in the increase in the standard deviation) of the
measured zeta potential.The standard deviation (Figure 4(a))
ranged between 57.8mV and −54.9mV. This is related to the
large difference in size distribution as shown in Figure 3.
In Figure 4(b) the zeta potential data were limited to those
that represent 70% of the dominant distribution (i.e., the
outliers were removed). The dominant zeta potential at
20mg/L, 25mg/L, 40mg/L, and 45mg/L was negative, that
is, −4.09mV, −6.49mV, −2.42mV, and −2.88mV, respectively.
At all other concentrations the charge was positive with the
highest at 10mg/L (3.06mV).

3.5. Surface Functionality. The FTIR results revealed two
distinct peaks (Figure 5). One of the peaks was identified as
a hydroxyl group and further analyses of the black particle
aggregates were carried out on dried sample to eliminate any

interference in the spectrum of the water suspension. The
first peak (±1632 cm−1) was identified as an organic nitrate
or carbon double bond aromatic stretch. The second peak
(±3343 cm−1) was identified as a hydroxyl group, H-bonded
OH stretch (3570–3200 cm−1 (broad) 3400–3200 cm−1) or a
normal “polymeric” OH stretch, which indicates interaction
with the water medium.

3.6. Gold Nanoparticle Aggregation and Agglomeration Pat-
terns. The TEM results revealed a better understanding of
the size distribution patterns. As defined by Klaine et al.
[35] nanoparticle groupings of less than 150 nmwere referred
to as aggregates and those larger than 150 nm were seen as
agglomerates. In the stock solution (1000mg/L) the citrate
capping was visible around the nAu especially at a higher
magnification. It was clear that particles were separated from
one another while present in the citrate buffer capping agent
(Figure 6(a)). A live fast Fourier transform (FFT) image was
taken to verify that the particles were aligned in a crystal
lattice formation as is typical of nanometals (Figure 6(b)). At
0 h dispersed nAu were observed in all exposure concentra-
tions. However, after 96 h this was only possible to identify
dispersed particles at 5mg/L and 10mg/L exposure con-
centrations. For the 40mg/L and 45mg/L exposures it was
apparent that after 24 h the nAu started to agglomerate and
precipitate out of solution. At 5mg/L nAu were much more
difficult to find on the dried copper grid but were present
and showed aggregations of small groups (Figure 6(c)) as well
as string-like aggregates (Figure 6(d)), while at 10mg/L the
string-like aggregates were still present butmorewere present
(Figure 6(e)) and had started aggregating at 122.87 nm onto
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Figure 5: (a) The FTIR spectra results of the highest concentration of gold nanoparticle in an aqueous solution. (b) FTIR spectra results of
the dried gold nanoparticle sample in the highest concentration to eliminate OH interference from the solution.

the string-like structures as though a skeletal backbone had
been formed (Figure 6(f)).

In the 20mg/L exposure there were two major types
of agglomerates noted; these were skeletal-like agglomerates
which reached approximately 352.1 nm in length (Figure 7(a))
and smaller aggregates which were quite prevalent and easy
to find throughout the dried copper grid and which showed
an approximate size of around 73.67 nm. When observing
30mg/L nAu concentrations it was quite clear that the skeletal
backbone structures were starting to attach to one another as
seen in Figure 7(c). Seeing that the conformation was stable
the smaller agglomerates (152.19 nm) started attaching the
open spaces in between and particle agglomerates were as
large as 430.78 nm (Figure 7(d)). It appears that at 40mg/L
the larger agglomerates as seen in 30mg/L started attaching
to one another (Figure 7(e)); the skeletal backbone has now
been filled and the nAu aggregate into an accumulation of
particles forming large agglomerates of up to 2000 nm visible
on TEM. At these concentrations agglomerates were also
visible to the naked eye.

3.7. Acute Toxicity Testing. No mortalities were recorded in
the controls and the dispersant controls (i.e., mortalities were
below 10%). It was not possible to calculate LC50 values
for the 48 h D. pulex and 96 h D. rerio, O. mossambicus, P.
philander, and L. aeneus nAu exposures (Table 4). The nAu
LC50 values for D. pulex, T. sparrmanii, and P. reticulata
were 7.31mg/L, 12.08mg/L, and 52.57mg/L, respectively. The
ionic gold LC50 values for the test organisms ranged between
0.01mg/L for D. pulex and 20.58mg/L for P. reticulata. For
the nAu T. sparrmanii was the most sensitive, while for ionic
gold D. pulex was the most sensitive aquatic organism tested.
Based on the LC50 values it was evident that the species were
much more sensitive to ionic gold than nAu exposure. The
toxicity of ionic gold was significantly greater (𝑝 < 0.05) toD.
pulex compared to all the species tested. BothDaphnia species
were significantly more sensitive to ionic gold than the fish

species. The fish species L. aeneus, D. rerio, and P. philander
were significantly (𝑝 < 0.05) more sensitive than the other
species. The NOEC and LOEC data were established from
the mortality results and are depicted in Table 4. The LOECs
observed for nAu forD. pulex,D.magna,D. rerio,P. reticulata,
P. philander, T. sparrmanii, and L. aeneus were 10, 5, >15, 35,
25, and 5mg/L, respectively, with O. mossambicus showing
no mortalities at any of the exposure concentrations. No
effect concentrationswere recorded at 1, 5,<15, and<35mg/L,
respectively. The LOECs for ionic gold were 0.0005, 0.01, 5,
5, 10, 10, 2, and 1mg/L for D. pulex, D. magna D. rerio, O.
mossambicus, P. reticulata, P. philander, T. sparrmanii, and L.
aeneus.

3.8. Species SensitivityDistribution. Thecumulativemortality
rates of the organisms over the 48 h and 96 h exposure periods
for both nAu and ionic gold are depicted in Figures 8 and
9, respectively. The cumulative percentages are based on the
mortalities recorded at all exposure concentrations during
the particular exposure period and provide further indication
of the sensitivity of the particular species. The low toxicity
of nAu exposure is clearly visible (Figure 8) with only T.
sparrmanii displaying a 20% toxicity response after 36–48 h
exposure and maximum mortality of 48% after 96 h. The
rest of the species had a mortality rate lower than 10%. For
most species exposed to ionic gold 50%mortalitywas reached
between 12 h and 24 h with O. mossambicus, D. rerio, and L.
aeneus displaying the highest immortality of 57%, 68%, and
78% (Figure 9). Both species of Daphnia show 75% mortality
after 24 h.

Seven data points are generally required to generate a
meaningful SSD for any given chemical [46]. Since it was
not possible to calculate nAu LC50 values for all the species
tested, an SSDwas constructed based on the toxicity data that
were available. The SSD for nAu (Figure 10) was generated
based on the limited acute toxicity data generated during
this study and the few data published in literature [40, 41].
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Figure 6: (a) A TEMmicrograph of a drop of the concentrated citrate capped 1000mg/L concentration gold nanoparticle stock solution. (b)
An FFT image of the nAu to confirm the presence of a crystal lattice. ((c) and (d)) A TEM micrograph of the 5mg/L gold nanoparticle
concentration showing average aggregations and measurements. ((e) and (f)) A TEM micrograph of the 10mg/L gold nanoparticle
concentration showing average aggregations and measurements.
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Figure 7: ((a) and (b)) A TEMmicrograph of the 20mg/L nAu concentration showing average aggregations andmeasurements. ((c) and (d))
A TEM micrograph of the 30mg/L gold nanoparticle concentration showing average aggregations and measurements. ((e) and (f)) A TEM
micrograph of the 40mg/L gold nanoparticle concentration showing average aggregations and measurements.
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Table 4: Median lethal concentrations for 50% (LC50) effect and the corresponding 95% confidence intervals for test organisms exposed to
nAu and chloroauric acid.

Species Duration/endpoint LC50 (mg/L) (95% CI) NOEC LOEC
Mean Upper & lower confidence limits (mg/L)

nAu
D. pulex 48 h 75.31 ∗ 1 10
D. magna 48 h Could not be calculated 0 5
D. rerio 96 h Could not be calculated <15 >15
O. mossambicus 96 h No mortalities
P. reticulata 96 h 52.57 ∗ <35 35
P. philander 96 h Could not be calculated 5 10
T. sparrmanii 96 h 12.08 ∗ 5 25
L. aeneus 96 h Could not be calculated 1 5

Chloroauric acid

D. pulex 48 h 0.01 0
<0.0005 0.0005

0.02

D. magna 48 h 0.15 0.29
<0.005 0.01

0.08

D. rerio 96 h 4.85 3.62
<1 5

6.49

O. mossambicus 96 h 11.30 15.89
<1 5

8.03

P. reticulata 96 h 20.58 24.15
<10 10

17.54

P. philander 96 h 7.53 8.18
<10 10

6.94

T. sparrmanii 96 h 10.78 8.92 1.5 2
13.03

L. aeneus 96 h 0.93 1.08
<1 1

0.80
∗No confidence levels could be calculated.

The ionic gold acute toxicity data from both published litera-
ture and this study (Table 5) were used to generate respective
SSD toxicity plots (Figures 11 and 12). The HC5 based on the
combined data sets (literature and this study) for nAu and
ionic gold was 42.78mg/L and 2.44mg/L, respectively. The
HC5 of the published literature was 4.46mg/L, whilst the
indigenous species were more sensitive with an HC5 of 1.83.

4. Discussion

4.1. Characterization of nAu. Nanoparticle ecotoxicity invol-
ves several factors to consider, the initial size of the particles,
the capping agent, how particles aggregate in an aquatic
medium, and the charge that exists. All these affect the
toxicity and ability for particle uptake in organisms [3, 47,
48]. The changes in zeta potential and aggregation could be
related to changes in conductivity and pH over time [49, 50].
These changes in ionic strength based on the physicochemical

water parameters allow for more binding sites on the particle
surface due to an increased negative charge [51]. Therefore
negative zeta potentials have the potential for aggregation
to decrease. There is an increase in aggregation as the zeta
potential becomesmore positive as seen at 30mg/L and above
[52, 53].

When there is a change in any of these factors the
behaviour of the nAu in an aquatic medium would also
change. InDaphniamedium, there is uniform distribution of
particle characteristics over the entire concentration range,
while for fish medium there is a wide range of charges
and size distributions which would affect particle uptake.
Between 20mg/L and 25mg/L in the fish medium there
was a diverse size distribution as nAu ranged from 17 nm to
890 nm and were present in equal intensities. The charge was
negative at these concentrations and this could be adding to
the smaller particles present because negative charges would
cause aggregates to repel one another [52]. After 30mg/L
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Table 5: Acute toxicity data from the published literature that were included used to derive the SSDs.

Test species Endpoint Duration (h) LC50
HAuCl4 (mg/L) Reference

Arthropods
D. magna LC50 48 2 Li et al. [40]
D. magna LC50 48 0.64 Nam et al. [41]
D. magna LC50 48 0.15 This study
D. pulex LC50 48 0.01 This study
M. macrocopa LC50 48 0.62 Nam et al. [40]

Fish
D. rerio LC50 96 4.85 This study
P. reticulata LC50 96 20.58 This study
T. sparrmanii LC50 96 10.78 This study
P. philander LC50 96 7.53 This study
O. mossambicus LC50 96 11.3 This study
L. aeneus LC50 96 0.93 This study
T. arcticus LC50 96 14.4 Nam et al. [41]
O. mykiss LC50 96 10.7 Nam et al. [41]
O. kisutch LC50 96 14.1 Nam et al. [41]
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Figure 8: Cumulative mortalities of test organisms exposed to nAu
over 48 h (daphnids) and 96 h (fish).

the nAu start forming large agglomerates, which, when
observed under the TEM to reveal skeletal-like structures,
may already be too large to be taken up by an organism
[54–56]. Therefore there is a high enough concentration of
nAu present for the aggregation to outweigh the charge and
this would result in the nAu binding to one another and
less are left in solution. However at 40mg/L and 45mg/L
the agglomerates become so large that they are visible to the
naked eye (up to 3mm) and thereforewhen a drop is collected
for TEM only those particles which have been unable to bind
to the larger agglomerate are visible. This would also explain
why after 96 h it becomes increasingly difficult using TEM to
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Figure 9: Cumulative mortalities of test organisms exposed to ionic
gold over 48 h (daphnids) and 96 h (fish).

observe nAu in concentrations above 10mg/L as they have
already started to sediment out of solution.

As all citrate capped gold nanoparticles in the stock
solution were around the 14 nm range it is evident that
from the moment the particles were diluted in the respec-
tive environmental media they started to agglomerate to
one another. This could also reflect the 10mg/L loss of
nanoparticle concentrations measured due to aggregations
as the entire sample was not read but only a portion of
it. The citrate capping is soluble and by the hydrolysis of
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Figure 11: Species sensitivity distributions and confidence limits for
ionic gold based on acute toxicity data from this study.

water is converted to citric acid [57]. Sections of the sodium
citrate capping agent (Na

3
C
6
H
5
O
7
) are washed off in the

medium and particles become functionalized and therefore
gain a charge [1] which allows them to stick to one another
through van der Waals forces [47]. Divalent cations such
as Ca2+ and Mg2+, which are present in the reconstituted
OECD medium, effectively neutralize the surface charge of
citrate coated nAu, thereby compressing the electric double
layer (repulsive forces) and enhancing aggregation [58, 59].
This suggests that aggregates of nAu should be regulated
by the type and concentration of the solvent and ionic
strengths of reconstituted water medium [54, 60–62]. The
zeta sizer indicated three peaks where the distribution of
each size is represented as a percentage. It was found that
to gain a better understanding of the particle behaviour at
each concentration these percentages need to be taken into
account.

Functional groups present on the nAu surface play a role
in tissue distribution [63, 64]. When additional ligands are
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Figure 12: Species sensitivity distributions and confidence limits for
ionic gold based on toxicity data from this study and the published
literature [41].

not present as is the case with a controlled bioassay, the most
stable form in solution for the nAu would be the hydrolyzed
species, namely, functionalized to AuOH (H

2
O)0 [65]. The

OH frequency indicates that OH forms strong H-bonding
with groups of citrate caps present on nAu [66]. However
depending on the pH and presence of chloride species this
could change, where a pH of less than 4 would cause AuCl

2

to form. However the neutral pH during these bioassays and
FTIR results confirmed that this was not the case. When
negative charges are present, as seen in 20mg/L, 25mg/L,
40mg/L, and 45mg/L, this may change the toxicity of the
particle where at a pH above 6 the predominant charge in
solution would be AuCl (OH)3

−. In cases where the pH
was above 9 the functionality could change to Au(OH)4

−.
Since the pH had a maximum of 8.7 for the duration of the
experiment it can be concluded that negative charges were
due to the presence of AuCl(OH)3

− ions [61, 65, 67]. The
cellular uptake is highly dependent on the functional groups
attached to the particle, as these would affect the charge and
aggregation patterns [1].

4.2. Acute Toxicity and SSDs. The nAu SSD revealed that fish
weremore sensitive to nAuwith an LC50 (when calculable) of
between 12.08mg/L and 52.6mg/L, while daphnids were less
sensitive with an LC50 ranging from approximately 70mg/L
to 75.31mg/L. Since arthropods are able to undergo molting
they would be able to cope with the nAu particles adhered
onto their carapace. Literature to date shows no evidence of
nAu uptake in daphnids while gold ions would be taken up
[40]. Fish species are unable to molt and since respiration
takes place over the gill surface it provides a large surface
area for nAu uptake within the nanometer range; therefore
larger agglomerates could possibly be taken up [35]. Fish
have a far more complex digestive, respiratory, and excretory
system when compared to Daphnia since ionic gold ions
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have evolved with organisms and nAu have not; the fish is
unable to cope with increased uptake and reduced excretion.
Surface area and particle uptake play an important role in
toxicity; it is therefore proposed that a threshold value for
exposure concentrations exists; this occurs between 20mg/L
and 25mg/L in the fish medium. Based on particle size
distributions particle uptake is possible and accumulates in
the organism in high enough concentrations to have an effect.
The nAu have a high enough concentration to have an effect
in an organism but agglomerations are still small enough
in the medium to move through the cellular membrane.
At concentrations above 25mg/L particle interactions in the
medium increase which decreases particle uptake into the
organism.

When comparing the SSD plots it becomes apparent that
the nAu and ionic gold have different distributions in toxicity.
Smaller organisms, like Daphnia, have a higher sensitivity to
ionic goldwhen compared to fishwhile for nAu exposures the
opposite trend is seen. Reasons for this could be attributed to
different effect and uptakemechanisms. Ionic gold follows the
dose dependent response while nAu follow an aggregation
theory response.

The SSD plots for the nAu and the ionic gold clearly
indicate that there was a difference in the hazard potential
of the two substances with the latter being an order of
magnitude more toxic. This is in contrast to studies where
SSDs comparing nano metals (i.e., CuO, ZnO, nAg, and
nAl
2
O
3
) to their bulk metal (ionic) equivalents revealed that

the hazard potentials were very similar [31, 32, 35, 40]. These
authors attributed similar toxic potentials to the dissolution
of the ionic metals from the particle, causing the particle
toxicity to be similar to the bulkmetal. However compared to
nano metals that have the potential for metal ion dissolution,
more inert nanoparticles such as TiO

2
and carbon nanotubes

are much less toxic [34]. The results for nAu from this study
support these findings.

At this stage the toxicity and therefore hazard assessment
of nanoparticles are still very much based on dose-response
(i.e., exposure concentration) relationships. Only when more
data becomes available on the relationship between nanopar-
ticle characteristics (e.g., size, shape, charge, and functional
group) and the exposure medium will predictors of toxicity
other than the release of metal ions become apparent.
Notwithstanding the limitations of using only concentration-
based toxicity data, the information provided by the SSDs for
nAu provides useful ecotoxicological comparisons with other
nanomaterials.
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We present novel sea-urchin-like ZnO nanoparticles synthesized using a chemical solution method. Solution approaches to
synthesizing ZnO nanostructures have several advantages including low growth temperatures and high potential for scaling up.
We investigated the influence of reaction times on the thickness and morphology of sea-urchin-like ZnO nanoparticles, and XRD
patterns show strong intensity in every direction. Dye-sensitized solar cells (DSSCs) were developed using the synthesized ZnO
nanostructures as photoanodes. The DSSCs comprised a fluorine-doped tin oxide (FTO) glass with dense ZnO nanostructures as
the working electrode, a platinized FTO glass as the counter electrode, N719-based dye, and I-/I3-liquid electrolyte. The DSSC
fabricated using such nanostructures yielded a high power conversion efficiency of 1.16% with an incident photo-to-current
efficiency (IPCE) as high as 15.32%. Electrochemical impedance spectroscopywas applied to investigate the characteristics ofDSSCs.
An improvement in the electron transport in the ZnO photoanode was also observed.

1. Introduction

Dye-sensitized solar cells (DSSCs) provide efficient solar-
energy conversion and have attracted substantial attention
over the past decade because of their structural flexibility,
low cost, and ease of fabrication [1–3]. In general, DSSCs
comprise a porous TiO

2
nanoparticle photoanode [4–6].

Researchers in many recent studies have focused on improv-
ing performance through developing new substitutes for
porous TiO

2
nanoparticle films for use in photoanodes, such

as the TiO
2
-nanowire type [7, 8] and TiO

2
-nanotube type

[9, 10]. However, a recombination problem usually occurs in
TiO
2
nanocrystals because of the lack of a depletion layer on

the TiO
2
surface. The severity of the recombination problem

increases with the TiO
2
photoanode film thickness [11].

In recent years, ZnO-based materials have been widely
studied for use as photoanodes for DSSC devices [12].
Although ZnO has a similar energy level of the conduction
band as that of TiO

2
, the ZnO-based DSSCs in general give

lower efficiency as compared to TiO
2
-based DSSCs. One of

the reasons is caused by the precipitation of the sensitizing
dye with Zn cations for the ZnO-based DSSCs. However, it

is relatively difficult to grow TiO
2
films on a substrate with

controlled structure, which in turn limits the development
of TiO

2
-based DSSCs. Furthermore, in terms of material

characteristics, ZnO has a few advantages over TiO
2
, such as

higher electronic mobility and more flexibility in high-area
filmmorphologies.Therefore, ZnO is considered as one of the
promising alternatives for TiO

2
as the corematerial ofDSSCs.

Numerous types of ZnO nanostructures have been pro-
posed for application in DSSCs. For example, Law et al. [13]
proposed a DSSC including a dense array of oriented ZnO
nanowires as a photoanode material with a 1.51% conversion
efficiency. In [14], ZnO nanotube photoanodes templated
using anodic aluminum oxide for use in DSSCs were
reported. Anodic aluminum oxide templating and atomic
layer deposition were employed to yield oriented arrays of
electrically interconnected nanotubes. In addition, in [15],
ZnOnanoforest photoanodes, which effectively increased the
power conversion efficiency to approximately 2.63%, were
introduced. The efficiency increase is due to the substantially
enhanced surface area and reduced charge recombination.
Kakiuchi et al. [16] proposed a DSSC with a ZnO nanosheet
structure synthesized using Zn (NO

3
)
2
and (NH

2
)
2
CO,
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Figure 1: (a) Schematic of the dye-sensitized solar cell based on sea-urchin-like ZnO nanoparticles. (b) Schematic of the side view.

achieving a conversion efficiency of 3.3%. In [17], ZnO
nanoarchitecture fabricated on a plastic substrate by using
a facile room-temperature chemical-bath deposition method
was presented. A notable efficiency of 5.24% was simply
achieved using a low crystallization temperature and the
anisotropic growth of ZnO. In addition, the synthesis of a
DSSC with a sponge-like ZnO nanostructure was reported
in [18]. By using a polymer gel electrolyte to stabilize the
dye/ZnO/electrolyte interface, an improvement of the elec-
tron injection efficiency, photovoltaic conversion efficiencies,
and the long-term durability of ZnO-based DSSCs was
achieved.

In thiswork,we propose aDSSC inwhich the photoanode
is based on sea-urchin-like ZnO nanoparticles that can be
easily formed through chemical solution synthesis. We also
studied the effects of nanoparticle morphologies on different
synthesis parameters. In addition, the sea-urchin-like struc-
turesmay potentially enhance the surface area to improve dye
absorbance. Because of the branched characteristic of the sea-
urchin-like structures, they can easily form strong conductive
networks.

The remainder of this paper is organized as follows.
Section 2 describes the synthesis, photoanode preparation,
andDSSC fabrication.Themeasurement results are presented
in Section 3. Conclusions are provided in Section 4.

2. Synthesis of Nanoparticles

Figure 1 shows a schematic of the proposed DSSC. From
the lower to the upper layer, the cell comprises a fluorine-
doped tin oxide (FTO) transparent conductive glass with a
ZnO photoanode and platinized counter electrode. Organic
dye molecules are absorbed on the photoanode, with the
electrolyte positioned between the electrodes. This study
proposes using novel sea-urchin-like ZnO nanoparticles as
a photoanode material according to the following fabrication
process.

The chemical solution method [19] was used to synthe-
size the sea-urchin-like ZnO nanoparticle structure. First,

a room-temperature solution was prepared. The solution
was composed of 75mM zinc nitrate hexahydrate, 25mM
HMTA, 5mM PEI, and 0.80M ammonium hydroxide. The
reaction solution was heated in two steps [20]. In a container,
the solution was first heated to 85∘C in a water bath while
covered by a watch glass. After 15min, the glass was removed,
exposing the solution to open air for another 15min. The
nondirectional ZnO nanostructures (sea-urchin-like ZnO
nanoparticles) formed on the bottom of the container. Next,
the container was covered with the watch glass to prevent
further solution evaporation. The deposited ZnO structure
continued to grow. Finally, the sea-urchin-like ZnO nanopar-
ticles were deposited on the top of the FTO electrode.

After the synthesis reaction, the FTO covered with a
sea-urchin-like ZnO nanoparticle film (the photoanode) was
dried in N

2
for a few minutes and then heated in a tube

furnace at 400∘C for 30min. The heating process enhanced
the mechanical strength of the ZnO film and the adhesion
between the film and the FTO substrate.

The FTO substrate with the sea-urchin-like ZnO nano-
particles (the fabricated photoanode) was immersed in an
ethanol solution of N719 dye at 50∘C for 2 h. After fully
absorbing the dye molecules, the FTO substrate was washed
with ethanol and then air dried. A FTO glass deposited with
a platinum film served as the counter electrode. The pho-
toanode and counter electrode were then sandwiched using
Surlyn E185SB (Dupont). A liquid electrolyte was then
injected into the cavity of the photoanode and counter elec-
trode.The electrolyte contains 0.5M LiI, 50mM I

2
, and 0.5M

4-tert-butylpyridine in a 3-methoxypropionitrile solvent [13].

3. Results and Discussion

3.1. Morphology and Structure Characterization. Figures 2(a)
and 2(b) show the SEM images of the sea-urchin-like ZnO
nanoparticleswith various deposition times. Figure 2(c) illus-
trates the detailed structural morphologies, indicating that
the longer the deposition time, the longer the branch length of
theZnOnanoparticles because of the increased reaction time,
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Figure 2: SEM pictures of sea-urchin-like ZnO nanoparticles after (a) 2 hr deposition and (b) 8 hr deposition. (c) The detailed structure
morphology of the nanoparticle (8 hr deposition).
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Figure 3: Measured relationship of structure thickness versus
synthesis time.

and the sea-urchin-like structure becomes more obvious.
As the length of the sea-urchin-like structure increases, the
effective total surface area of the photoanode also increases,
thus enhancing dye absorbance.

Figure 3 depicts the measured relationship of the thick-
ness of the structure versus the synthesis time. A longer depo-
sition time resulted in a thicker nanostructure. The thickness
of the synthesized structure increased from 0 to about 25 𝜇m
within 12 h. During the early stage of the synthesis process
(synthesis time is less than 4 hours), the ZnO particles are
relatively small and the branches on each ZnO particle are
relatively thin and short. These particles closely pile up to
form a ZnOfilm.However, as the synthesis time is larger than
4 hours, the ZnO particles become larger and the branches of
each ZnO particle become thicker and longer (i.e., stronger).
These bigger ZnO particles are relatively difficult to be closely
packed and stacked. As a result, these bigger particles with
stronger branches uphold the film structure, and the density
of the film becomes smaller, as compared with the film
formed by smaller particles. Therefore, the film thickness
increases faster as the synthesis time is larger than 4 hours.
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Figure 4: Typical N
2
adsorption-desorption isotherms for the sea-

urchin-like ZnO film.

As shown in Figures 2(a) and 2(b), the ZnO film of 4-
hour synthesis is more packed than the ZnO film of 8-hour
synthesis.

The specific surface area and average internal pore mor-
phology of the sea-urchin-like ZnO nanoparticle film were
obtained by analyzing nitrogen adsorption and desorption
isotherms (Figure 4). According to the results, the sea-
urchin-like ZnO film can be categorized as a general Type III
isotherm that exhibits no hysteresis. The isotherms indicated
that nitrogen adsorption and desorption occur predomi-
nantly at 𝑃/𝑃

0
> 0.8. Figure 5 shows the results of the pore

size analysis conducted using the Barrett, Joyner, and Hal-
enda (BJH) method. The specific surface area was calculated
using the standard Brunauer-Emmett-Teller (BET) analysis
of the adsorption isotherms and was estimated at about
11.09m2/g. The surface area-to-volume ratio from this analy-
sis implied an average pore diameter of about 198.8 Å.

The crystal orientation of the sea-urchin-like ZnO
nanoparticles structure was characterized using X-ray
diffraction (Rigaku TTRAX 3) (Figure 6). The diffraction
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Figure 6: XRD patterns of sea-urchin-like ZnO nanoparticles and
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peaks can be indexed as a hexagonal wurtzite ZnO phase in
contrast to JCPDSCard number 75-1526 [21]. Comparedwith
the XRD patterns of typical ZnO nanowires, the Z-direction
(002) intensity of the sea-urchin-like ZnO nanoparticles was
relatively flat, indicating that the orientations of the ZnO
crystal structures in the sea-urchin-like structure are quite
random.

3.2. Photocurrent-Voltage and Power Conversion Character-
istics. Current-voltage (I-V) curve measurements were con-
ducted using a source meter (Keithley 2410). Simulated AM
1.5G (100mW/cm2) illumination was provided by a solar
light source (Newport class A), and the light intensity was
measured using a calibrated Si solar cell. The total measure-
ment area of the photoanode was 0.25 cm2, and the voltage
swept from −1 to 1 V in fixed increments of 0.02V.

Table 1: Photovoltaic performance data of the proposed DSSC with
different synthesis times.

𝐽SC (mA/cm2) 𝑉OC (V) FF 𝜂 (%)
2 hrs 3.37 0.45 53.85 0.81
4 hrs 4.01 0.49 58.00 1.14
8 hrs 4.70 0.59 50.19 1.16
16 hrs 1.24 0.33 70.87 0.29
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Figure 7: I-V characteristic curve of the proposed DSSC.

Figure 7 illustrates the I-V characteristics of the sea-
urchin-like ZnO nanoparticles with dissimilar deposition
times.The longer the deposition timewas, the higher the pho-
tocurrent was. Notably, at a deposition time of 16 h, the pho-
tocurrent became extremely low, possibly because overde-
posited nanoparticles caused the electron transport path-
way to become excessively long, thus substantially reducing
the power conversion efficiency. The maximum conversion
efficiency was approximately 1.16%. The corresponding pho-
tovoltaic parameters are summarized in Table 1.

Incident photo-to-current efficiency (IPCE) spectrum
measurements were also conducted using a 300W xenon
lamp and a gratingmonochromator. In themeasurement, the
wavelength ranged from 400 to 800 nm with a spectral reso-
lution of 20 nm.The samples fabricated at various deposition
times were measured. Figure 8 depicts the results of the IPCE
characteristics for different sea-urchin-like ZnO nanoparti-
cles. The results are similar to the adsorption spectrum of
N719 dye [22]. In the current study, the highest IPCE value
was 15.32%.

The impedance and phase were measured under an
illumination of 100mW/cm2. The AC signal parameter was
10mV, and the scanning range was from 105 to 0.05Hz.
The measured samples were the same as those used in the
IPCE measurement. Figure 9 shows the Nyquist plot of two
sea-urchin-like ZnO nanoparticles fabricated using different
deposition times. Table 2 lists the derived circuit parameters
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Table 2: Summary of derived circuit parameters: the impedance of transport resistance of the electrons in ZnO (𝑅
𝑡
), charge transfer resistance

of charge recombination process (𝑅ct), electron lifetime (𝜏), chemical capacitance of the ZnO (𝐶
𝜇
), electron diffusion coefficient in ZnO (𝐷),

and effective diffusion length (𝐿
𝑛
).

Cell 𝑓max,𝑚 (s
−1) 𝜏 (ms) 𝑅ct (Ω) 𝑅

𝑡
(Ω) 𝐶

𝜇
(𝜇F) 𝐷 (cm2/s) 𝐿

𝑛
(𝜇m)

2 hrs 1.28 124 2247 608.3 55.4 1.186 × 10−4 38.4
8 hrs 3.17 50.1 2736 1059 18.3 2.06 × 10−4 32.1
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Figure 8: IPCE spectra of the proposed DSSCs.
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Figure 9: Nyquist plot of the proposed DSSC with different
synthesis times.

after the data were fitted using a proper equivalent circuit
model [23]. The results indicated that a thicker photoanode
resulted in a higher electron transport resistance (𝑅

𝑡
) and a

higher charge transfer resistance of the charge recombination
process (𝑅ct).The lifetime (𝜏) of injected electrons in the ZnO
nanoparticles is defined as 𝜏 = 1/2𝜋𝑓. According to the EIS
model, the frequency 𝑓 can be extracted using the position
of the medium-frequency peak shown in Figure 6, where 𝑓 is

the medium-frequency peak [24]. This figure also shows that
thicker photoanodes provide a longer electron lifetime.

4. Conclusion

In this study, we developed novel photoanode material
architecture based on sea-urchin-like ZnO nanoparticles and
integrated it into a DSSC system. Nanoparticles were syn-
thesized using a simple chemical solution method. The
effect of the reaction parameters on the ZnO nanostructure
morphology was also studied. BET analysis of the adsorption
isotherms was employed to estimate the specific surface area
at approximately 11.09m2/g. In addition, the XRD patterns
of the ZnO film showed strong intensity in every direction,
indicating that the orientations of theZnOnanostructures are
randomly distributed. The sample synthesized using a depo-
sition time of 8 h exhibited a high power conversion efficiency
of approximately 1.16% and an IPCE efficiency of approxi-
mately 15.32%. The characteristics of DSSCs measured using
electrochemical impedance spectroscopy are also presented.
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A reusable sandwiched electrochemical piezoelectric immunosensor has been developed for aflatoxin B1 (AFB1) detection using
gold coated iron oxide core-shell (Au-Fe

3
O
4
) nanostructure. The monoclonal anti-aflatoxin antibody (aAFB1) was immobilized

on self-assembled monolayer of 4-aminothiophenol on gold coated quartz crystal to fabricate immunoelectrode (BSA/aAFB1/4-
ATP/Au). In addition, secondary rabbit-immunoglobulin antibodies (r-IgGs) functionalized with Au-Fe

3
O
4
NPs via cysteamine

(r-IgG-Cys-Au-Fe
3
O
4
) were allowed to interact with AFB1. Both competitive and noncompetitive strategies were employed and

a competition between coated AFB1 and free AFB1 was carried out. The competitive mode shows higher linear range (0.05 to
5 ngmL−1) than the noncompetitive one (0.5 to 5 ngmL−1), high sensitivity 335.7 𝜇Ang−1mL cm−2, and LOD 0.07 ngmL−1. The
fabricated immunosensor has been tested using cereal samples spiked with different concentrations of AFB1. The developed
competitive immunoelectrode displays good reproducibility, and storage stability and regenerated with negligible loss in activity
through removal of the r-IgG-Cys-Au-Fe

3
O
4
conjugate using a strong external magnet.

1. Introduction

Aflatoxin B1 (AFB1), which is a low molecular mass com-
poundmainly produced by the mouldsAspergillus flavus and
Aspergillus parasiticus, can contaminate several important
crops (e.g., corn, sorghum, peanuts, fruits, dried fruits, cocoa,
and spices) under favorable environmental conditions [1,
2]. Owing to high toxicity and carcinogenicity, AFB1 is
of major concern for food producers, the food processing
industry, and consumers [3]. The European Commission has
set the maximum permissible residue levels for AFB1 in corn
products ready for retail sale at 2 𝜇g kg−1 [4–7]. Compared
to conventional techniques [8–10], immunosensors are an
interesting alternative that can be used to quantify and detect
selectively toxin molecules [11–14]. Some of the biosensing
techniques used for AFB1 detection include electrochemical
biosensors [15, 16], surface plasmon resonance [17, 18], fluo-
rescent biosensors [19, 20], and quartz crystal (piezoelectric)
microbalance based sensors [21, 22]. Among the signal detec-
tion techniques, quartz crystal microbalance (QCM) based
detection systems are considered to be the most promising

for immunointeraction owing to their affordable cost and
real-time and label-free compatibility with miniaturization,
portability, and high sensitivity [23–25].

The immunosensors which employmonoclonal antibody,
synthesized from animal source as a receptor, are fast and
efficient technique no doubt but are expensive and used
for one time only. Therefore it will be advantageous to
develop reusable immunosensor which can be regenerated
mechanically without any chemical as the chemicals affect
biological activity of the receptor antibody [26, 27]. In 2009,
Wang and Gan have used magnetic core-shell Fe

3
O
4
/SiO
2

composite nanoparticles to regenerate the QCM crystal. In
this regard,magnetic nanoparticles (MNP) can be considered
as one of the potential tools to regenerate immunosensor
using strong external magnet [28]. The MNP is commonly
used in the coated form to gain biocompatibility and stability
[29, 30]. Since AFB1 is a low molecular weight (Mwt. 312)
molecule, competitive mode of detection could provide the
desired detection limit and sensitivity [31, 32]. The compe-
tition occurs between coated toxin (toxin-protein conjugate)
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and free toxin.The few binding sides of coated toxin (antigen-
protein complex) are partially blocked through the toxin-
protein binding. Therefore, the secondary antibody captures
free toxin leaving heavy toxin-protein complex.

In this study, a sandwich type electrochemical quartz
crystalmicrobalance (EQCM) based reusable immunosensor
(BSA/aAFB1/4-ATP/Au) was fabricated using self-assembled
monolayer of 4-aminothiophenol on gold coated quartz
crystal. The gold coated magneto nanoparticles attached to
the secondary antibodywere used as a signal enhancing agent
and for regeneration of the immunoelectrode through exter-
nal magnet. Both competitive and noncompetitive strategy
are studied. Here, competition occurs between free AFB1
and coated AFB1 (with no protein bonded). Interestingly, we
have observed that competition mode offers wider linearity,
lower detection range, and higher sensitivity.The constructed
immunosensor can be used for estimation of aflatoxin B1
from sample and regenerated with negligible loss of activity
using a strong external magnet.

2. Experimental Methods

2.1. Chemicals and Reagents. Monoclonal anti-aflatoxin B1
(aAFB1) antibodies, aflatoxin B1 (AFB1), bovine serum albu-
min (BSA), polyclonal IgG antibodies from rabbit (r-IgG),
4-aminothiophenol (4-ATP), N-ethyl-N-(3-dimethylamino-
propyl) carbodiimide (EDC),N-hydroxysuccinimide (NHS),
ferrous chloride hexahydrate (FeCl

2
⋅6H
2
O), ferric chloride

tetrahydrate (FeCl
3
⋅4H
2
O), sodium hydroxide (NaOH), and

chloroauric acid (HAuCl
4
⋅H
2
O) were procured from Sigma-

Aldrich. All reagents were of analytical grade and used
without further purification, and deionized water (18MΩ
cm) was used for the preparation of solutions. The gold
coated (diameter: 6.7mm) quartz resonator (AT cut quartz
crystal, 13.7mm dia, 6MHz) was procured from Autolab,
Netherlands.

2.2. Solution Preparation. Anti-AFB1 antibody (1mgmL−1)
solution was prepared in 50mM phosphate buffer (PBS),
50mM, pH 7.4, and a 0.15MNaN

3
was used as a preservative.

r-IgG antibody (2mgmL−1) solution was prepared in 50mM
PBS (pH 7.4). The stock solution of AFB1 was prepared in
PBS (50mM, pH 7.4) with 10% methanol and diluted in
different working concentrations and stored at −20∘C. A
solution of bovine serum albumin (BSA, 1mgmL−1) was
prepared in PBS (50mM, pH 7.0) and used as blocking agent
for nonspecific binding sites.

2.3. Pretreatment of Quartz Crystals. Thequartz crystals were
immersed in 1M NaOH for 5min and 1M HCl for 2min
in a sequence. Then, freshly prepared piranha solution {1 : 3
(30% v/v) H2O2–H2SO4} was dropped on the gold surface
for 2min, with special care to avoid the contamination of
the electrode leads. The quartz crystals were rinsed twice
with deionized water followed by ethanol and dried in a
stream of nitrogen after each pretreatment and then the
initial resonance frequency (𝐹

0
)was recorded.After the above

cleaning procedure, the quartz crystal was ready for surface
modification and antibody immobilization.

2.4. Synthesis of Fe
3
O
4
andAuCoated Fe

3
O
4
. Fe
3
O
4
NPswere

synthesized simply by the coprecipitation method reported
earlier [33] with some modification. Solution of 0.07M
FeCl
3
⋅6H
2
O and 0.04M FeCl

2
⋅4H
2
O (2 : 1, w/w ratio) was

dissolved in 25mL deionized water and then thismixture was
added dropwise to the 100mL solution of 0.15mM NaOH
with stirring under N

2
atmosphere at room temperature.

A black precipitate of Fe
3
O
4
NPs was obtained. The black

precipitate of Fe
3
O
4
NPs thus obtained was dissolved in

20mL citrate buffer (1.6 gm citric acid and 0.8 gm trisodium
citrate) to stabilize ferrofluid in solution at a pH around 6.3.

The Au-Fe
3
O
4
core-shell NPs were prepared using 3mL

of the synthesized colloidal Fe
3
O
4
nanosuspension (0.1M),

boiled with 25mL of ultrapure water under vigorous stirring
condition. Then 0.2mM HAuCl

4
was added, followed by the

addition of 10mM trisodium citrate, and the reactionmixture
was kept boiling and stirring for 15min till the color of the
solution turned red from black. The gold coated Fe

3
O
4
NPs

(Au- Fe
3
O
4
NPs) solution was allowed to cool and stored in

a dark glass bottle at 4∘C before use.

2.5. Synthesis of r-IgG-Cys-Au-Fe
3
O
4
. Synthesized Au-Fe

3
O
4

nanosuspensionwas treated with 10−3Mcysteamine andHCl
in 1 : 15 volume ratio for 12 h at 25∘C. Cysteamine func-
tionalized Au-Fe

3
O
4
NPs (Cys-Au-Fe

3
O
4
) were separated

and purified by centrifugation at 10,000 rpm for 10min. The
purification and centrifugation process were repeated 4-5
times for removing nonbonded cysteamine.Then cysteamine
functionalized Au-Fe

3
O
4
core-shell NPs were redispersed

in PB (50mM, pH 7.0) solution. Cysteamine forms a self-
assembled layer onAu-Fe

3
O
4
NPswhich providesNH

2
group

to bind favorably with COOH functional group of the poly-
clonal r-IgG antibodies during immobilization. The r-IgG
antibodies are mixed with Cys-Au-Fe

3
O
4
solution in 1 : 3 (v/v

ratio) [34], followed by addition of 0.2M EDC and 0.05M
NHS for the activation of –COOH group present in antibody.
Further to block the nonspecific sites on the r-IgG-Cys-Au-
Fe
3
O
4
conjugates, 100 𝜇L BSA (1mgmL−1) was added and

incubated for 2 h at 25∘C. The mixture was centrifuged at
10,000 rpm for 10min and washed for 4-5 times. Finally,
the r-IgG-Cys-Au-Fe

3
O
4
conjugate was resuspended in PB

(50mM, pH 7.4) and stored at 4∘C until use.

2.6. Fabrication of AFB1/BSA/aAFB1/4-ATP/Au Immunosen-
sor. Pretreated quartz crystal was immersed in 2mM solu-
tion of 4-ATP in ethanol for 24 h at 25∘C for SAM formation.
However, a uniform and steady 4-ATP filmwas obtained [35].
The crystal was subsequently washed with ethanol followed
by rinsingwithwater to remove any unboundATPmolecules.
10 𝜇L of the monoclonal anti-aflatoxin B1 (aAFB1) antibody,
activated with 0.2M EDC and 0.05M NHS for about 2 h,
was spread over the electrode and incubated overnight at 4∘C
for the amide bond formation between aAFB1 and 4-ATP. In
this study, optimized concentration of 40 𝜇gmL−1 of aAFB1
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was used. The nonspecific sites of fabricated immunoelec-
trodes were blocked with BSA (1mgmL−1). These fabricated
BSA/aAFB1/4-ATP/Au immunoelectrodes were exposed to
saturated concentration of AFB1 (5 ngmL−1) for 35min at
25∘C.

2.7. Pretreatment and Analysis of Cereal Samples. The cereal
samples (corn flakes) were spiked after the treatment.
Corn flakes samples were crushed to powder using a
hand-held blender. 2 g of powdered cereals was added to
methanol : water (7 : 3, v/v) solution on a sonication bath for
45min. The extract was centrifuged for 7min at 5000 rpm
to remove the solids. The supernatants were collected and
allowed to evaporate to dryness under nitrogen at 25∘C. The
residues were resuspended in 5mL PBS and filtered through
0.45 𝜇m nylon membranes [36]. Finally, extract was spiked
with the different concentrations of 0.05, 2, and 5 ngmL−1 of
aAFB1.

2.8. Instrumentation. The resonant frequency of quartz
crystal and electrochemical studies were monitored
by Autolab Potentiostat/Galvanostat Model AUT83945
(PGSTAT302N). The electrochemical quartz crystal cyclic
voltammetric (EQCM-CV) studies were carried out in a
three-electrode cell using modified quartz crystal as the
working electrode, gold wire as the auxiliary electrode, and
saturated Ag/AgCl as the reference electrode in PBS (50mM,
pH 7.4, 0.9% NaCl) containing 5mM [Fe(CN)

6
]3−/4−

as a redox species. The Au-Fe
3
O
4

core-shell magnetic
nanoparticleswere characterized by scanning electronmicro-
scopy (ZEISS EVO-18), vibrating sample magnetometer
(VSM) (Microsense, ADE-Model EV9), transmission
electron microscopy (JEOL JEM (Model 1200F)), and
X-ray diffractometer from Bruker AXS (XRD). The
structural and surface morphological characterizations of
4-ATP/Au, aAFB1/4-ATP/Au, BSA/aAFB1/4-ATP/Au, and
AFB1/BSA/aAFB1/4-ATP/Au electrode were carried out
using Fourier transform infrared spectroscopy (FT-IR,
Perkin-Elmer, Model 2000), scanning electron microscopy
(ZEISS EVO-18), and Autolab Potentiostat/Galvanostat
Model AUT83945 (PGSTAT302N).

3. Results and Discussion

3.1. Characterization of Fe
3
O
4
and Au-Fe

3
O
4
Core-Shell Struc-

ture. Figure 1(a) shows the UV-Visible absorption spectrum
of pure magnetic Fe

3
O
4
NPs, Au NPs, and Au-Fe

3
O
4
(curve

(c)) core-shell NPs. Typical absorption spectra of pure Fe
3
O
4

NPs (curve (a)) exhibit absorption edge at ∼340 nm. The
absorption peak seen at 324 nm and the sharp absorption
maxima at 527 nm (curve (b)) are assigned for pure Au NPs
exhibiting strong absorption that is dependent on the size and
shape of particles. For spherical nanoparticles, the absorption
bandmaximumgenerally falls between about 520 and 532 nm
[37].The UV-Visible absorption spectrum of Au-Fe

3
O
4
core-

shell (curve (c)) structure shows a broad peak at 532 nm.The
shifting of peak position towards longer wavelengths (red
shift) and disappearance of peak edge arise due to Fe

3
O
4
,

indicating the formation of bimetallic core-shell structure
with the existence of Fe

3
O
4
as core. Au covers the Fe

3
O
4
NPs

surface and provides a broad shifted peak at 532 nm due to
inherent surface plasmon resonance property of Au NPs.

The magnetic properties of Fe
3
O
4
NPs and Au-Fe

3
O
4

core-shell structure were analyzed by vibrating sample mag-
netometer (VSM) at 17 K. Figure 1(b) shows the hysteresis
loop measured for the Fe

3
O
4
NPs (curve (a)), Fe

3
O
4
NPs in

citrate buffer (curve (b)), and Au-Fe
3
O
4
core-shell structure

(curve (c)). The values of saturated magnetization from
the hysteresis curve of the pure Fe

3
O
4
NPs and Fe

3
O
4

NPs in buffer were found to be 0.0028 and 0.0085 emu/g,
respectively, at 17 K. The saturated magnetization of Fe

3
O
4

NPs dispersed in citrate buffer was increased by ∼4 times
compared with the precipitated Fe

3
O
4
NPs indicating uni-

form dispersion of Fe
3
O
4
particles in citrate buffer. In the

dispersed form, each NP acts like a tiny magnet, resulting in
a higher magnetic moment density than that of precipitated
Fe
3
O
4
NPs.The saturated specificmagnetization ofAu-Fe

3
O
4

core-shell structure decreases to 0.0022 emu/g. This decrease
may be due to the fact that the gold is a nonmagneticmaterial,
which could decrease the saturated specific magnetization
[38] indicating that the gold was successfully coated on Fe

3
O
4

NPs to form Au-Fe
3
O
4
core shell.

EQCM-CV (Figure 1(c)) of Fe
3
O
4
NPs dispersion and

Au-Fe
3
O
4
NPs were studied in PBS buffer (50mM, pH 7.4,

0.9% NaCl) containing 5mM [Fe(CN)
6
]3−/4−. 100 𝜇L of NPs

dispersion was added to buffer to conduct CV at a scan
rate of 100mV/s in the potential range of −0.2 to 0.8 V
{Figure 1(c) (a, b, and c)}. Curve (a) represents the EQCM-CV
of [Fe(CN)

6
]3−/4− redox system in PBS buffer.Themagnitude

of the peak current increases after adding Fe
3
O
4
NPs (curve

(b)) which further increases on adding Au-Fe
3
O
4
core shell

(curve (c)) showing an enhanced electron transform rate
through the medium to surface of electrode and confirming
the Au is successfully coated onto Fe

3
O
4
NPs.

To confirm the formation of Au-Fe
3
O
4
NPs, EDX analysis

has been studied for elemental composition in Fe
3
O
4
andAu-

Fe
3
O
4
NPs. Figure 2(a) (images (A) and (B) for Fe

3
O
4
and

Au-Fe
3
O
4
NPs) shows the presence of Fe peak at 6.8 keV and

absence ofAupeak in image (A),while image (B) shows peaks
both for Au at 2.4 keV and 9.5 keV and for Fe at 0.58 keV,
6.5 keV, and 7.1 keV, respectively. The weight percentage of
these elements, shown as insets of respective images, indicates
the presence of corresponding elements.

Figure 2(b) shows the TEM images of Fe
3
O
4
NPs, Fe

3
O
4

NPs in citrate buffer, and Au-Fe
3
O
4
NPs.The average particle

size of Fe
3
O
4
NPs, Fe

3
O
4
NPs in citrate buffer, and Au-

Fe
3
O
4
NPs was ∼8 nm, ∼13 nm, and ∼19 nm, respectively.

Figure 2(b), image (A), shows Fe
3
O
4
NPs overlap each other,

while image (B) shows the uniform distribution of Fe
3
O
4
NPs

in ionic citrate buffer. It reveals that in buffer solution ionic
citrate layer surrounds the Fe

3
O
4
NPs. Image (C) presents

the Au-Fe
3
O
4
core-shell NPs having bilayer structure with a

dark center surrounded by a lighter layer. The molecular 𝑑
spacing is 0.48 nm for darker part and 0.23 nm (from ImageJ
software) for light part of shell.The lattice distancesmeasured
for the shell correspond to the known Au lattice parameters
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Figure 1: (a) UV-Visible spectra of (a) Fe
3
O
4
, (b) Au NPs, and (c) Au- Fe

3
O
4
NPs. (b) VSM of (a) Fe

3
O
4
, (b) Fe

3
O
4
in citrate buffer, and (c)

Au-Fe
3
O
4
NPs. (c) CV of (a) bare Au crystal, (b) Fe

3
O
4
, and (c) Au-Fe

3
O
4
NPs in PBS containing [Fe(CN)

6
]3−/4−.

for the (111) plane and thosemeasured for the corematch well
the Fe

3
O
4
lattice parameters for the (311) plane. The presence

of these two phases is also confirmed by X-ray diffraction
(XRD) analysis. The XRD pattern of the Fe

3
O
4
NPs and Au-

Fe
3
O
4
core-shell NPs, demonstrated in Figures 2(c) (a) and

2(c) (b), shows diffraction peaks at 2𝜃 30.15∘, 35.76∘, 43.2∘,
53.6∘, 57.6∘, and 62.96∘ for Fe

3
O
4
which exhibit indexed (220),

(311), (400), (422), (511), and (440). ForAu-Fe
3
O
4
(graph (b)),

the characteristic peaks seen at 38.28∘, 44.43∘, 59.1∘, 64.70∘,
and 77.81∘, marked by their indices (111), (200), (220), (311),
and (222), are observed indicating that the Fe

3
O
4
in Au-

Fe
3
O
4
NPs resembles pure Fe

3
O
4
with a spinal hexagonal

structure [39, 40].

3.2. Characterization of r-IgG-Cys-Au-Fe
3
O
4
. The conju-

gate formation of r-IgG-Cys-Au-Fe
3
O
4
was confirmed by

UV-absorption spectroscopy (Figure 3(a)). The absorbance
maxima for the pure r-IgG antibody solution appear at
250 nm (curve (a)) whereas the r-IgG-Cys-Au-Fe

3
O
4
con-

jugate shows two peaks observed at 258 nm for r-IgG and
529 nm for Au-Fe

3
O
4
(curve (b)). Broadening in peaks and

slight red shift are also observed in both peaks due to
increased size of NPs. These results indicate that the r-IgG
antibodies are immobilized onto the surface of the Cys-Au-
Fe
3
O
4
core-shell structure. Scheme 1 represents the formation

of r-IgG-Cys-Au-Fe
3
O
4
conjugate.

The EQCM-CV (Figure 3(b)) of cysteamine function-
alized Au-Fe

3
O
4
NPs and r-IgG- Au-Fe

3
O
4
conjugate cor-

roborates the fabrication of secondary antibody conjugate
with Au-Fe

3
O
4
NPs. EQCM-CV was studied in PBS buffer

(50mM, pH7.4, 0.9%NaCl) containing 5mM[Fe(CN)
6
]3−/4−

at a scan rate of 100mV/s in the potential range of −0.2
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Figure 2: (a) EDX of (A) Fe
3
O
4
NPs and (B) Au-Fe

3
O
4
NPs. (b) TEM image of (A) Fe

3
O
4
, (B) Fe

3
O
4
in buffer, and (C) Au-Fe

3
O
4
NPs. (c)

XRD of (a) Fe
3
O
4
and (b) Au-Fe

3
O
4
NPs.

to 0.8V {Figure 3(b) (a, b, and c)}. 100 𝜇L of conjugate
dispersion was added to the buffer to conduct CV of
conjugates. Curve (a) represents the EQCM-CV of Au-
Fe
3
O
4
nanoparticles in [Fe(CN)

6
]3−/4− redox system in PBS

buffer. The magnitude of the peak current decreases after
functionalization ofAu-Fe

3
O
4
nanoparticles with cysteamine

(curve (b)); decrease in current occurs due to the insulating
nature of cysteamine. The EQCM-CV of r-IgG-Au-Fe

3
O
4

conjugate (curve (c)) in [Fe(CN)
6
]3−/4− redox system results

in increase in current, due to the presence of carboxyl and
amine group throughout the IgG antibodies indicating the
formation of r-IgG-Cys-Au-Fe

3
O
4
conjugates.
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Figure 3: (a) UV-Visible spectra of (a) r-IgG antibody and (b) r-IgG-Cys-Au-Fe

3
O
4
conjugate. (b) CV of (a) Au-Fe

3
O
4
NPs, (b) Cys-Au-Fe

3
O
4

NPs, and (c) r-IgG-Cys-Au-Fe
3
O
4
conjugate in PBS (pH 7.4) containing [Fe(CN)

6
]3−/4−.

Functional group

r-IgG antibody

Au-Fe3O4 nanoparticles
nanoparticles

Functionalised Au-Fe3O4 r-IgI-Au-Fe3O4

Scheme 1: Scheme representing the formation of r-IgG-Cys-Au-Fe
3
O
4
conjugate.

3.3. Characterization of the Immunosensor

3.3.1. Electrochemical Characterization of the Immunoe-
lectrode. EQCM-CV shows both frequency and current
changes. Figure 4(a) represents the change in frequency of
QCM (Δ𝐹) after the SAM deposition of 4-ATP on the bare
gold crystal surface obtained at a scan rate of 100mV/s in
the potential range of −0.2 to 0.8 V. The cleaned bare quartz
crystal was taken as a reference. The frequency changes
increase as mass increases on the electrode surface; the
continuous increase inmass reveals the successive deposition
of electrode.

Table 1 shows the list ofmass deposition over the electrode
at each layer. The successive deposition of various layers
on Au quartz crystal is understood by mass change of
206.50 ng cm−2 for 4-ATP, 268.71 ng cm−2 for aAFB1 antibod-
ies, and 396.196 ng cm−2 for BSA/aAFB1/4-ATP/Au electrode,
respectively. After the competition the electrode surfacemass
increases drastically due to the formation of sandwiched
between secondary antibody conjugate andmonoclonal anti-
bodies (r-IgG-Cys-Au-Fe

3
O
4
/AFB1/BSA/aAFB1/4-ATP/Au)

Table 1: Change in frequency and mass during the fabrication of
r-IgG-Cys-Au-Fe3O4/AFB1/BSA/aAFB1/4-ATP/Au electrode.

S. number Electrode name
Frequency
change
(Hz)

Mass
change

(ng cm−2)
1 4-ATP/Au 16.83 206.50
2 aAFB1/4-ATP/Au 21.19 268.71
3 BSA/aAFB1/4-ATP/Au 32.29 396.19

4
r-IgG-Cys-Au-

Fe3O4/AFB1/BSA/aAFB1/4-
ATP/Au

136.2 1668.71

over the electrode (Table 1). These results are supported with
EQCM-CV.

EQCM-CV (Figure 4(b)) was conducted in PBS (50mM,
pH 7.4, 0.9% NaCl) containing 5mM [Fe(CN)

6
]3−/4− as a

redox species at a scan rate of 100mV/s in the potential range
of −0.2 to 0.8 V. Figure 4(b) shows CV of [Fe(CN)

6
]3−/4− of
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/AFB1/BSA/aAFB1/4-ATP/Au and (D) EDX of r-IgG-Cys-Au-Fe

3
O
4
/AFB1/

BSA/aAFB1/4-ATP/Au immunoelectrodes.
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a bare Au QCM electrode (curve (a)), 4-ATP/Au electrode
(curve (b)), aAFB1/4-ATP/Au electrode (curve (c)), and
BSA/aAFB1/4-ATP/Au electrode (curve (d)). After the SAM
deposition, the magnitude of anodic peak current (2.49 ×
10−4 A) decreases (curve (b)), due to the insulating properties
of the thin layer of thiol which hinders the electronmovement
through electrode of the gold surface. The presence of aAFB1
over the surface enhances the peak current up to 6.48 ×
10−4 A (curve (c)) due to the presence of polar groups of
antibody such as carboxyl and amine moieties. There is a
slight decrease in the magnitude of current response (6.17
× 10−4 A) after immobilization of BSA onto the surface
of AFB1/4-ATP/Au electrode, indicating enhanced electron-
transfer barriers introduced upon assembly of BSA layer.
After the competition, the magnitude of current increases
(8.31 × 10−4) due to the presence of r-IgG-Cys-Au-Fe

3
O
4

conjugate over the surface of AFB1/BSA/aAFB1/4-ATP/Au
immunoelectrode. It reveals that the IgG antibodies interact
with AFB1 coated over the surface.

3.3.2. SEM Studies. The surface morphological studies of
aAFB1/4-ATP/Au, AFB1/BSA/aAFB1/4-ATP/Au, and r-IgG-
Cys-Au-Fe

3
O
4
/AFB1/BSA/aAFB1/4-ATP/Au electrodes and

immunoelectrodes were examined by scanning electron
microscopy (SEM). Figure 4(c) represents the surface mor-
phology of aAFB1/4-ATP/Au electrode (image (A)), showing
highly dense globular morphology with bright streaks con-
firming the immobilization of aAFB1 onto 4-ATP/Au surface.
Figure 4(c), image (B), shows the surface morphology of
AFB1/BSA/aAFB1/4-ATP/Au electrode surface.Themorpho-
logical changes in the SEM image after incubation of AFB1
indicate the binding of AFB1 to the aAFB1/4-ATP/Au elec-
trode surface. Image (C) shows the surface morphology of r-
IgG-Cys-Au-Fe

3
O
4
/AFB1/BSA/aAFB1/4-ATP/Au immuno-

electrode and the surface is saturated with r-IgG-Cys-
Au-Fe

3
O
4
conjugate. Inset image (image (C)) shows the

morphology of r-IgG-Cys-Au-Fe
3
O
4
/AFB1/BSA/aAFB1/4-

ATP/Au at high magnification. It reveals that the secondary
antibody interacts with coated antigen and forms sandwich
like structure. Further, this fact is confirmed by EDX of
this surface (Figure 4(c), image (D)) containing Fe and Au
metal along with other elements and the weight% shown
in image (D) (inset table). The presence of these elements
confirms the interaction of secondary antibody r-IgG-Cys-
Au-Fe

3
O
4
conjugate over the AFB1/BSA/aAFB1/4-ATP/Au

immunoelectrode.

3.3.3. Atomic Force Microscopy (AFM). Topographic images
were taken by AFM in noncontact mode (1𝜇m × 1 𝜇m
surface). In order to compare the topologies of each surface,
surface roughness (𝑅

𝑎
) and root mean square roughness

(𝑅
𝑞
) were estimated from the AFM images [41]. Figure 5

represents surface morphology of the bare Au (Figure 5(a)),
4-ATP/Au (Figure 5(b)), aAFB1/4-ATP/Au (Figure 5(c)),
AFB1/BSA/aAFB1/4-ATP/Au (Figure 5(d)), and r-IgG-Cys-
Au-Fe

3
O
4
/AFB1/BSA/aAFB1/4-ATP/Au (Figure 5(e)) based

immunosensors. The 𝑅
𝑎
and 𝑅

𝑞
values and surface topology

for the bare gold surface and 4-ATP/Au electrode are similar.

Therefore, it can be assumed that a highly ordered anddensely
packed self-assembled layer of 4-ATP appears on the gold
surface [42]. The drastic increase of surface roughness of
aAFB1/4-ATP/Au (Figure 4(c)) as indicated by the values
of 𝑅
𝑎
(6.669 nm from 0.934 nm) and 𝑅

𝑞
(2.109 nm from

0.195 nm) clearly demonstrates immobilization of the mono-
clonal aAFB1 antibody onto 4-ATP/Au electrode surface.The
increase in 𝑅

𝑎
and 𝑅

𝑞
of aAFB1/4-ATP/Au immunosensor is

attributed to the configuration and presence of paratope on
antibody. After immobilization of BSA to block nonspecific
sites, surface roughness further increases as observed by 𝑅

𝑎

and 𝑅
𝑞
values of 7.217 nm and 2.6 nm, respectively (image not

shown), which was also supported by SEM image. The 𝑅
𝑎

and 𝑅
𝑞
values have been found to be reduced to 1.895 nm

and 0.563 nm of AFB1/BSA/aAFB1/4-ATP/Au (image 5(d))
after the interaction of antigen with the immobilized anti-
body. Therefore, sandwiched structure (image 5(e)) of Au
NP functionalized secondary antibody, antigen, and mono-
clonal antibody (r-IgG-Cys-Au-Fe

3
O
4
/AFB1/BSA/aAFB1/4-

ATP/Au) is demonstrated by the rough surface topology and
the 𝑅
𝑎
(5.25 nm) and 𝑅

𝑞
(6.39 nm) values.

3.3.4. FT-IR Studies. Figure 6 demonstrates FT-IR spectrum
of the thiol monolayer between 500 and 3000 cm−1. The
formation of a covalent gold-sulfur bond reveals the presence
of the large band in the range of 624–640 cm−1 assigned to
C–S stretching mode (spectrum (a)). The observed bands at
804 cm−1 and 1461 cm−1 and broad band at 3340 cm−1 due
to =C–H deformation of the benzene ring, aromatic –C=C–
in-plane vibrations, and N–H vibration of NH

2
confirm the

presence of 4-ATP on Au surfaces. After immobilization of
aAFB1 on 4-ATP/Au electrode surface, the appearance of
intense amide bands is characteristic of protein adsorption,
amide I band at 1687 cm−1 corresponding to carbonyl C=O
stretching vibration and amide II band at 1594 cm−1 due to the
coupled C–N stretching, and –N–H bending mode indicates
successful immobilization of monoclonal antibodies [43]
(Figure 6, spectrum (b)). Figure 6 (spectrum (c)) represents
FT-IR spectrum of AFB1/BSA/aAFB1/4-ATP/Au, that is, after
recognition of AFB1 by BSA/aAFB1/4-ATP/Au immunosen-
sor. The presence of 1474 cm−1 for methyl adjacent to epoxy
ring, 1308 cm−1 for in-plane –CH bending of phenyl in
Figure 6 (spectrum (c)), clearly indicates the presence of
AFB1 on the surface of aAFB1/4-ATP/Au surface [42]. The
bands at 1098 cm−1 for symmetric stretching of =C–O–C
or symmetric bending of phenyl and 938 cm−1 for possibly
isolated H further confirm interaction between coated AFB1-
aAFB1 on the immunosensor surface. The band at 3414 cm−1
due to –N–H stretching of NH

2
group of the antibody almost

disappears in the spectrum of AFB1/BSA/aAFB1/4-ATP/Au
(Figure 6, (c)) indicating strong interaction between the
antigen epitope and paratope of the antibody.

3.3.5. Response Studies of the Immunosensor. The sensitivity
and detection limit of an immunosensor depend on antibody
loading. Prior to sensing studies, we have optimized all the
parameters like the concentration of aAFB1 (40 𝜇gmL−1),
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Figure 5: AFM images: topography image and height profiles of (a) bare Au, (b) 4-ATP/Au, (c) aAFB1/4-ATP/Au, (d) AFB1/BSA/aAFB1/4-
ATP/Au, and (e) r-IgG-Cys-Au-Fe

3
O
4
/AFB1/BSA/aAFB1/4-ATP/Au immunosensor.
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Figure 6: FT-IR of (a) 4-ATP/Au, (b) aAFB1/4-ATP/Au, and (c)
AFB1/BSA/aAFB1/4-ATP/Au immunoelectrodes.

incubation time (30–35min), and pH (7.4) in our previous
study [35]. Further the concentration of r-IgG antibodies
was optimized at 10–50𝜇gmL−1 (Figure 7(a)). Figure 7(a)
shows the current response of AFB1/BSA/aAFB1/4ATP/Au
electrode with varying (different solution, 10–50𝜇gmL−1)
concentration of r-IgG-Cys-Au-Fe

3
O
4
conjugate, current

response increasing from 10 to 30 𝜇gmL−1 after that decrease
in current was observed, due to steric hindrance of conjugate
or overloading of conjugates. Finally, 30 𝜇gmL−1 concen-
tration of r-IgG-Cys-Au-Fe

3
O
4
conjugate was applied over

the AFB1/BSA/aAFB1/4ATP/Au electrode for all the exper-
iments.

Both competitive and noncompetitive strategies have
been investigated. In case of competitive mode, the BSA/
aAFB1/4-ATP/Au immunoelectrodes were fully covered with
saturated concentration of AFB1 solution. Then the same
(AFB1/BSA/aAFB1/4-ATP/Au) was allowed to interact with
optimized concentration (30 𝜇gmL−1) of secondary antibody
conjugate (r-IgG-Cys-Au-Fe

3
O
4
) and free AFB1 with varying

concentration. Finally, the response in the sandwiched form
was recorded with EQCM-CV after washing with PB in
N
2
atmosphere. During the competition process, secondary

antibodies easily access free AFB1, while the rest of the r-
IgG-Cys-Au-Fe

3
O
4
conjugates form sandwiched structure

with the coated AFB1, respectively. Figure 7(b) shows cal-
ibration curve as a function of AFB1 concentration, linear
range obtained from 0.05–5 ngmL−1 after which it decreases
revealing that at 5 ngmL−1 concentration becomes saturated.
The inset of Figure 7(b) shows the peak current intensity of
the redoxmediator is inversely proportional to the amount of
free AFB1 in the sample and the peak current decreases with
increase in concentration of AFB1. Scheme 2 represents the
formation of this competitive sandwich type immunoelec-
trode. Each value is obtained in triplicate experiments and

regression equation is obtained with a regression coefficient
of ca. 0.98:

𝐼 (A) = (6.93× 10−4 A) − 9.40× 10−5 Ang−1mL

× [AFB1] ngmL−1.
(1)

This corresponds to the sensitivity of ca.
335.7 𝜇Ang−1mL cm−2 for AFB1 with a calculated detection
limit of 0.07 ngmL−1.

For noncompetitive mode, BSA/aAFB1/4-ATP/Au
immunoelectrode was allowed to interact with increasing
concentration of AFB1. After the interaction, the same
(AFB1/BSA/aAFB1/4-ATP/Au) electrode was again
exposed to optimum concentration of r-IgG-Cys-Au-Fe

3
O
4

conjugate to form sandwiched structure (r-IgG-Cys-Au-
Fe
3
O
4
/AFB1/BSA/aAFB1/4-ATP/Au). Figure 7(c) shows

calibration curve as a function of AFB1 concentration,
linear range obtained from 0.5–5 ngmL−1, after which
it decreases revealing that at 5 ngmL−1 concentration it
becomes saturated. In this case, the peak current increases
(Figure 7(c) inset) with increasing concentration of AFB1
as the concentration of r-IgG-Cys-Au-Fe

3
O
4

conjugate
also increases enhancing the electron transfer through the
medium by virtue of the presence of Au-Fe

3
O
4
nanoparticles

on conjugate. All experiments were performed with triplicate
measurements and the temperature was controlled at 25∘C.
The calibration curve shows range of 0.5 to 5 ngmL−1 with
calculated LOD of 0.9 ngmL−1 for the noncompetitive mode.
However, the regression coefficient is 0.933 and the linear
equation is as follows:

(A) = (6.82× 10−4 A) + 3.47× 10−5 Ang−1mL

× [AFB1] ngmL−1.
(2)

This corresponds to the sensitivity of ca.
123.9 𝜇Ang−1mL cm−2. It reveals that the competitive
mode offers a wider linear range, higher sensitivity, and
lower LOD and corresponds to higher regression coefficient
in spite of identical nature of coated AFB1 and free AFB1.

3.3.6. Real Sample Testing and Selectivity of Immunoelectrode.
To evaluate the applicability of the developed immunosensor
to real sample analysis, corn flakes samples were spiked with
various concentrations of AFB1. For this the corn flakes
sample extracted with a methanolic solution of potassium
bicarbonate was exploited as a real sample. Evaporation to
dryness and final reconstitution in PBS buffer were necessary
to avoid the inhibition of the antibody-antigen binding
caused bymethanol.The extract samplewas spikedwith three
different concentrations of AFB1 (0.05, 2, and 5 ngmL−1) to
examine the applicability of the proposed probe.During these
experiments, the AFB1/BSA/aAFB1/4-ATP/Au immunosen-
sor was dipped in the cell containing a mixture of dif-
ferent concentration of AFB1 spiked extracted sample and
fixed amount of r-IgG-Cys/Au-Fe

3
O
4
in PBS and incubated

for 35min. The EQCM-CV of AFB1/BSA/aAFB1/4-ATP/Au
immunosensor was examined with the corn flakes extract
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in PBS, which reflects the minimum interference. Varia-
tion of peak current in blank and corn flakes extract is
[Figure 8(a) (bars (1) and (2))] within 5%. It indicates that
the AFB1/BSA/aAFB1/4-ATP/Au immunosensor shows the
specificity towards the AFB1 antigen, not inflated with other
constituents present in the corn flakes sample. However, the
response of the AFB1/BSA/aAFB1/4-ATP/Au immunosensor

changes when the corn flakes sample contains AFB1 and
magnitude of the anodic peak further decreases as the AFB1
concentration increases in the corn flakes sample.The results
obtained with this extracted solution in PBS and result
from standard PBS within 3–5% variations show that the
developed immunosensor is highly specific to AFB1; it avoids
interference of other materials present in corn flakes extracts.
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Figure 7: (a) CV of the AFB1/BSA/aAFB1/4-ATP/Au immunoelectrode with respect to the r-IgG-Cys-Au-Fe
3
O
4
concentration: (a)

10𝜇gmL−1, (b) 20 𝜇gmL−1, (c) 30 𝜇gmL−1, (d) 40 𝜇gmL−1, and (e) 50 𝜇gmL−1, in PBS (50mM, pH 7.4, 0.9%NaCl) containing [Fe(CN)
6
]3−/4−

(5mM). (b) Calibration curve for competitive detection of AFB1. Inset (b) shows (i) CVof theAFB1/BSA/aAFB1/4-ATP/Au immunoelectrode
with respect to the AFB1 concentration (0.05−5 ngmL−1). (c) Calibration curve for noncompetitive detection of AFB1. Inset (c) shows (i) CV
of the AFB1/BSA/aAFB1/4-ATP/Au immunoelectrode with respect to the AFB1 concentration (0.5−5 ngmL−1).

3.3.7. Reproducibility, Shelf Life, and Regeneration of Immu-
noelectrode. The reproducibility of the proposed immuno-
electrode was estimated by repetitive measurement of immu-
noelectrode with current response using 2 ngmL−1 standard
AFB1 solutions in PBS (50mM,pH7.4, 0.9%NaCl, containing
5mM [Fe(CN)

6
]3−/4−). The results obtained in 5 repeated

measurements show a relative standard deviation (RSD) of
2–3%, indicating that the obtained data are reproducible.
These results demonstrate the acceptable reproducibility and
precision of the proposed immunosensor. In addition, the
immunosensor could be stored at 4∘C for shelf life study.The
stability of the BSA/aAFB1/4-ATP/Au immunoelectrode was

evaluated by EQCM-CV study and the current response in
the presence of 2 ngmL−1 standard AFB1 solution in PBS
(50mM, pH 7.4, 0.9% NaCl) was monitored at a regular
interval of 7 days (Figure 8(b)).The immunoelectrode retains
its activity up to 28 days with 5–7% decrease in activity. 95%
of the initial response was left remaining after 1 week and
90% of the initial response was left remaining after 1 month,
indicating acceptable stability.

The immunosensor can be regenerated (Scheme 2) using
an external strong magnet to remove the immuno-r-IgG-
Cys-Au-Fe

3
O
4
conjugate (i.e., r-IgG-Cys-Au-Fe

3
O
4
)
.
It was

observed that the reagent-free regeneration method could
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Figure 8: (a) Bar chart of frequency change for corn flakes sample with addition of AFB1 concentration. (b) Shelf life study of
immunoelectrode with EQCM-CV at 7-day interval.

regenerate the immunosensor up to 15-16 times with 2-3%
loss in activity using a fixed concentration of AFB1.

4. Conclusions

In the present study, a reusable immunoelectrode is devel-
oped using self-assembled 4-ATP on quartz crystal electrode.
EQCM measurement technique is applied to determine
the response current of sandwiched structure comprising
BSA/aAFB1/4-ATP/Au immunoelectrode, AFB1, and r-IgG-
Cys-Au-Fe

3
O
4
. The regeneration of the immunoelectrode is

done after removing the AFB1 attached with r-IgG-Cys-Au-
Fe
3
O
4
through external magnet. The immunosensor can be

regenerated about 15-16 times with 2-3% loss of activity. We
have compared the competitive and noncompetitivemethods
for the determination of the AFB1. It has been observed that
the competitive mode has offered wider linear range of 0.05–
5 ngmL−1 with the limit of detection of 0.07 ngmL−1 and
higher sensitivity than the noncompetitive one while coated
AFB1 and free AFB1 are identical in chemical structure. This
immunosensor is found to be highly promising for detection
of AFB1 in corn flakes samples. Therefore, the same principle
can be utilized for detection of other food toxins such asOTA,
OTB, fumonisins, and zearalenone and other smallmolecules
also.
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The core-shell structured Co
3
O
4
-PANI nanocomposites have been successfully prepared using an in situ polymerization method,

while the coreCo
3
O
4
nanoparticleswere synthesized by carbon-assistedmethodusing degreasing cotton as a template.Theobtained

samples were characterized by XRD, TEM, FTIR, and XPS. The results indicated that the amorphous PANI was well covered on
the surface of the spinel Co

3
O
4
and the Co

3
O
4
-PANI with core-shell structure was formed with particle size of about 100 nm.

The interfacial interaction of the core-shell nanocomposite greatly enhances the microwave absorption properties. The maximum
reflection loss of Co

3
O
4
-PANI is up to −45.8 dB at 11.7 GHz with a thickness of 2.5mm and the adsorption bandwidth with the

reflection loss below−10 dB reaches 14.1 GHz ranging from 3.9 to 18GHzwhen the thickness is between 2 and 5.5mm.Therefore, the
facilely synthesized and low-cost Co

3
O
4
-PANI nanocomposite with superior microwave absorption properties can be a promising

nanomaterial for high efficient microwave absorption.

1. Introduction

With the wide use of electronic devices, the electromagnetic
pollution has been a growing threat to the stable running
of electronically controlled systems and more importantly
to our healthy life [1, 2]. Considerable attention has been
attracted to the study on the high efficient and inexpensive
microwave absorbing materials [3, 4]. Of all the discovered
microwave absorbing materials, due to its electric conduc-
tivity, lightweight, flexibility, stability, and ease of synthe-
sis, polyaniline (PANI), as a traditional practical poly-
mer, has been extensively employed in the synthesis of
promising microwave absorbers, for instance, PANI-NiZn,
PANI-CoFe

2
O
4
, PANI- Fe

3
O
4
-graphene, and PANI-Fe

3
O
4
-

MWCNTs [5–8].
Co
3
O
4
is a normal spinel structured crystal with Co3+

occupying octahedral sites and Co2+ in tetrahedral sites

within the lattice [9]. Co
3
O
4
can act as a functional material

in various fields, such as catalysts, lithium ion batteries,
supercapacitor, and chemical sensors [10–15]. Recent stud-
ies have demonstrated that Co

3
O
4
can also be used as

excellent microwave absorption material. The porous Co-
Co
3
O
4
hybrid hollow spheres synthesized by Wu et al. can

absorb microwave with maximum reflection loss of −18.5 dB
at 6.5 GHz when the thickness is 5.00mm [16]. The 2D
Co
3
O
4
@C@PGC fabricated byWen et al. shows bettermicro-

wave absorption properties [2]. The maximum reflection
loss is −32.3 dB at 11.4 GHz with thickness of 2.3mm. The
CoO
𝑥
/CFs composite investigated by Liu et al. exhibits excel-

lent microwave absorption performances [17]. The lowest
reflectivity is−45.16 dB at 13.41 GHzwith 1.5mm in thickness.
TheRGO-Co

3
O
4
, PANI-RGO-Co

3
O
4
, and PPy-RGO-Co

3
O
4

nanocomposites researched by Liu et al. have maximum
reflection losses of −43.7 dB at 13.8 GHz (with a thickness
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of 3.3mm), −32.6 dB at 6.3 GHz (with a thickness of 3mm),
and −33.5 dB at 15.8 GHz (with a thickness of 2.5mm),
respectively [18–20].

In this work, we report a core-shell structured Co
3
O
4
-

PANInanocompositewith amaximumreflection loss of up to
−45.8 dB at 11.7 GHz when its thickness is 2.5mm. The core-
shell Co

3
O
4
-PANI was synthesized by a facile, inexpensive,

and scalable method and characterized by XRD, TEM,
FTIR, and XPS. The behaviors of microwave absorption of
Co
3
O
4
-PANIwere investigated and themicrowave absorbing

mechanisms were also discussed.

2. Experimental

2.1. Preparation of Co3O4-PANI Nanocomposites. The spinel
Co
3
O
4
was synthesized by carbon-assisted method using

degreasing cotton as a template. 17.46 g Co(NO
3
)
2
⋅6H
2
O was

dissolved in 20mL deionized water with magnetic stirring
for 10min. Then 1.5 g degreasing cotton was immersed in the
blood red solution and ultrasonicated for 10min to disperse
the ions on the degreasing cotton homogeneously. Then the
treated degreasing cotton was transferred into a quartz Petri
dish in the tube furnace (OTF-1200X-III, Heifei, China) and
calcined at 600∘C for 2 h in air to obtain Co

3
O
4
nanoparticles.

The core-shell Co
3
O
4
-PANI nanocomposite was pre-

pared by an in situ polymerizationmethod. 0.9 g preprepared
Co
3
O
4
was added into 5mL of 2mol/L HCl diluted by 50mL

deionized water and kept for 1 h in an ultrasonic bath. Then
1.6mL aniline was mixed in the solution and stirred vigor-
ously for 30min. The aqueous solution of (NH

4
)
2
S
2
O
8
(APS,

4.56 g was dissolved in 50mL deionized water) was slowly
added to the above mixture and stirred for 10 h.The obtained
precipitate was filtered and washed with HCl, methanol, and
deionized water in sequence repeatedly until the precipitate
is neutral. Finally, the precipitate was dried at 60∘C for 24 h
and the Co

3
O
4
-PANI nanocomposite was obtained.

2.2. Characterization. The X-ray powder diffraction (XRD)
was carried out using a Bruker D8 with Cu K𝛼 (𝜆 = 1.5406 Å)
radiation at 40 eV in the 2𝜃 of 20–80∘. The morphology was
observed by transmission electron microscopy (TEM, JEOL
JEM-2011). Fourier transform infrared spectroscopy (FTIR)
was recorded fromKBr pellets in the range of 500–4000 cm−1
on an Avatar 360 spectrometer. X-ray photoelectron spectro-
scopy (XPS) wasmeasured on an ESCALAB 250Xi spectrom-
eterwith a standardAlK𝛼 radiationwith the binding energies
calibrated based on the contaminant carbon (C1s = 284.6 eV).

In order to measure the electromagnetic parameters, the
samples were prepared by uniformly mixing the prepared
nanomaterials with a paraffin matrix in the mass ratio of 1 : 1
and then pressing themixture into a toroidal shaped compact
(Φouter = 7.00mm and Φinner = 3.04mm). The electromag-
netic parameters of the as-obtained samples were measured
in the frequency range of 2.0–18.0GHz by an Agilent HP-
8722ES vector network analyzer.

3. Results and Discussions

The XRD patterns of Co
3
O
4
and Co

3
O
4
-PANI are shown in

Figure 1. In the pattern of Co
3
O
4
, it can be observed that

the diffraction peaks of Co
3
O
4
at 2𝜃 = 31.3, 36.9, 38.5, 44.8,
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Figure 1: XRD patterns of Co
3
O
4
and Co

3
O
4
-PANI.

55.6, 59.3, 65.2, and 77.3 can be assigned to the (220), (311),
(222), (400), (422), (511), (440), and (533) planes of Co

3
O
4
,

respectively, which is in accordance with JCPDS card of the
standard spinel cubic Co

3
O
4
(JCPDS number 42-1467) [21].

The crystallite size with respect to (311) peak of Co
3
O
4
has

been calculated by the Scherrer relation and is estimated to
be 56.6 nm. In the pattern ofCo

3
O
4
-PANI, comparing to pure

Co
3
O
4
, all peaks of Co

3
O
4
become weaker and the peaks at

2𝜃 = 38.5, 55.6, and 77.3 are even too weak to be observed,
which is on account of the PANI coating. There is a small
hump when 2𝜃 is below 30. This is due to the periodicity
parallel and perpendicular to the polymer chains which
indicates the polyaniline is amorphous [22, 23]. The absence
of the peaks of PANI in Co

3
O
4
-PANI nanocomposites is due

to the presence of Co
3
O
4
which has a great effect on forming

PANI during the coating process. The interaction of PANI
and Co

3
O
4
in the interface blocks the crystallization of PANI

[24]. Both the weakness of Co
3
O
4
peaks and the lack of the

PANI peaks in Co
3
O
4
-PANI prove that Co

3
O
4
nanoparticles

are well coated by PANI.
To investigate the morphology and structure of the

products, TEM images were taken for Co
3
O
4
and Co

3
O
4
-

PANI and the corresponding results are presented in Figure 2.
Figure 2(a) shows that the Co

3
O
4
nanoparticles with a rela-

tively small size are obtained. The edges are clear and round.
It indicates that the particles are approximately spherical or
ellipsoidal. The average size of nanoparticles is about 60 nm,
which is consistentwith the calculation fromXRDmentioned
above. From Figure 2(b), we can see that a lot of wrinkled
forms cover on the Co

3
O
4
dark cores. The edges of particles

are quite blur and amorphous, which is attributed to PANI.
The formation of amorphous PANI supports the explanation
about the lack of PANI peaks in Co

3
O
4
-PANI discussed

before. After coating with PANI, the particle sizes of the core-
shell nanocomposites are around 100 nm. It can be observed
in Figures 2(c) and 2(d) that the measured lattice spacing
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Figure 2: TEM images of Co
3
O
4
(a) and Co

3
O
4
-PANI (b). HRTEM images of Co

3
O
4
(c) and Co

3
O
4
-PANI (d).

is 4.66 Å which is in line with the (111) interplanar distance
of the Co

3
O
4
[12]. The HRTEM analysis shows clear and

continuous lattice fringes which further confirm the good
crystal structure of prepared Co

3
O
4
.

The FTIR spectra of Co
3
O
4
and Co

3
O
4
-PANI are shown

in Figure 3. The sharp peaks at 572 and 661 cm−1 in the
spectrum of Co

3
O
4
are associated with the OB

3
(B represents

Co3+ in an octahedral hole) and the ABO (A represents the
Co2+ in a tetrahedral hole) vibrations in the spinel lattice,
respectively [25, 26]. Both Co

3
O
4
and Co

3
O
4
-PANI have two

peaks at 1118 and 1398 cm−1.Thepeak at 1118 cm−1 is attributed
to the stretching vibrations of C–O and CO

3

2− anions. They
are introduced by the burn of degreasing cotton during the
preparation procedure of Co

3
O
4
. The peak at 1398 cm−1 is

corresponding to the stretching vibration of NO
3

−, which
is due to the residue of Co(NO

3
)
3
[12]. The peaks at 1642

and 3465 cm−1 in the spectrum of Co
3
O
4
are assigned to

molecular water and O–H [27]. In the spectrum of Co
3
O
4
-

PANI, other than the influence of molecular water and O–
H, the bands at 1644 and 3446 cm−1 are also affected by
the quinoid ring and N–H stretching of PANI, separately
[24, 28, 29]. In the spectrum of Co

3
O
4
-PANI, the very small
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Figure 3: FT-IR spectra of Co
3
O
4
and Co

3
O
4
-PANI.

peaks between 1118 and 1644 cm−1 are due to the existence
of PANI. The absence of the characteristic peaks of Co

3
O
4
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Figure 4: XPS spectra of Co

3
O
4
(a) and Co

3
O
4
-PANI (b).

shows that the PANI is completely coated on the Co
3
O
4
and

has an impact on the surface of Co
3
O
4
. The analysis above

suggests that it is not a simple mix between Co
3
O
4
and PANI

but rather an interaction existing at the interfaces of Co
3
O
4

nanoparticles and PANI [30].
The XPS spectra of Co

3
O
4
and Co

3
O
4
-PANI nanoparti-

cles are presented in Figure 4. In Figure 4(a), the spectrum
of Co

3
O
4
samples shows the existence of cobalt, oxygen,

and carbon elements at the surface. Two peaks at 780.4 and
795.4 eV correspond to Co2p

3/2
andCo2p

1/2
spin-orbit peaks

of Co
3
O
4
, which are characteristic of the Co

3
O
4
phase [31].

The O1s peak centered at 529.8 eV is assigned to the lattice
oxygen in the Co

3
O
4
phase. The relatively small peak C1s at

284.6 eV is ascribed to elemental carbon which results from
the insufficient burning of degreasing cotton. In Figure 4(b),
it can be observed that there are chlorine, carbon, nitrogen,
oxygen, and cobalt elements presented at the surface of
Co
3
O
4
-PANI samples.TheCl2p peak at 198.4 eV indicates the

existence of Cl− which is due to the HCl solution used in the
synthesis of Co

3
O
4
-PANI [32].TheC1s andN1s peaks at 285.5

and 400.2 eV are attributed to the C–N and –NH– from the
PANI backbone [33, 34]. The O1s peak at 532.4 eV is ascribed
to hydroxide ions adsorbed on the surface. The characteristic
peaks of Co

3
O
4
at 780.4 and 795.4 eV are very weak. It can

be inferred that Co
3
O
4
core is well covered by PANI and the

core-shell Co
3
O
4
-PANI nanocomposite is well synthesized.

To study the microwave absorption properties, reflection
loss (𝑅

𝐿
) can be used to characterize the microwave absorp-

tion capacity, which is affected by morphology, dielectric and
magnetic properties, electromagnetic impedance match, and
chemical stability of the absorber. 𝑅

𝐿
is calculated according

to the transmission line theory [35]:

𝑅

𝐿 (
dB) = 20 log

















𝑍in − 𝑍0
𝑍in + 𝑍0

















,

𝑍in = 𝑍0√
𝜇

𝑟

𝜀

𝑟

tanh [𝑗 (
2𝜋𝑓𝑑

𝑐

)
√
𝜇

𝑟
𝜀

𝑟
] ,

(1)

where 𝑍in is the input impedance of the absorber, 𝑍
0
is the

input impedance of air, 𝜇
𝑟
and 𝜀
𝑟
are, respectively, the relative

complex permeability and permittivity, 𝑓 is the frequency of
the electromagnetic waves, 𝑑 is the thickness of the absorber,
𝑐 is the velocity of electromagnetic waves in free space, and
𝑅

𝐿
(dB) is the reflection loss of the absorber.
Figure 5 shows the relationship between reflection loss

and frequency in different thickness for the obtained samples.
In Figure 5(a), it can be observed that the 𝑅

𝐿
of Co
3
O
4
is no

more than −6 dB when its thickness ranges from 2 to 5.5mm,
and the maximum 𝑅

𝐿
is only −6.0 dB at the frequency of

8.3 GHz with a thickness of 5.5mm. This demonstrates that
the Co

3
O
4
sample exhibits a very weak ability to absorb

microwave. In Figure 5(b), it can be found that themicrowave
absorption properties of Co

3
O
4
are significantly enhanced by

PANI coating.The reflection loss of Co
3
O
4
-PANI is less than

−10 dB (90% of microwave absorption) over the frequency
range of 3.9–18GHz when the thickness of sample is between
2mm and 5.5mm. The maximum 𝑅

𝐿
of Co

3
O
4
-PANI is

up to −45.8 dB at 11.7 GHz and the absorption bandwidths
corresponding to the 𝑅

𝐿
values below −10 dB are 5.8GHz

(from 9.6 to 14.4GHz) when its thickness is 2.5mm. It is
well known that microwave absorption capability relies on
the nature shape and size of an absorber [36]. The excellent
microwave absorption properties may be due to the special
structure and geometrical morphology of the nanocomposite
prepared by applying PANI coating on Co

3
O
4
. Furthermore,

the thickness of the samples is another critical factor affect-
ing the intensity and the position of the frequency at the
maximum reflection losses [37]. It can be seen that the
maximum 𝑅

𝐿
values obviously shift to the lower frequency

as the thickness increases from 2 to 5.5mm. They also move
to the smaller intensity except the maximum 𝑅

𝐿
value with a

thickness of 2.5mm, which has the maximal intensity of all.
To investigate the microwave absorption mechanism of

the Co
3
O
4
-PANI, the relative complex permittivity, perme-

ability, and loss tangent of Co
3
O
4
and Co

3
O
4
-PANI are
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Figure 5: Microwave reflection loss of Co
3
O
4
(a) and Co

3
O
4
-PANI (b).

presented in Figure 6 to characterize dielectric loss and
magnetic loss properties of absorbers. In Figure 6(a), the
real (𝜀) and imaginary (𝜀) parts of relative permittivity of
Co
3
O
4
are around 3.5 and 0.5, respectively, and both of the

two parameters change slowly as the frequency increases.
They decrease relatively fast when frequency increases from
2 to 6GHz and then tend to stabilize with some fluctuations.
The fluctuations are related to the resonance behavior caused
by the charge polarization of Co

3
O
4
[38]. Comparing to

Co
3
O
4
, Co
3
O
4
-PANI has much higher and more unstable

𝜀

 and 𝜀 values (Figure 6(b)). The high values are partially
due to the strong polarization in PANI generated from
polaron/bipolaron and other bound charges [3]. But PANI
itself cannot improve the permittivity that much [30, 39].The
interfacial interaction between the PANI and Co

3
O
4
core has

a great effect on the permittivity, which is attributed to a large
number of interfacial polarization charges [2, 40]. Both the
𝜀

 and 𝜀 values decrease rapidly with frequency increasing
from 2 to 6GHz. 𝜀 keeps declining until the frequency
reaches 18GHz, but 𝜀 stops decreasing at the frequency of
12GHz and then has a slight rise.The variation of permittivity
with frequency can be explained by the interfacial relaxation
between Co

3
O
4
cores and PANI shells, as well as the Debye

relaxation of PANI [3, 41]. As the applied field alters, the
charges redistribute alternatively between Co

3
O
4
cores and

PANI shells, and the dipoles in nanocomposites cannot
reorient themselves along with the field.

By comparing the relative permeability of Figures 6(c)
and 6(d), it is clearly shown that PANI coating almost has
no influence on the permeability of Co

3
O
4
-PANI nanocom-

posite. The real (𝜇) and imaginary (𝜇) parts of relative
permittivity of Co

3
O
4
are slightly above 1.0 and below 0.1,

respectively. Being almost identical to those of Co
3
O
4
, the

real and imaginary parts of relative permittivity of Co
3
O
4
-

PANI fluctuate around 1.0 and 0.1, separately. The small
difference may be caused by the interfacial interaction where
the motion of charges produces an induced magnetic field.
The small values indicate that both Co

3
O
4
and Co

3
O
4
-PANI

show a very weak magnetic loss.
Figures 6(e) and 6(f) show the loss tangent of Co

3
O
4
and

Co
3
O
4
-PANI. Apparently, the dielectric loss tangent (tan 𝛿

𝜀
=

𝜀


/𝜀

) is much larger than themagnetic loss tangent (tan 𝛿
𝜇
=

𝜇


/𝜇

) for both Co
3
O
4
-PANI and Co

3
O
4
. This indicates that

the main absorption mechanism of Co
3
O
4
-PANI and Co

3
O
4

is dielectric loss. The dielectric loss of Co
3
O
4
-PANI is nearly

four times as high as that of Co
3
O
4
.The interfacial interaction

between the Co
3
O
4
cores and PANI shells greatly affects

the dielectric loss of Co
3
O
4
-PANI as discussed above. So

it can be concluded that the core-shell structure makes a
major contribution to the excellent microwave absorption
properties of Co

3
O
4
-PANI.

4. Conclusion

The Co
3
O
4
nanoparticle has been synthesized by carbon-

assisted method using degreasing cotton as a template and
coated with PANI using an in situ polymerization method.
The XRD, TEM, FTIR, and XPS characterizations show
that the Co

3
O
4
nanoparticle prepared is the spinel struc-

ture with average size of around 60 nm and the Co
3
O
4
-PANI

nanocomposite is the core-shell structure with particle size of
about 100 nm.Comparing toCo

3
O
4
, the core-shell structured

Co
3
O
4
-PANI exhibits greatly enhanced microwave absorp-

tion properties.The optimal absorption peak of Co
3
O
4
-PANI
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Figure 6: The complex relative permittivity of Co
3
O
4
(a) and Co

3
O
4
-PANI (b), the complex relative permeability of Co

3
O
4
(c) and Co

3
O
4
-

PANI (d), and the loss tangent of Co
3
O
4
(e) and Co

3
O
4
-PANI (f).
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reaches −45.8 dB at 11.7 GHz with a thickness of 2.5mm and
the adsorption bandwidth corresponding to the reflection
loss below −10 dB is 14.1 GHz (from 3.9 to 18GHz) when the
thickness is between 2 and 5.5mm. This is believed to be
due to the interfacial interaction of the core-shell structure.
The microwave absorption properties of Co

3
O
4
-PANI may

be further optimized by varying the ratio of Co
3
O
4
core and

PANI shell during the synthesis process in the future work.
The superior microwave absorption properties demonstrate
that the core-shell structured Co

3
O
4
-PANI nanocomposite

can be a promising nanomaterial for high efficientmicrowave
absorption.
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A green method, using pulsed spark discharge (PSD) to synthesize colloidal gold, is studied in this thesis. PSD uses spark discharge
to synthesize gold nanoparticles (AuNPs) in deionized water (DIW) and/or ethanol (EtOH). While gold nanoparticles have
widespread applications in many fields, especially for the human body, in use them must overcome the influence of NaCl and
pH value; therefore, this study adds NaCl into PSD-AuNPs to simulate the human body to study its stability. Furthermore, a variety
of protectants are added in an attempt to determine the best protectant for AuNPs and improve biologically compatible potency.
From the results of this study, adding the long-chain-polymer Carboxymethyl cellulose (CMC) or Polyvinyl pyrrolidone (PVP-k30)
can prevent nanogold from aggregation and precipitation in NaCl or different pH value andmaintain the characteristic of nanogold
dispersion by raising the repulsive force between the particles. The results of this study can be a reference of nanogold applying in
biomedical science.

1. Introduction

The pulse spark discharge (PSD) method is developed and
used to fabricate the AuNPs solution [1–5], which involves
a pulse current being passed through two gold electrodes [6–
8], which are submerged in deionized water or ethanol. Many
methods of producing AuNPs include the introduction of
surfactants in order to improve the suspension of the gold
particles. However, gold nanoparticles fabricated by the pulse
spark discharge (PSD) method in deionized water or ethanol
without any surfactants or stabilizers are characterized as a
stable colloid, which can be stored for a long term in a glass
container at room temperature without visible sedimentation
(no apparent precipitate). The DIW nanogold is safe for the
human body, such as target therapy and drug carriers; this
studywill propose the experiments and simulate results of the
colloidal gold [9–13] within the NaCl and pH test.

Gold nanoparticles are widely applied in the human
body but require overcoming the impacts of NaCl and pH
value. Gold number [14] is defined as the amount (mg)
of polymer required to prevent the aggregation of 10 cm3
of gold solution with 1 cm3 10% NaCl added. This study

also proposes an effective gold number method (a more
efficient version of Zsigmondy’s [15] method is conducted in
the experiment performed here) in order to determine the
gold number of potential colloidal gold stabilizers. Instead of
varying the amount of surfactant added, increasing amounts
of NaCl are added into a solution of colloidal gold with
0.1mg of stabilizer, thus simulating continuous titrations.
Also, the photothermal effect of AuNPs can also be used as
a cancer treatment [16]. The superior biological piezoelectric
biosensors can be produced, through biocompatibility, the
electrical conductivity and the high surface area of nanogold
particles [17]. The properties of nanoparticles can apply to
metal to produce beneficial reaction of catalytic [18]. This
study simulates the human body or normal saline in NaCl
in order to discuss the impacts on gold nanoparticles of
DIW nanogold, under various biologically compatible pro-
tective agents, for improving biologically compatible potency.
The impacts on, and variations in, suspension of pH value
of gold nanoparticles (DIW nanogold, chem. nanogold,
and ethanol nanogold) fabricated by other methods, as
well as the changes of absorbance and wavelength, are
compared.
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Figure 1: Flow chart of (a) Zsigmondy’s method and (b) more efficient version of Zsigmondy’s method.

2. Experimental Setup

This study utilizes the developed PSD system as a preparation
method; the principle is to use a bar material (Au), which
will be generated into nanometal material as top and bottom
electrodes; there exists no direct contact between the two
electrodes; thus, there is no physical force produced between
the two; however, by using electricity converted into heat
energy, a kind of hot melting method of electrode rapidly
melting is created.The chamber is themain processing center.
Deionized water, which has good insulativity, or ethanol,
is used as dielectric liquid. The top and bottom electrodes
are submerged into dielectric liquid to cause the generated
nanoparticles to spread evenly and be directly stored in the
dielectric liquid.

2.1. Preparation for NaCl Test. The fourteen agents listed in
Table 1 were tested for their ability to maintain gold colloidal
suspension. With the simulation of NaCl in proportions sim-
ilar to those in human body fluids (0.9%), or the proportion
of NaCl in normal saline, colloidal gold ismixedwith a highly
concentrated NaCl solution, which results in Na+ and Cl−
ions attacking the surface electric potential of the AuNPs.
With the loss of their zeta potential, the nanoparticles lose
their mutual repulsion and agglomerate. In order to avoid
the destruction of zeta potential, the use of an adequate
protecting agent is required so that the gold colloid can

Table 1: Types of stabilizing agents.

Item # Name
S(1) Propylene glycol alginate
S(2) Sodium alginate
S(3) Animal glue
S(4) Gelatin L-150
S(5) Guar gum S-200
S(6) Xanthan gum
S(7) CMC (carboxymethyl cellulose)
S(8) Pectin
S(9) CMC (carboxymethyl cellulose, antiacid)
S(10) Carrageenan
S(11) SDS (sodium dodecyl sulfate)
S(12) PVP-k30 (polyvinyl pyrrolidone)
S(13) Citric acid
S(14) Glycine

survive in such an ion-rich solution. This study analyzed the
impacts of various protecting agents (must be biocompatible
for use in medicinal applications) on the agglomerate of
PSDAuNPs-DIW and the agent can be used as protecting
agent for PSD-AuNPsDIW.

First, 10mL of the 30 ppm colloidal gold solution is placed
into each of the 15 containers, numberedAu(0)∼Au(14); then,
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Figure 2: Flow chart of pH effect analysis for DIW nanogold, chem. nanogold, and ethanol nanogold.

a second set is prepared by placing 10mg of the 14 stabilizers
into 10mL of DIW for a 0.1% (w/v) concentration, which
are labeled S(1)∼S(14). Then, 0.1mL is taken from each of
S(1)∼S(14) and placed into Au(1)∼Au(14) so that 0.1mg of
the agent is present. No agents are added into Au(0), the
control solution. A mixture of 1 g anhydrous salt, with 10mL
of water, is used for titrations in the amount of 0.1mL (per
round), and color change is noted after each titration. Add
0.1mL of the 10% NaCl solution in each round. After the
tenth round, the proportion of NaCl (1/11) is the amount
seen, on average, in human body fluids (0.9%); therefore,
the experiment can be stopped at that point. The continuous
titrations will show, through level of color change, which
stabilizer is themost effective. Figure 1 presents the flow chart
of (a) Zsigmondy’smethod and (b) presents themore efficient
version of Zsigmondy’s method.

2.2. Preparation of pH Test. For ethanol nanogold, ethanol
nanogold (ethanol(1/2) + DIW(1/2)), DIW nanogold, and
chem. nanogold, six bottles of 10ml of each kind are used
as a sample group. Each sample group adds HCl for acid
tests and NaOH for base tests, and then the change of
pH, visual observation of sample group, color changes, and
agglomerate are observed. UV-Vis analysis is conducted for
nonagglomerated samples and the pH effects on absorbance
and wavenumber are analyzed, in order to gain further
understanding of the relationships between the suspension

of various gold nanoparticles and pH. Figure 2 presents
the flow chart of pH effect analysis for DIW nanogold,
chem. nanogold, and ethanol nanogold.

3. Results and Discussion

3.1. Results and Discussion of NaCl Test. Table 2 displays the
number of rounds each surfactant required before a major
color change was observed. Once one was observed, no more
rounds of NaCl were added.

Reference is round 0: if color change is observed after the
stabilizer is mixed with colloidal gold, but before any NaCl
is added, round 0 is recorded. The statues are analyzed as
follows:

(1) Nanogold particles which change color just after the
salt solution is added: Au(6) and Au(10).

(2) Nanogold particles that aggregated, precipitated, or
turned white: Au(2) and Au(11).

(3) Nanogold particles that turned blue-violet: Au(1),
Au(3), Au(4), Au(5), Au(8), Au(9), Au(13), and
Au(14).

(4) Nanogold particles which did not agglomerate: Au(7)
and Au(12).

It is therefore determined that CMC and PVP-k30 solutions
provide the best protection against agglomeration in colloidal
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Figure 3: (a) SPR, (b) absorbance, and (c) wavelength versus pH of chem. nanogold.

Table 2: Number of NaCl rounds.

Item # Surfactant (0.1mg) NaCl (10−1mL)
Au(0) No surfactant 1
Au(1) Propylene glycol alginate 6
Au(2) Sodium alginate 1
Au(3) Animal glue 3
Au(4) Gelatin L-150 5
Au(5) Guar gum S-200 8
Au(6) Xanthan gum 0
Au(7) CMC (carboxymethyl cellulose) 10
Au(8) Pectin 7
Au(9) CMC (antiacid) 7
Au(10) Carrageenan 0
Au(11) SDS (sodium dodecyl sulfate) 2
Au(12) PVP-k30 (polyvinyl pyrrolidone) 10
Au(13) Citric acid 2
Au(14) Glycine 2

nanogold. Of these, CMC is the safer choice, as it presents no
harm to the human body and is even used in some food items
to maintain a food-particle suspension.

3.2. Results and Discussion of pH Test. Chem. nanogold at
HCl and NaOH condition, the relation of absorbance and
wavelength with pH, as shown in Figures 3(a), 3(b), and 3(c).
AuNPs-DIW at HCl and NaOH condition, the relation of
absorbance and wavelength with pH, as shown in Figures
4(a), 4(b), and 4(c). Ethanol nanogold at HCl and NaOH
condition, the relation of absorbance and wavelength with
pH, as shown in Figures 5(a), 5(b), and 5(c). Table 3 shows
absorbance and wavelength deviation at different nanogold
versus pH.

In pH test, the higher pHwill cause the optical property of
AuNPs to have a blue shift of the peak wavelength, indicating
that the suspension capacity can be improved when the gold
nanoparticles are in an alkalic environment.

Table 3 shows absorption and wavelength of colloidal
nanogold in different pH value. As shown in Figures 3(c),
4(c), 5(c), and 6(c), in acid liquid, the wavelength of colloidal
nanogold is longer, which is red shifting. The zeta potential
is lower and also the Debye Length is shorter. These cause
the nanogold particles to assemble and precipitate. In alkalic
liquid, the wavelength of colloidal nanogold is shorter, which
is blue shifting. The absorption of UV-Vis is higher and
the zeta potential is higher. Also, the Debye Length is
longer. These cause the nanogold particles to disperse. As the
results show, in alkali liquid, the nanogold particles are more
separated. Under the circumstances of pH 13 and 2, the UV
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Figure 4: (a) SPR, (b) absorbance, and (c) wavelength versus pH of AuNPs-DIW.

absorption value of colloidal nanogold is 0 where it appears
that the AuNPs drop to the bottom of the container.

4. Conclusions

A method of spark discharge (PSD) for producing gold
nanoparticles in organic or inorganic medium (ethanol/
water) without additives is proposed. The most significant
contribution of this PSD method research is the capability
to directly fabricate gold nanoparticles with different particle
sizes and shapes in different medium. Moreover, the gold
nanoparticles produced through PSD method were well-
dispersed and form a stable suspension for an extended
period of time. Generally, to obtain stable suspension of
colloidal gold, the chemical preparation method requires
posttreatments (e.g., heating, dialysis, and purification), as
well as long preparation and waiting time. This PSD tech-
nique does not require complicated pretreatment or any
chemical additive and can instantly achieve stable suspension
of gold colloid solution.

In this study, adding or not adding different kinds of
surfactant and adding different concentration of NaCl to see
the different color changes are discussed. It is determined

Table 3: Absorbance and wavelength deviation at different
nanogold versus pH.

Nanogold/item pH value Absorbance Wavelength (nm)

Chem. nanogold 3.1∼11.5 Increase From 527 to 522

AuNPs-DIW 2.5∼10.8 Increase From 534 to 527

Ethanol nanogold 7.1∼11.5 Increase From 544 to 534
Ethanol nanogold
(1/2 ethanol + 1/2
DIW)

3.1∼10.5 No change From 540 to 520

under what condition the colloidal nanogold is better in the
combination of surfactant and NaCl. The result of NaCl test
by using the modified gold 15 number method is therefore
determined that CMC and PVP-k30 solutions provide the
best protection against agglomeration in colloidal nanogold.
Of these, CMC is the safer choice as it presents no harm to the
human body and is even used in some food items tomaintain
a food-particle suspension. This study uses the UV-Vis to
observe the absorption of the different pH value. The results
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Figure 5: (a) SPR, (b) absorbance, and (c) wavelength versus pH of
ethanol nanogold.

show that, in acid liquid, thewavelength of colloidal nanogold
is longer, which is red shifting. The absorption of UV-Vis
is lower. Also, the Debye Length is shorter. These cause the
nanogold particles to assemble and precipitate. In alkalic
liquid, the wavelength of colloidal nanogold is shorter, which
is blue shifting. The absorption of UV-Vis is higher. Also, the
Debye Length is longer.These cause the nanogold particles to
disperse. In addition, the result of pH test shows that a higher
pH will cause the optical property of AuNPs to have a blue
shift of the peak wavelength, indicating that the suspension
capacity can be improved when the gold nanoparticles are
in an alkalic environment. The results of this study can be a
reference of nanogold applying in biomedical science.
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Figure 6: (a) SPR, (b) absorbance, and (c) wavelength versus pH of
ethanol nanogold (1/2 ethanol + 1/2 DIW).
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The presence of colloidal particles is known to increase the thermal conductivity of base fluids. The shape and structure of the
solid particles are important in determining the magnitude of enhancement. Spherical particles—the only shape for which analytic
theories exist—produce the smallest enhancement. Nonspherical shapes, including clusters formed by colloidal aggregation,
provide substantially higher enhancements. We conduct a numerical study of the thermal conductivity of nonspherical structures
dispersed in a liquid at fixed volume fraction in order to identify structural features that promote the conduction of heat. We find
that elongated structures provide high enhancements, especially if they are long enough to create a solid network (colloidal gel).
Cross-linking further enhances thermal transport by directing heat in multiple directions. The most efficient structure is the one
formed by hollow spheres consisting of a solid shell and a core filled by the fluid. In both dispersed and aggregated forms, hollow
spheres provide enhancements that approach the theoretical limit set by Maxwell’s theory.

1. Introduction

Common fluids used in heating/cooling processes have very
low thermal conductivity in comparison to solidmaterials [1].
Adding nanoparticles results in considerable improvement
of the fluid thermal properties [2, 3]. While solid particles
of any size will increase the thermal conductivity of the
base fluid, there is a great interest in nanoparticles due
to practical considerations associated with the production
of stable suspensions that resist precipitation. Adding to
this practical concern is a number of experimental reports
of unusually large but often inconsistent increases of the
thermal conductivity when working with nanoparticles [3],
which have motivated various hypotheses as to the micro-
scopic origins of these behaviors [4, 5]. Large enhancements
of the thermal conductivity have recently been associated
with aggregation [6–8]; however, analytical theories are not
equipped to address the conductivity of aggregated structures
quantitatively. The standard theoretical tool for conduction
in inhomogeneous media such as colloidal dispersions is
Maxwell’s mean field theory [9]. Maxwell’s result, originally
developed in the context of electrical conduction, gives the

conductivity of a dispersion of spheres in a continuous
medium:

𝑘 = 𝑘𝑓

2𝑘𝑓 + 𝑘𝑝 + 2𝜙𝑝 (𝑘𝑝 − 𝑘𝑓)

2𝑘𝑓 + 𝑘𝑝 − 𝜙𝑝 (𝑘𝑝 − 𝑘𝑓)
, (1)

where 𝑘 is the conductivity of the dispersion, 𝑘𝑝 is the
conductivity of the particles, 𝑘𝑓 is the conductivity of the
fluid, and 𝜙𝑝 is the volume fraction of the particles. As the
conductivity of solids is typically higher to much higher than
that of liquids, this equation predicts that the conductivity of
the dispersion is higher than that of the fluid. An even higher
conductivity is obtained if the roles of the solid and liquid are
inverted to produce a dispersion of liquid droplets inside a
continuous solid matrix with the same volume fraction. The
result is obtained by swapping 𝑘𝑝 and 𝑘𝑓 in (1) and replacing
𝜙𝑝 by 1 − 𝜙𝑝:

𝑘

= 𝑘𝑝

𝑘𝑓 (3 − 2𝜙𝑝) + 2𝜙𝑝𝑘𝑝

𝑘𝑓𝜙𝑝 + 𝑘𝑝 (3 − 𝜙𝑝)
. (2)

Equations (1) and (2) establish two limits for the thermal
conductivity of an inhomogeneous system composed of two
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phases at fixed volume fraction. The lower limit, (1), refers
to a dispersion of the more conductive phase in a medium
of low conductivity, whereas (2) refers to a dispersion of
the less conductive phase in a continuum formed by the
more conductive phase. Eapen et al. [7] suggested that (2)
can be viewed as an upper limit for a colloidal gel, whose
structure consists of a continuous solid network with regions
of liquid dispersed in the interior. The two bounds may be
taken then to represent the limits of fully dispersed particles
(lower limit) and a fully gelled colloid (upper limit), with
finite clusters falling in the space between these bounds.
Recently, Lotfizadeh et al. [8] confirmed this hypothesis by
showing that the thermal conductivity of a suspension at fixed
volume fraction of primary particles increases monotonically
with cluster size and reaches the upper limit of Maxwell’s
theory in the gel state. In a subsequent study, this behavior
was quantified via an analytic model based on Maxwell’s
theory [10]. This model, however, depends on a parameter
that reflects the structure of the cluster and which cannot be
obtained by analytic means.

Structural details of colloidal clusters are important
in determining the conductivity of the dispersion. While
Maxwell’s theory provides a baseline calculation for two
idealized limits, that of fully dispersed and that of fully
gelled states, for nearly all other cases theory is inadequate
and one must resort to numerical simulations. To evaluate
thermal conductivity of colloidal suspensions with different
properties including particles shape and size along with
investigating the effect of aggregation and cluster structure
using model configurations, we need to go beyond experi-
mental limitations and employ an accurate numerical model
to avoid colloidal complications. Inmacroscopic simulations,
large-scale structural effects can be captured. These simu-
lations can be done by different standard models to solve
the macroscopic conduction equation; however Monte Carlo
method is both fast and accurate and especially well suited for
complex geometries.

In this study we present a systematic investigation on the
thermal conductivity of nonspherical particles with special
interest in identifying structures that maximize conductivity
at fixed volume fraction of the solid and approach the
upper limit of the theory. We explore the range of validity
of Maxwell’s theory for different particle shapes, evaluate
thermal conductivity of solid particles, hollow particles as
well as rods, and other nonspherical shapes, and identify
the structures that produce maximum enhancement at fixed
volume fraction of the dispersed phase.

2. Monte Carlo Method for the Thermal
Conductivity of Clusters

Of the several methods available for the conductivity of
heterogeneous structures, Monte Carlo is particularly useful
because it allows the study of systemswith arbitrarily complex
geometries. InMonte Carlo we obtain the thermal conductiv-
ity of a two-phase system via the statistics of a biased random
walk along sites with different thermal conductivities. The
method as implemented here ignores the motion of the

particle through the fluid medium as well as all fluid-
mediated interactions between particles. We justify omitting
these factors for two reasons. The first one is that Maxwell’s
theory itself only considers conduction and neglects all other
mechanisms of heat transfer. In this respect the simulation
provides a direct comparison to the predictions of Maxwell’s
theory. The second reason is based on the previous experi-
mental and theoretical studies that show the enhancement
of the thermal conductivity of clustered dispersions is fully
captured by the conduction of heat along the solid backbone
of the cluster and that other mechanisms, if present, make
contributions that are at best within the error bounds of the
experimental measurements [6–8, 10–13].

The Monte Carlo method used here is based on the work
of Van Siclen [14]. The volume of the system (cluster in a
fluid) is discretized in cubic elements of equal size, each
element representing either fluid or particle. Heat walkers
are launched randomly inside the system and take unit steps
in one of 6 directions that exist in the discretized 3𝑑 lattice
chosen at random. Movement of the walker is biased by
the conductivity of the sites the walker is leaving from and
moving to with transition probability:

𝑝𝑖→ 𝑗 =
𝑘𝑗

𝑘𝑖 + 𝑘𝑗

, (3)

where 𝑘𝑖 is the conductivity of the current site and 𝑘𝑗 the
conductivity of the neighbor. Time is advanced by 1/𝑘𝑖 and
the process is repeated to produce a trajectory in time,
r(𝑡). The thermal diffusivity 𝐷 of the composite material is
obtained from the Einstein relationship [15]:

𝐷 = lim
𝜏→∞

1

6𝑡
⟨|r (𝑡 + 𝜏) r (𝑡)|2⟩ , (4)

and the conductivity is finally calculated from its relationship
with the thermal diffusivity, 𝑘 = 𝜌𝐶𝑃𝐷, where 𝐶𝑃 is
the heat capacity. The implementation of the method is
straightforward even for very complex solid structures and
has been used by many others in the study of the thermal
conduction in inhomogeneous media [15–19].

The dimensionless parameter that controls the conduc-
tivity of the suspension is the ratio of the solid-to-liquid
thermal conductivity. Oxide materials in typical fluids have
conductivity ratios in the range 2–50, and metallic particles
can reach values of the order of 100. The ratio 𝑘𝑝/𝑘𝑓 = 1 is
trivial and in this case the conductivity of the suspension is
identical to that of the fluid for all particle structures and solid
volume fractions. In the limit 𝑘𝑝/𝑘𝑓 → ∞, heat conduction
is entirely governed by the least conducting phase (liquid)
and is independent of the conductivity of the solid [10, 20].
In this study we use ratios in the range 2 to 50, roughly
corresponding to a range between aqueous dispersions of
silica (lower limit) and alumina (upper limit). The results are
qualitatively very similar to other ratios.

3. Results and Discussion

3.1. Validation of Numerical Simulation againstMaxwell’sThe-
ory. An important element of the simulation is the discretiza-
tion size of a unit element relative to the size of the spherical
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cle is composed of numerical simulations on thermal conductivity of
the suspensions with 𝑘𝑝/𝑘𝑓 = 20 at constant solid volume fraction
of 𝜙𝑝 = 0.1. The dashed line represents conductivity predicted by
Maxwell’s theory.

particle. In general, the smaller the discretization size, the
more accurate the simulation but also more computationally
intensive. It is common to represent primary solid particles by
a single lattice site [11, 21]; however, the numerical accuracy
of this simplification has not been reported in the literature.
Thus the first test is evaluating the thermal conductivity of
a single sphere within a unit lattice as a function of the
discretization size. The results are shown in Figure 1. As the
number of sites increases, the thermal conductivity of the
dispersion, reported as a ratio over the conductivity of the
fluid (we refer to this ratio as enhancement), increases and
converges to the value predicted by Maxwell’s theory. The
most coarse representation of the sphere by a single lattice
site underestimates the conductivity of the dispersion by 7%.
Approximating the sphere with 7 sites (three orthogonal rows
of 3 sites, each with a common center) produces results with
the same accuracy as a sphere composed of 100 sites. In
all subsequent simulations we use at least 7 lattice sites to
represent each primary particle. As further validation we
compute the conductivity of the dispersion as a function of
volume fraction up to a maximum fraction of 25%, shown
in Figure 2. These results are in excellent agreement with
Maxwell’s theory and further corroborate the findings of
Belova and Murch [21] who reported very good agreement
between simulation and Maxwell’s theory for all volume
fractions up to the point that particles begin to touch.

Figure 3 shows the conductivity of a dispersion at fixed
volume fraction of solid as a function of size of the dispersed
particles.The smaller particles aremade of less primary lattice
sites with maintaining the minimum sites required to keep
the simulation accurate. The conductivity in all cases is the
same and independent of the size of the dispersed spheres.
This behavior, an important element of Maxwell’s theory,
is reproduced accurately by the simulation. We also show
results for a dispersion of cubical particles at the same volume

Simulation
Maxwell’s theory

0.00 0.10 0.15 0.20 0.250.05
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Figure 2: Comparison of thermal conductivity between simulations
(points) and Maxwell’s theory (dashed line) for a well-dispersed
suspension of spherical particles at different volume fractions with
𝑘𝑝/𝑘𝑓 = 4. The dispersion consists of spherical particles each
represented by 7 lattice sites.
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Figure 3: Effect of particle size of spherical particles on thermal
conductivity of the solution at fixed volume fraction of𝜙𝑝 = 0.05 and
𝑘𝑝/𝑘𝑓 = 4. (a), (b), and (c) refer to spherical particles with different
sizes at fixed volume fraction; (d) is a dispersion of cubic particles
with the same volume fraction. The dashed line is Maxwell’s theory
for spheres.

fraction and observe that their thermal conductivity is within
error indistinguishable from that of spherical particles.

3.2. Hollow Particles: A First-Order Model for Clusters.
Maxwell’s original derivation is based on a concentric core-
shell model in which the core represents one phase (the dis-
persed solid) and the shell the other one (liquid) [9]. Maxwell
showed that this arrangement has the same conductivity as
a dispersion of spheres with the same volume fraction, a
result confirmed in Figure 3. The upper bound of Maxwell’s
theory is obtained by inverting the order of the phases; the
least conducting phase is now in the core and the most
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conductive one in the shell. This allows us to calculate the
conductivity of a suspension of hollow particles consisting
of a solid shell and a core that is filled with the suspending
fluid. The conductivity of a dispersion of hollow particles
is calculated analytically from Maxwell’s theory. First, the
conductivity of a single hollow particle with outer and inner
radii𝑅0 and𝑅𝑖, respectively, is obtained fromMaxwell’s upper
bound, (2), with 𝜙𝑝 being replaced by the solid fraction in the
hollow particle, 𝜙𝑖 = 1 − (𝑅𝑖/𝑅0)

3:

𝑘ℎ = 𝑘𝑝

𝑘𝑓 (3 − 2𝜙𝑖) + 2𝜙𝑖𝑘𝑝

𝑘𝑓𝜙𝑖 + 𝑘𝑝 (3 − 𝜙𝑖)
, (5)

where 𝜙𝑖 is the volume fraction of solid material inside the
hollow particle. The conductivity of a dispersion of these
hollow spheres at bulk volume fraction 𝜙ℎ (based on the outer
radius 𝑅0) is given by the lower bound of Maxwell’s theory
with 𝑘𝑝 being replaced by 𝑘ℎ and 𝜙𝑝 by 𝜙ℎ:

𝑘 = 𝑘𝑓

2𝑘𝑓 + 𝑘ℎ + 2𝜙ℎ (𝑘ℎ − 𝑘𝑓)

2𝑘𝑓 + 𝑘ℎ − 𝜙ℎ (𝑘ℎ − 𝑘𝑓)
. (6)

Thehollow sphere represents the simplestmodel of a colloidal
cluster.This model views the cluster as a “microgel” structure
consisting of an extended solid network that is modeled by
the solid shell and pockets of liquid within the cluster that are
represented by the core.

To test (6) by simulation, we calculate numerically the
conductivity of a dispersion of hollow spheres at a fixed
volume fraction of solid 𝜙 = 0.0656 with 𝑘𝑝/𝑘𝑓 = 20 as
a function of the ratio 𝑅𝑖/𝑅0. With 𝑅𝑖 = 0 we obtain a
dispersion of solid spheres at volume fraction 𝜙𝑝 = 0.0656.
As we increase the outer radius the thickness of the shell
is decreased to conserve the total amount of solid and
the corresponding volume fraction of the dispersed hollow
spheres is 𝜙ℎ = 𝜙/𝜙𝑖, corresponding to fixed volume fraction
of the solid phase 𝜙 = 0.0656. The results are shown in
Figure 4.The theoretical conductivity increases starting from
the lower Maxwell limit (𝑘/𝑘𝑓 = 1.1801) for spherical
particles at 𝜙𝑝 = 0.0656, 𝑘𝑝/𝑘𝑓 = 20, to the upper Maxwell
limit (𝑘/𝑘𝑓 = 1.868) at (𝑅𝑖/𝑅0)

3
= 1 − 𝜙 = 0.934. The Monte

Carlo simulation tracks this profile closely.
In inhomogeneous two-phase systems, thermal conduc-

tion is dominated by the phase that provides the longest
uninterrupted paths to heat transport. Given twomaterials of
different conductivities layered in a core-shell arrangement,
maximum conductivity is obtained when the most con-
ductive material surrounds the least conductive phase. The
smallest possible conductivity is achieved by reversing this
order. In fact, if the less conductive phase is a perfect insulator,
a core-shell particle with the insulator fully encapsulated will
still conduct heat, whereas the inverted structure (insulator
on the outside) is a perfect insulator. Generalizing this
principle, structures that place the most conductive phase
at the exterior while shielding the less conductive phase are
expected to produce enhanced thermal conductivity relative
to uniform dispersion of the more conductive phase. The
hollow sphere is an exact analytic model that bridges the
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Figure 4:Thermal conductivity of hollowparticles as the core radius
increases while the volume fraction of the solid shell is constant at
𝜙 = 6.5%with 𝑘𝑝/𝑘𝑓 = 20 (the maximum possible value of (𝑅𝑖/𝑅0)

3

is 1 − 𝜙 = 0.934 and is reached when the entire fluid is encapsulated
in the core of a hollow sphere). The line represents conductivity
predicted by Maxwell’s theory as explained in the text.

entire range of conductivities between the two bounds of
Maxwell’s theory. At the lower limitwe have a colloidal system
of fully dispersed spheres. The upper limit represents an
idealized system in which the entire fluid is found inside
the core of a single hollow sphere. Such system cannot be
made experimentally using primary spherical particles as its
building blocks. Nonetheless, one does not need to reach this
limit exactly to achieve high conductivity. With (𝑅𝑖/𝑅0)

3
=

0.75 (corresponding to a hollow particle whose core is 25% of
the total volume and the shell is 75%), the conductivity of the
suspension is 𝑘/𝑘𝑓 ≈ 1.79, about 30% above the lower bound
and within 60% of the upper limit. Therefore, significant
enhancements can be achievedwith structures that are within
experimental reach.

3.3. Rods. Among the many other structures that have been
studied, nanotubes and nanofibers are of special interest
as model structures for nonspherical particles. They can
be made out of materials with high thermal conductivity
and their anisotropic shape makes them potentially excellent
additives to thermal fluids [22–33]. Maxwell’s theory fails to
predict thermal behavior of these suspensions. For compact
nonspherical particles, the most common model is that of
Hamilton and Crosser [34], which is based on the work of
Fricke [35]. This model modifies Maxwell’s lower limit as
follows:

𝑘 =
(𝑛 − 1) 𝑘𝑓 + 𝑘𝑝 + (𝑛 − 1) 𝜙𝑝 (𝑘𝑝 − 𝑘𝑓)

(𝑛 − 1) 𝑘𝑓 + 𝑘𝑝 − 𝜙𝑝 (𝑘𝑝 − 𝑘𝑓)
. (7)

The shape of the particle is incorporated into the parameter
𝑛, whose general form is

𝑛 =
3

𝜓𝑎
. (8)
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Figure 5: Thermal conductivity of suspensions of rods with aspect
ratios in the range of 𝐿/2𝑅 = 0.5 to 𝐿/2𝑅 = 5 and, therefore,
shape factors between 𝑛 = 3 and 𝑛 = 6 in comparison to Maxwell’s
limiting bounds (dashed lines) at volume fractions of 𝜙𝑝 = 0.019
and 𝜙𝑝 = 0.039. The inset graph shows the comparison between
these simulated values (point) and Hamilton’s model (line).

Here, 𝜓 is the sphericity of the particle, defined as the surface
area of an equal volume sphere over the surface area of the
particle. In [35] the exponent 𝑎 is 1 for spheres, 2 for prolate
ellipsoids, and 1.5 for oblate ellipsoids. It is noted, however,
that the experiments of Hamilton and Crosser [34] were
better described with 𝑎 = 1 regardless of shape.

For nonspherical particles (𝜓 < 1) (7) gives conductivities
that are higher than that of spheres. To studyMaxwell’s range
of validity for asymmetric particles, investigating thermal
behavior of these particles and also validating Hamilton’s
model, simulations were established on rods with different
aspect ratios ranging from 𝐿/2𝑅 = 0.5 to 𝐿/2𝑅 = 5. The
conductivity ratio in these simulations is 𝑘𝑝/𝑘𝑓 = 10 and rods
are made of discretized cells.

The results in Figure 5 show that enhancement at fixed
volume fractions of 𝜙𝑝 = 0.019 and 𝜙𝑝 = 0.039 depends
on the aspect ratio of the rods and that as the aspect ratio
increases (sphericity decreases), conductivity increases above
Maxwell’s lower limit. Elongated particles such as rods and
fibers facilitate heat transport along their primary axis. Upon
increasing the aspect ratio, conductivity along the main axis
increases substantially, and even though transport along the
other two axes is decreased, the overall conductivity of the
suspension is higher than that of spheres at the same volume
fraction. Maximum enhancement is reached when the rod
becomes long enough to connect two opposite sides of the
cubic lattice. In our simulations, this occurs at 𝐿/2𝑅 = 5.
While the conductivity increases above that of the lower limit
inMaxwell’s theory, it stays below the upper limit, even when
the rod makes thermal contact between opposite ends of the
simulation volume. The simulation results are compared to
Hamilton’smodel in the inset in Figure 5. Excellent agreement
was observed with 𝑎 = 1.
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Figure 6: Effect of aggregation state and cluster configuration on
conductivity enhancement.Thermal conductivity of differentmodel
aggregates at 𝑘𝑝/𝑘𝑓 = 20 and solid volume fraction of 𝜙𝑝 = 0.1 are
presented. The last bar of the chart represents a structure created
from hollow particles with the same solid volume fraction as all
other structures. Structures 5–8make contact with opposite walls.

The general conclusion from these investigations is that
Maxwell’s lower limit can be employed for suspension of
monomers as long as we have symmetric shaped particles
such as cubes and spheres, including core-shell structures.
Anisotropic shapes, such as rods, cylinders, and ellipsoids,
enhance conductivity above Maxwell’s lower limit. Nonethe-
less, the enhancement is always found to lie below the
maximum limit of Maxwell’s theory.

3.4. Linear and Nonlinear Aggregates. Colloidal particles are
susceptible to aggregation, especially in nanofluids prepared
by dispersing dry particles in the fluid. Clusters are more
complex in structure than the cases considered so far because
of the random nature of contacts between the primary
particles that make up the cluster. As a result, clusters with
the same size (e.g., hydrodynamic radius) can have quite
different structures, for example, linear, packed, fractal, and
highly cross-linked. Althoughmany studies have investigated
different ways to create assemblies with controlled geometries
[36, 37], controlling cluster configuration is an experimental
challenge. MC simulations on the other hand enable us to
create model aggregates and investigate thermal conductivity
of such systems. This capability provides not only a tool
to find the exact conductivity in systems with complex
structures and different sizes but also a way to investigate the
effect of configuration and geometry in aggregated structures
on the conductivity.

Figure 6 shows thermal conductivity of different model
aggregates with 𝜙𝑝 = 0.1 and 𝑘𝑝/𝑘𝑓 = 20. The first four
bars of this figure show thermal conductivity of suspensions
containing linear clusters ranging from monomers to pen-
tamers. The linear pentamer is the largest linear aggregate
to fit in the simulation volume and makes thermal contact
between opposite sides of the simulation box. The other
clusters are formed by cross-linking linear chains in various
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symmetric forms. The Maxwell bounds are also marked in
this figure, the lower limit corresponding to the conductivity
of dispersed spheres (structure #1 in the graph). Conductivity
increases as the linear dimension increases, with pentameric
chains reaching a value that is about 20% above Maxwell’s
lower limit. As with rods, maximum enhancement is reached
when the chain makes thermal contact between opposite
sides of the simulation volume. While linear clusters can
increase conductivity significantly, the maximum enhance-
ment remainswell below thatmaximumallowedbyMaxwell’s
upper limit. The next level of structural complexity involves
cross-linking between linear branches, shown as structures
#5 through #7.The𝑋-shaped cluster, formed by cross-linking
two chains (structure 5) and a tetrahedral cluster with four
branches emanating from a common link, offers marginally
higher enhancement than the linear pentamer. Structure 7,
formed by cross-linking three chains aligned along the 𝑥-,
𝑦-, and 𝑧-axes, provides higher enhancement that is 30%
above the lower bound. This result is somewhat unexpected
because this structure has higher concentration ofmass at the
center and is closer to the structure of a sphere compared
to the other structures. Its enhanced conductivity suggests
that while linear branches are important in providing long
pathways for heat transfer, the density of cross-linking is
important as well and provides a locally high density of the
more conducting phase that distributes heat to the branches.
The last structure (8) is identical to 7, but the primary particles
are hollow spheres (the volume fraction of the solid phase is
𝜙 = 0.1, as in all of the cases in this figure). Hollow spheres
in a suspension, as we established already, provide higher
conductivity compared to solid spheres with the same volume
fraction of solid, a trait carried over to aggregated structures.
Indeed, the aggregate formed by hollow spheres exhibits the
largest enhancement of thermal conductivity, 35% above the
lower limit of Maxwell’s theory.

4. Conclusions

We have studied by systematic numerical simulation the
effect of nanostructure on the thermal properties of nanoflu-
ids. At fixed volume fractions, spherical particles exhibit
the lowest possible thermal conductivity. Structures formed
by creating contacts between primary particles always have
higher conductivity compared to fully dispersed spheres.
Structural elements that contribute to enhanced conductivity
are linear branches, which facilitate heat transport along
uninterrupted paths, and cross-links, which help distribute
the transport to multiple directions. Both elements are
needed to produce large enhancements. Structures that
encapsulate the fluid within regions that are more or less
thermally isolated from the main fluid exhibit the maximum
enhancement. The ideal structure is a solid spherical shell
that is filled with the suspending fluid. Colloidal aggregates
are reasonable approximations of this highly conducting
structure. In all cases, the conductivity of the nanofluid is
found to lie between the two limits of Maxwell’s theory. This
adds further support to the suggestion that both the unusually
large conductivities that have been reported in some studies
and the inconsistencies as to the precise magnitude of

the enhancement of the thermal conductivity of colloidal
suspensions can be attributed to the presence of nonspherical
particles/aggregates in the nanofluid.
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Insulating oil modified by nanoparticles (often called nanofluids) has recently drawn considerable attention, especially concerning
the improvement of electrical breakdown and thermal conductivity of the nanofluids. In this paper, three sized monodisperse
Fe
3
O
4
nanoparticles were prepared and subsequently dispersed into insulating vegetable oil to achieve nanofluids. The dispersion

stability of nanoparticles in nanofluids was examined by natural sedimentation and zeta potential measurement. The electrical
breakdown strength, space charge distribution, and several dielectric characteristics, for example, permittivity, dielectric loss, and
volume resistivity of these nanofluids, were comparatively investigated. Experimental results show that the monodisperse Fe

3
O
4

nanoparticles not only enhance the dielectric strength but also uniform the electric field of the nanofluids. The depth of electrical
potential well of insulating vegetable oils and nanofluids were analyzed to clarify the influence of nanoparticles on electron trapping
and on insulation improvement of the vegetable oil.

1. Introduction

Recent research works have shown that conductive and
semiconductive nanoparticles can be dispersed in mineral
and vegetable insulating oils to enhance dielectric strength
or thermal conductivity of the insulating oils. Magnetic
Fe
3
O
4
nanoparticles have been proved of increasing the

AC breakdown voltage of insulating oils for the case that
the nanoparticles were well dispersed in oil [1–5]. It is
also documented that both mineral and vegetable insulating
oils are possible to show enhanced AC breakdown volt-
ages and partial-discharge-inception voltages after the oils
are modified by semiconductive TiO

2
nanoparticles [6, 7].

The electrical properties and dispersion stability of three
nanofluids that are prepared by dispersing Fe

3
O
4
, TiO
2
, and

Al
2
O
3
nanoparticles, respectively, in transformer oils have

been discussed at a certain level [8]. The main process of
charge transport in nanofluids is considered as the trapping
and detrapping of electrons in shallow traps which has been
argued in [7, 9].

It is already clarified that the dielectric performance
of nanofluids is critically determined by nanoparticles’ size

[10, 11]. However, comparative and systematic studies on
the influence of nanoparticle size on the breakdown and
the dielectric properties of vegetable oil-based nanofluids
are still an open issue, which is becoming more important
for applying such nanofluids in large power transformers.
Moreover, nanoparticles often tend to agglomerate in oil
because of nanoparticle’s high surface-energy. It is technically
difficult to prepare sufficiently good nanoparticles (single-
crystalline, well-shaped, and narrow size-distribution) for
analyzing the relationship between nanoparticle size and
nanofluids’ dielectric responses. Recently, several models are
proposed to explain the improving breakdown characteristics
of nanofluids [9, 12]. However, these mechanisms are always
hard to explain influence of nanoparticle size on breakdown
voltages and dielectric properties of nanofluids.

Our work aims to explore how the size of monodisperse
nanoparticles generates various dielectric performances of
nanofluids. The insulating vegetable oil-based nanofluids
were prepared by adding three sized monodisperse Fe

3
O
4

nanoparticles. Their basic physical and chemical proper-
ties are first presented briefly. The dispersion stability of
nanofluids was determined by comparison of zeta potential
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Figure 1: XRD patterns of pure Fe
3
O
4
and Fe

3
O
4
nanoparticle at different reaction time: (A) 12 hours, (B) 24 hours, and (C) 48 hours.

measurement. Next, the different dielectric properties of
nanofluids are presented and discussed. The space charge
distribution and electrical potential well depth were analyzed
for the explanation of different breakdown voltages between
the nanofluids and insulating vegetable oils.

2. Experimental

2.1. Materials. All reagents used in the experiment were of
analytical grade without further purification.

2.2. Preparation of Nanofluids. The insulating vegetable oil-
based nanofluids are obtained via three main procedures:
preparation of the iron oleate precursor, preparation of
the monodisperse Fe

3
O
4
nanoparticle, and synthesis of the

nanofluids.

2.2.1. Iron Oleate Precursor. 6.48 g of iron (III) chloride
hexahydrate was dissolved in the mixture of 48mL ethanol
and 84mLN-hexane.Theobtained solutionwas slowly added
by 21.9 g sodium-oleate-vigorous with magnetic string at
60∘C for 12 h. The precipitated iron oleate was washed twice
with methanol and was redissolved in hexane afterwards.
The solution was additionally washed three times with warm
(∼60∘C) deionized water in a separatory funnel and subse-
quently dried in vacuum at 80∘C for 24 h.

2.2.2. Fe
3
O
4
Nanoparticles. 2.1 g iron oleate precursor and

0.64mL oleic acid were mixed in 10mL octadecene followed
by transferring into a three-neck-round-bottom flask and
drying at 120∘C for 30min under nitrogen protection to
remove water and oxygen. Then, the resulting mixture was
heated to 320∘C with 12 h, 24 h, and 48 h, respectively, to
realize Fe

3
O
4
nanoparticles with varied sizes. After cool-

ing down to room temperature, the nanoparticles were

Table 1: Basic physical and chemical properties of the FR3 and the
insulating vegetable oil-based nanofluids.

Parameter FR3 Nanofluids
Appearance Light yellow Dark yellow
Density (kg⋅m−3, 20∘C) 0.90 0.90
Kinematic viscosity
(mm2
⋅s−1, 40∘C) 43.0 44.0

Pour point (∘C) −18 −18
Flash point (∘C) 325 325
Acid value (mg⋅KOH⋅g−1) 0.03 0.03
Interfacial tension (mN/m) 30 30

subsequently centrifuged and washed several times with
ethanol and cyclohexane before drying in air at 70∘C.

2.2.3. Preparation of Nanofluids. The three Fe
3
O
4
nanopar-

ticles obtained by different reaction time were dispersed in
the insulating vegetable oil through ultrasonic treatment.
They were tagged by samples A, B, and C, respectively. The
FR3 natural ester was used as received [13]. Before electrical
characterization, three nanofluids and the FR3 were dried
at 85∘C under 50 Pa for 72 h. Some physical and chemical
parameters of the FR3 and nanofluids are listed in Table 1.

2.3. Nanoparticle Characterization. The X-ray diffraction
(XRD) pattern was obtained by using a powder X-ray
diffraction meter equipped with a rotating anode and a Cu-
K𝛼 radiation source. The scan step was 0.02∘. Figure 1 shows
the XRD results of typical Fe

3
O
4
nanoparticle according to

[5] and different samples were obtained by high temperature
decompositionmethod. It can be seen from the figure that the
XRDpatterns of Fe

3
O
4
nanoparticle near 20∘ have a verywide

amorphous peak; this is because the nanoparticles surface
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Figure 2: TEM images of monodisperse Fe
3
O
4
nanoparticles at different reaction times (a) 12 hours, (b) 24 hours, and (c) 48 hours and the

high resolution TEM image of monodisperse Fe
3
O
4
(top right).

was coated with a large number of oleic acid. As the reaction
time of sample A is not sufficient and the size is too small,
there was no peak corresponding with Fe

3
O
4
observed. The

sharp peaks of samples B and C reveal that the nanoparticles
have high crystallinity. According to JCPDS card number 65-
3107, the 2𝜃 values of 30.1∘, 35.5∘, 43.1∘, 56.9∘, and 62.6∘ are
signatures of (220), (311), (400), (511), and (440) crystal face
for Fe

3
O
4
, respectively.Therefore, these XRDpatternsmay be

indicative of the spinel structure of the Fe
3
O
4
nanoparticles.

The morphologies of the three sized nanoparticles were
observed by transmission electron microscopy (TEM), as
shown in Figure 2. It is seen that the nearly spherical Fe

3
O
4

nanoparticles prepared by high temperature decomposition
(at 320∘C) have achieved monodispersion. Each nanoparticle
consists of two differentiated contrast regions. The darker
central-core is the Fe

3
O
4
crystal, which is surrounded by a

lower-density shell, that is, the oleic acid. The covalent bond-
ing between oleic acid and Fe

3
O
4
prevents agglomeration

of Fe
3
O
4
nanoparticles but also improves the compatibility

between nanoparticles and vegetable insulating oil [14].
The average size of the Fe

3
O
4
crystal in Figure 2(a) is

estimated as ∼6.6 nm. Here the size represents the diameter
of Fe
3
O
4
crystal without the shell. With longer reaction

time, that is, from 12 to 48 h, the thickness of oleic acid

shell grows slightly from ∼2 to ∼3 nm.Therefore sized Fe
3
O
4

nanoparticles are obtained with varying diameter from ∼
8.6 (Figure 2(a)) to ∼24.4 nm (Figure 2(c)) via ∼15.2 nm
(Figure 2(b)). The zoomed TEM image (inset in Figure 2(c))
better indicates the border between oleic acid shell and Fe

3
O
4

crystal.

3. Results and Discussion

3.1. Dispersion Stability of Nanofluids. Natural sedimentation
is an indicator of the dispersion stability for nanoparticles in
nanofluids. Three sized Fe

3
O
4
nanoparticles were dispersed

in the vegetable oil, to realize nanofluids that are recognized
as 1, 2, and 3 to examine their storage-time dependent
dispersion stability. As shown in Figure 3, nanofluids show
no visible agglomeration for the nanoparticles in oil after 6
months standing in ambient condition.

The zeta potential measurement is another method to
evaluate stability of the nanofluids. As the stabilization theory
[15] describes, the electrostatic repulsion among nanoparti-
cles should increase prominently for the case that the zeta
potential stands at a high level which signifies good suspen-
sion stability [16]. Table 2 lists several key zeta potential values
that indexed the suspension stability of nanofluids.
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(a) (b)

Figure 3: (a) FR3 and (b) vegetable oil-based nanofluids.

Table 2: Zeta potential and associated suspension stability.

𝑍 potential (mV) Stability
0 Little or no stability
15 Some stability but settling lightly
30 Moderate stability
45 Good stability, possible settling
60 Very good stability, little settling likely

The zeta potential for all the three nanofluids 1, 2,
and 3 display values above 30mV, that is, 74.0, 60.7, and
47.4mV, respectively. It has been well accepted that a zeta
potential which is great than 30mV shouldmark a sufficiently
good dispersion stability [15]. As a general rule, the smaller
nanoparticles in nanofluids, the higher the zeta potential and
certainly the more stable the nanofluids.

3.2. Breakdown Voltage of Nanofluids. The absolute moisture
content of all nanofluids was controlled at a value below
200mg/kg. The AC breakdown voltages of each nanofluid
were characterized in accordance with IEC 60156 [17]. All the
measurements were made on 9 nanofluids samples. The FR3
oil was also included in measurements for comparison.

The lightning-impulse breakdown voltages for nanofluids
were obtained by means of a configuration consisting of
a container and an electrode in Figure 4. The high-voltage
electrode and the grounding electrode were a steel needle
and a 13 mm diametersteel sphere, respectively. The gap
between the needle tip and the sphere was 15mm. These
dimensions comply with IEC 60897 [18] for liquid dielectrics.
1.2/50 𝜇s standard lightning-impulse voltages are employed to
determine the lightning-impulse breakdown voltages

Figure 5 lists the AC breakdown voltages of the three
nanofluids and the FR3 oil, in which the oil was marked as

Corona shield

Organic glass

Needle

HV terminal

Quartz glass

Sphere

Earth terminal

Figure 4: Sketch of electrode setup and oil vessel for lightning-
impulse breakdown experiments on insulating oils.

0 ppm nanoparticles added. It is seen that the breakdown
strength of each nanofluids increases to a top value and
slightly decreases afterwards with higher nanoparticle con-
tent. For example, the breakdown strength enhances by 23%
from 55.1 kV for FR3 to 67.8 kV for nanofluids C that was
added with 200 ppm nanoparticles. On the other hand, the
breakdown strength tends to increase for nanofluids with
larger size nanoparticles added.

The lightning-impulse breakdown voltages of the three
nanofluids and FR3 oil for both polarities are summarized in
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the AC breakdown voltage of the vegetable oil-based nanofluids.
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Figure 6: Influence of contents and size of nanoparticles on the
positive lightning breakdown voltage of the vegetable oil-based
nanofluids.

Figures 6 and 7. For negative lightning-impulse the nanoflu-
ids provide insignificant effects, but for the AC profile or
for the positive lightning-impulse the attained improvement
is significant. Here the positive lightning-impulse leads to
strongly increased breakdown voltages. The nanofluid C,
which contains 300 ppm nanoparticles, exhibits the highest
breakdown voltage of 69.7 kV for positive lightning-impulse.
This is a significantly higher voltage which is enhanced by
64% compared to that of FR3 oil. However the nanofluids
showonly slightly improved (7%) breakdownbehavior for the
case of negative lightning-impulse application. The increases
of the positive lightning breakdown voltages are greater than
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Figure 7: Influence of contents and size of nanoparticles on the
negative lightning breakdown voltage of the vegetable oil-based
nanofluids.

that of the negative lightning-impulse breakdown voltages.
For positive lightning-impulse, nanoparticles in nanofluids
will weaken the field strength and extremely increase positive
breakdown voltages. However, the effect is inconspicuous
for negative lightning-impulse [4]. Our results point out
an opposite tendency with the breakdown behavior that
has been observed in mineral oil-based nanofluids [1, 8].
This should be attributed to the much different molecular
conformation of insulating vegetable oil, which certainly
generates different streamer development.

From the results in Figures 5–7, one can note that
the measured breakdown voltage of nanofluids follows a
sequence A < B < C with nearly no influence from polarity
or nanoparticle content. This encourages us to conclude that
the breakdown strength of nanofluids is mainly determined
by the size of nanoparticles.

3.3. Dielectric Properties of Nanofluids. The frequency depen-
dences of permittivity between 10−2 and 106Hz for FR3
oil and the three nanofluids are summarized in Figure 8.
There is no big difference over the frequency range among
samples. As well known, the relative permittivity of Fe

3
O
4

nanoparticles is ca. 80 [12], which is much greater than that
of FR3 oil. Therefore nanoparticles may contribute more to
the permittivity of nanofluids than FR3 oil. Furthermore,
at 50Hz, the relative permittivity decreases with increasing
nanoparticle size and the relative permittivity of sample A has
a maximum value of 3.06.

It is obvious that the permittivity values of nanofluids
varied with the size of nanoparticles. Considerable results
have confirmed that smaller sized nanoparticles usually pos-
sess higher permittivity than that of larger ones. The reason
can be found from an internal-stress model which has been
introduced by Buessem et al. [19]; that is, the permittivity of
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nanoparticles with different sizes at different frequencies.

a nanoparticle is determined by the relatively strong internal-
stress which is the result of free-energy balance.

The dielectric loss of nanofluids and FR3 oil shows a
decrease with increasing frequency as the results shown in
Figure 9. However the nanofluids’ loss decreases for larger
sized Fe

3
O
4
nanoparticles. The three nanofluids and the

FR3 oil behave almost identical between 1 and 106Hz. They
present obvious difference at the range of 10−2–1Hz.

The loss of a fluid is composed of two contributions,
that is, conductance loss and polarization loss. Vegetable
insulating oil (e.g., FR3 oil in this work) is a weak polar
liquid dielectric, which implies that the conductance loss
dominants at low frequency [20]. The crystal defects within
nanoparticles, which are unavoidable and usually are brought
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Figure 10: Variation of the volume resistivity of vegetable oil
modified by Fe

3
O
4
nanoparticles with different sizes at different

frequencies.

during chemical preparation, emerge more for larger sized
nanoparticles. The high conductivity of these nanoparticles
certainly leads to much increased dielectric loss.

Figure 10 gives the frequency dependence of the volume
resistivity for FR3 oil and the three nanofluids. There is
no visible difference among nanofluids and FR3 oil at a
frequency above 0.1Hz.When frequency downs below0.1Hz,
the curves start to diverge, with a changeless tendency that the
volume resistivity of nanofluids is always higher than that of
FR3 oil.

Nanoparticles dispersed in nanofluids are polarizedwhen
the nanofluids are subjected to an externally applied electric
field [12]. These nanoparticles provide traps free electrons,
thereby decreasing the concentration of highly mobile elec-
trons in the nanofluids and increasing the concentration of
low-mobility negatively charged nanoparticles. As a result,
the volume resistivity of the nanofluids is larger than that
of the vegetable insulating oil. Increasing the frequency
decreases both the duration of each half cycle of the electrical
field and the probability of electron capture by the nanopar-
ticles. These phenomena explain the smaller difference in
volume resistivity between the FR3 oil and the nanofluids at
frequencies greater than approximately 0.1 Hz.

3.4. Space Charge Distribution of Nanofluids. In order to
investigate the influence of sizes of monodisperse Fe

3
O
4

nanoparticle on charge carriers transport characteristics of
the vegetable oil and vegetable oil-based nanofluids, the pulse
electroacoustic (PEA) tests were carried out to investigate the
space charge density of all samples, stressed 15 kV/mm for
varying time (0.5, 1, 5, 10, and 30min). As shown in Figure 11,
the charge density in vegetable oil is increasing with time and
the maximum charge density was about 34.2 C/m3. However,
the charge density in nanofluids was first increased and then
decreased with time, less than half of that in vegetable oil.The
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Figure 11: Charge density of the samples vegetable oil modified by Fe
3
O
4
nanoparticles with different sizes.

maximum charge density of the three nanofluids was about
16.6, 12.5, and 7.5 C/m3, respectively.

The similar results also can be found in [7, 21, 22].
Interaction between nanoparticles and vegetable oil molecule
will significantly improve the charge mobility of nanofluids.
And the rapid chargemobility may inhibit space charge accu-
mulation, resulting in uniform electric field of nanofluids.

3.5. Possible Mechanism. To understand why the breakdown
voltage of nanomodified insulating vegetable oil is higher
than that of pure vegetable oil, a dipole model of nanopar-
ticles in [23] is proposed.The charge relaxation time constant
of nanoparticles has a major bearing on the extent to which
the electrodynamics processes in the liquid are modified. If
the nanoparticles’ charge relaxation time constant is short,
then the timescales of interest for streamer growth and their

presence in the oil will significantly modify the electrody-
namics.

The spherical nanoparticles (diameter 2𝑎, relative dielec-
tric constant 𝜀

2
) were dispersed in the insulating oils (relative

dielectric constant 𝜀
1
) as shown in Figure 12, and an external

electric field 𝐸
0
was applied to the vegetable oil-based

nanofluids consisting of 𝜀
1
and 𝜀
2
dielectrics. According to the

calculation, the relaxation time constant of the nanoparticle
Fe
3
O
4
used in the test is less than the propagation time of

the streamer [4]. Electric charges will be induced by the
electric field 𝐸

0
at the surface of the spherical body. As a

result, the dipole surface charge density, 𝜎
𝑝
(𝜃

𝑝
, 𝜑

𝑝
), given by

(1), is induced by the applied electric field 𝐸
0
at the interface

between the 𝜀
1
and 𝜀
2
dielectrics:

𝛿

𝑝
= 𝜀0𝐸0 (1−

3𝜀1
2𝜀1 + 𝜀2
) cos𝜑

𝑝
sin 𝜃
𝑝
. (1)
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As the direction of 𝐸0 was set in the direction of the
𝑥-axis, angle 𝜑 = 0, the positive dipole surface charge,
+𝜎

𝑝
(𝜃

𝑝
, 𝜑

𝑝
), was inducedwithin the angle range−𝜋/2 < 𝜑

𝑝
<

+𝜋/2, and the negative dipole surface charge, −𝜎
𝑝
(𝜃

𝑝
, 𝜑

𝑝
),

was induced within the angle range 𝜋/2 < 𝜑
𝑝
< 3𝜋/2.

The electrical potential distribution, 𝑉(𝑟, 𝜑), induced by the
dipole surface charge density, 𝜎

𝑝
(𝜃

𝑝
, 𝜑

𝑝
), expressed as (1),

is given by (2). Equation (2) is normalized by the potential
difference 𝑎𝐸

0
:

𝑉 (𝑟, 𝜑) =

𝑎𝐸0
4𝜋
(1− 3𝜀1

2𝜀1 + 𝜀2
)

⋅ ∫

+𝜋

−𝜋

∫

+𝜋

0

sin2𝜃
𝑝
𝑑𝜃

𝑝
cos
𝑝
𝑑𝜑

𝑝

√1 + (𝑟/𝑎)2 − 2 (𝑟/𝑎) sin 𝜃
𝑝
cos (𝜑 − 𝜑

𝑝
)

.

(2)

Figure 13 showed the electrical potential well distribution,
𝑉(𝑟), at 𝜑 = 0 which was obtained from (2). The size of
nanoparticle was 𝑎 = 10, 20 and 30 nm, respectively, and
the external electric field is 𝐸

0
= 200 kV/mm. Furthermore,

the relative dielectric constant of the Fe
3
O
4
nanoparticle was

𝜀

1
= 80 and vegetable insulating oil was 𝜀

2
= 3.2.

In Figure 13, it can be seen that the maximum electrical
potential well occurred at the surface of the nanoparticle.
The maximum electrical well of nanoparticle grows linearly
with increasing the nanoparticle size. When the nanoparticle
size was 10 nm, 20 nm, and 30 nm, the maximum electrical
potential well depth was 5.86, 11.73, and 17.59 eV, respectively.
The electrical potential well depth was much higher than
that of insulating oil (about 0.45 eV) [23]. The increased
electrical potential well depth in nanofluids could inhibit the
free charge spread and enhance the capability of breakdown
performance of nanofluids.

4. Conclusion

(1) The nanofluids were developed by dispersing Fe
3
O
4

nanoparticles with different sizes in insulating veg-
etable oil to enhance its breakdown strength. For
negative lightning-impulse the nanofluids provide
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Figure 13: Dependence on size of nanoparticle induced trapped
depth.

insignificant effects, but for the AC profile or for the
positive lightning-impulse the attained improvement
is significant. Meanwhile, the increasing nanoparticle
size will improve the breakdown performance of
nanofluids.

(2) With increasing the nanoparticle size, the volume
resistivities of the nanofluids are almost equal and
their dissipation factors increase at frequencies below
0.1Hz. The relative permittivities of the nanofluids
are greater than that of the FR3 oil between 10−2 and
107Hz, probably because of the much higher relative
permittivity of the Fe

3
O
4
nanoparticles.

(3) The addition of monodisperse Fe
3
O
4
nanoparticle

into vegetable insulating oil will increase the electrical
potential well depth and nanoparticle size could sig-
nificantly influence the electrical potential well depth.
The increased electrical potential well depth could
enhance the capability of breakdown performance of
nanofluids.
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FePt nanoparticles have great potential for biomedical applications due to their superior characteristics, including superpara-
magnetism, resistance to oxidation, and high chemical stability. The present paper reviews the methods used to prepare FePt
nanoparticles, surfacemodifications, and their applications in the biomedical field, such as biosensing,magnetic resonance imaging
(MRI), targeted drug delivery, and therapy.

1. Introduction

In the past several decades, the biomedical applications of
magnetic nanoparticles (MNPs), including their use as MRI
contrast agents and carriers for targeted drug delivery and in
magnetic fluid hyperthermia (MFH), biological separation,
and immunodetection, have become the topic of considerable
research, and significant progress has been made in these
fields [1–5]. MNPs mainly include metallic oxide nanoparti-
cles (e.g., Fe

3
O
4
and 𝛾-Fe

2
O
3
), metallic nanoparticles (e.g., Fe

andCo), andmetal alloys (e.g., FePt and FeCo). Among them,
iron oxide nanoparticles (IONP) are the most frequently
investigated due to their advantages of superparamagnetism,
good biocompatibility, being biodegradable, and easy synthe-
sis. They have been used for the purposes of diagnosis and
therapy [6–12]. Branca et al. [7] reported that the cancer-
binding ligands functionalized IONP combined with hyper-
polarized 3He MRI could detect early-stage metastatic lung
tumors in mice. Andreas et al. [8] demonstrated the citrate-
coated superparamagnetic iron oxide nanoparticles (SPI-
ONs) as MRI contrast agents could be employed in human
mesenchymal stem cell labeling and tracking. Mahmoudi et
al. [9] reported that drug-loaded SPIONs could potentially
be guided to the desired target site under an external
magnetic field. However, metal alloy nanoparticles, such as
FePt nanoparticles, with bettermagnetic properties, have also

attracted increasing attention from many researchers. The
FePt nanoparticles can show excellent superparamagnetic
property and be chemically stable against oxidation [13]. In
addition, the FePt nanoparticles can be preparedwith tunable
size and shape and could be modified for diverse biomedical
applications [14].The present paper reviews advances in FePt
nanoparticle preparation, surface modification, and biomed-
ical applications in recent years and their future prospects.

2. Preparation and Properties of FePt MNPs

FePt nanoparticles mainly include two structures. One struc-
ture consists of a disordered face centered cubic (FCC)
structure (cf. Figure 1(a)). The other structure consists of
an ordered face centered tetragonal (FCT) or ordered L1

0

phase (cf. Figure 1(b)). Due to their good magnetocrystalline
anisotropy, high coercivity, high magnetic energy product,
specific Curie temperature, and low superparamagnetic crit-
ical size, FePt nanoparticles are suitable for applications such
as ultrahigh density magnetic recording media and vertical
magnetic tunnel junctions [15–20]. In addition, superparam-
agnetic FePt nanoparticles, which have good biocompatibility
and high X-ray absorption, have potential applications in
biomedicine [21, 22].

Various methods are available for the preparation of
FePt MNPs, including mechanical cold deformation [23],
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Figure 1: FePt crystal structure: (a) FCC structure; (b) FCT structure.

magnetron sputtering [18, 24, 25], vacuum deposition [26],
and some chemical techniques.

2.1. Physical Methods

2.1.1. Mechanical Cold Deformation Method. The general
mechanical cold deformation procedure consists of cold
drawing, rolling, and extrusion. Using this method, Hai et
al. [23] obtained ordered FePt material with high anisotropy
by heating Fe and Pt metals, which were circularly rolled, in
a sealed vacuum quartz tube. This strategy can be used for
large-scale production due to its relatively simple technique.
However, it is not easy to control the mutual diffusion of Pt
and Fe, and the properties of the product are also difficult to
control.

2.1.2. Magnetron Sputtering Method. In a vacuum with an
appropriate amount of inert gas (typically Ar) and a certain
voltage, Ar+ can impact the Fe target, Pt target, or other
alloy targets to cause the Fe and Pt atoms on the surface of
the targets to be sputtered out. Under the influence of the
magnetic and electric fields, the sputtered Fe and Pt atoms
may be transferred to the substrate and deposit to form a FePt
nanomaterial. This process is called magnetron sputtering
and is one ofmost widely usedmethods. FePt films have been
successfully prepared by this method [18, 24, 25]. Weller et
al. [24] used high-temperature sputtering to prepare highly
chemically ordered L1

0
FePt films in a glass dish coated with

adhesion, heat sinks, and a deformation layer by adding Ag to
reduce the required deposition temperature and Cu to reduce
the Curie temperature.

2.1.3. Vacuum Evaporation Deposition Method. The vacuum
evaporation deposition method is described as follows. First,
the reaction chamber is placed in a strong vacuum. After
heating, the objective material can evaporate and deposit on
the smooth substrate. Then, the desired nanomaterials are
obtained. Yu et al. [26] reported the production of FePt films

grown on a MgO (110) single-crystal substrate (where the
temperaturewas heated to 700∘C) by electron-beamcoevapo-
ration. Castaldi et al. [27] prepared FePt nanoparticles, which
were thermally deposited on oxidized Si substrates (substrate
temperatures of 300–700∘C) by electron-beam coevaporation
of Fe and Pt.

2.2. Chemical Methods. However, when using these physical
methods, it is not easy to specify the morphology, particle
size, and size distribution of FePt MNPs. To overcome
these shortcomings, several chemical methods have been
developed in the past decades in which the stoichiometry,
size, and shape of FePt MNPs can be controlled. The general
chemical strategies used to obtain FePt MNPs include high-
temperature thermal decomposition reduction, polyol reduc-
tion, microemulsion methods, and electrochemical deposi-
tion methods.

2.2.1. Thermal Decomposition Reduction. Thermal decom-
position deacidizing is another method used to prepare
MNPs through heating and reducing the organic metal
compound (precursor) in a high-boiling-point solvent with
a surfactant. This method can yield particles with a tun-
able size and high crystallinity. In 2000, using oleic acid
and oleylamine as surfactant, Sun et al. [28] prepared
monodispersed FePt nanoparticles with a 4 nm diameter by
thermally decomposing iron pentacarbonyl (Fe(CO)

5
) and

deacidizing platinum acetylacetonate (Pt(acac)
2
) in a solvent

of octyl ether. Subsequently, Wang et al. [29] synthesized
4.5 and 12 nm monodispersed FePt nanoparticles by thermal
decomposition of Fe(CO)

5
and reduction of Pt(acac)

2
in a

benzyl ether solvent using oleic acid as a surfactant. Bian
et al. [30] obtained single-crystal FePt nanoparticles with
a controllable size and isotropic shape using a complex of
Fe(CO)

5
-oleylamine and Pt(acac)

2
as the precursors of Fe

and Pt, respectively, and adjusting the ratio and temperature
of oleylamine and Fe(CO)

5
.

However, thermal decomposition has the shortcoming
of requiring nocuous precursors, such as Fe(CO)

5
, during
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preparation [31]. Fe(CO)
5
, a metal organic compound with

strong volatility, can produce the toxic gas COduring thermal
decomposition, which makes the technique difficult to per-
form and also causes side effects in the composition, particle
size, and size distribution of the FePt particles. Therefore,
using relatively low-toxicity precursors, such as iron fatty
acids, Fe(acac)

2
and Na

2
Fe(CO)

4
, to replace Fe(CO)

5
has

recently attracted considerable interest [1, 31, 32]. Taylor
et al. [31] synthesized superparamagnetic FePt nanoparti-
cles (SIPPs) by utilizing a “green” thermal decomposition
method. They used iron-fatty acid and Pt(acac)

2
as the

precursors of Fe and Pt, respectively, octadecene (ODE)
or tetracosane (TCA) as solvents, and fatty amine as a
ligand. The carbon length of fatty amine ranges from 12 to
18. They compared the effects of fatty amine ligands with
different lengths on the composition, uniformity, magnetic
properties, shape, and structure of the SIPPs. The results
showed that the use of 1-tetradecylamine (TDA) and a 30-
min reflux reaction could produce the optimal particles.
These TDA-SIPPs exhibited the best properties of saturation
magnetization, iron content, monodispersity, and stability
and could be a promising MRI contrast agent for cancer
detection.

2.2.2. Polyol Reduction Method. Polyol is often used in the
preparation of variousmetal and alloy nanoparticles due to its
ability to simultaneously act as a surface active agent, solvent,
and reducing agent. The so-called polyol reduction method
refers to the use of diol or polyol as a reductant to deacidize a
metallic salt to obtain the corresponding nanoparticles. Based
on this method, Chou et al. [21] prepared FePt nanoparticles
with 3, 6, and 12 nm diameters by heating a reaction mix-
ture of Pt(acac)

2
, Fe(CO)

5
, 1,2-hexadecanediol, dioctyl ether,

oleylamine, and oleic acid to 297∘C and then using ethanol
to extract the resultant material. Sahu et al. [33] obtained
nanoparticles of diverse sizes with different stoichiometric
compositions using an equimolar ratio of an Fe precursor
(Fe(acac)

3
) and Pt precursors (Pt(acac)

2
, PtCl2, PtCl4, and

H
2
PtCl
6
⋅H
2
O) and the reducing agent 1,2-hexadecanediol in

the presence of octyl ether.

2.2.3. Microemulsion Method. Microemulsions are transpar-
ent, isotropic, and thermodynamically stable liquid mix-
tures that consist of oil, water, surfactant, and cosurfactant.
Depending on the ratio of water and oil, microemulsions can
be divided into three basic types: the oil dispersed in water
type (O/W type), water dispersed in oil type (W/O type), and
multiple microemulsion type (W/O/W or O/W/O type). The
most commonly used type for MNP preparation is the W/O
type microemulsion method (also called the reverse micelle
method). The nanoparticles obtained by this method are
uniform with a controllable size and stable in a colloid solu-
tion. Hyie and Yaacob [34] successfully prepared disordered
FCC soft magnetic FePt nanoparticles with 4.7 and 8.4 nm
diameters in a water/glycol octyl phenyl ether/cyclohexane
(water-in-oil) microemulsion system using NaBH

4
as a

reducing agent, FeCl2 as the Fe source, and H2PtCl6 as the Pt
source.

2.2.4. Electrochemical Deposition Method. The electrochem-
ical deposition method is widely used due to its simple
equipment requirements and low cost and controllability of
the particle properties. Using a single-tank system (relative
electrode: Pt tablets; reference electrode: saturated calomel
electrode; working electrode: plating conductive layer Si
film), Fe/Pt multilayer films were prepared by Leistner et al.
[35]. Then, L1

0
-phase FePt was obtained by heating the

multilayer films to 600∘C in H
2
.

3. Surface Functionalization of
FePt Nanoparticles

As a rule, the MNPs for biomedical applications must have
high chemical stability, excellent dispersion, and biocom-
patibility. Therefore, surface modifications, such as ligand
additions, ligand exchange, chemical conjugation, and bio-
conjugation, become necessary. Good surface modification
not only can effectively reduce the surface energy needed to
obtain MNPs with excellent dispersion but also can improve
the biocompatibility of theMNPs. Furthermore, introduction
of reactive functional groups to the surface for further conju-
gation can produce multifunctional nanoparticles.Themate-
rials currently used for surfacemodification ofMNPs include
organic micromolecular compounds (e.g., 2-amino ethyl
mercaptan, aspartic acid, glutamic acid, citric acid, phospho-
rus acid, vitamin B, and gamma cyclodextrin), organic poly-
mer compounds (e.g., glucose, starch, polyethylene glycol
(PEG), polyethyleneimine (PEI), polypeptides, proteins, and
polyvinyl alcohol (PVA)), SiO

2
, and inorganic nanomaterials

(e.g., Au). Among these substances, the characteristics and
applications of some materials have been reported in the
literature [36–38]. These materials can be attached to the
surface of MNPs using ligand addition or ligand exchange
[39].

Recently, great progress has been made in the study
of FePt nanoparticle surface functionalization. By conduct-
ing ligand exchange fromoleic acid to aminoethanethiol
(AET), the AET-modified FePt nanoparticles showed excel-
lent water-solubility [40] and no aggregation in stock disper-
sion [41]. Further bioconjugation with any antibody, peptide,
or another nanoparticle can be achieved through ligand
exchange. Chou et al. [21] conjugated cysteamine-FePtMNPs
with an anti-Her2 antibody and confirmed that the modified
nanoparticles for the imaging contrast had excellent bio-
compatibility and hemocompatibility. Employing cysteamine
for ligand exchange, Chen et al. [42] obtained cysteamine
surface functionalized FePt nanoparticles (fcc-FePt-A) with
good biocompatibility and high chemical stability. Silica and
(3-aminopropyl) triethoxysilane were also used in this study
to functionalize the surface of FCC FePt nanoparticles. Sim-
ilarly, the silica-coated and (3-aminopropyl) triethoxysilane
surface-functionalized FCC FePt nanoparticles (fcc-FePt-
silica-A) showed good biocompatibility and stability.

Using tetraglycol for surfacemodification, Yang et al. [43]
obtained 4 nm FePt nanoparticles that could be engulfed by
HeLa cells and cause the T

2
magnetic resonance signal to be

significantly decreased.
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3-Mercaptopropionic acid (MPA) has been employed to
replace the original surfactants on the surface nanoparticles
to form nanoparticles with carboxyl groups for further con-
jugation [44]. Chen et al. [44] used MPA to produce COOH-
terminated, water-dispersible FePt nanoparticles. Then, after
activating the COOH-FePt nanoparticles with N-ethyl-N 8-
(dimethylaminopropyl)-carbodiimide (EDC), folic acid was
used to conjugate to the previously produced nanoparticles.
The final FePt nanoparticles had excellent biocompatibility
and photothermal transduction efficiency.

Using a polyol method, Fuchigami et al. [45] utilized poly
(diallyldimethylammonium chloride)- (PDDA-) modified
silica particles as a template and produced PDDA-modified
silica particles coated with FePt nanoparticles. Subsequently,
they dissolved the silica particles in a NaOH solution to
obtain FePt-nanoparticles/polycation hybrid capsules, which
had a superior capacity to carry drugs and genes.

After introducing poly(L)lysine (PLL) to modify the
surface of FePt-folate nanoparticles, PEG, HVGGSSV pep-
tide, and an Alexa fluor 750 fluorescent probe were suc-
cessively conjugated to nanoparticles by Hariri et al. [46].
This multifunctional nanoparticle had good stability and
biocompatibility and could potentially be applied for the
radiation-guided targeting and imaging of tumors.

Liu et al. [47] used PEG to functionalize their synthesized
FePt@Fe

2
O
3
core-shell nanoparticles and conjugated folic

acid to the surface of the FePt@Fe
2
O
3
-PEG nanoparticles.

The final products were confirmed to be highly stable in
diverse physiological solutions.

4. Biocompatibility and Safety

Good biocompatibility and lack of harm to the human body
are prerequisites for FePt nanoparticle applications in clinical
practice. The toxicity of FePt nanoparticles is a key factor to
consider when estimating their potential in biomedicine.The
in vitro cytotoxicity of FePt nanoparticles can be observed
in diverse cell lines using colorimetric assays [48], and the
kinetics and toxicology can be tested using in vivo animal
experiments. In addition, to understand the in vivo toxicity
of FePt nanoparticles, precise understanding of the in vivo
biodistribution might be crucial.

Chen et al. [42] used an MTS assay to investigate the
cytotoxicity of their synthesized fcc-FePt-A nanoparticles in
A375M, MCF7, and U2OS cell lines. The result of their bio-
compatibility study showed that, after undergoing 168 hours
of incubation, no cytotoxicity was observed at nanoparticle
concentrations below 30𝜇g/mL.

Chou et al. [21] used an MTT assay, hemolysis test, and
biodistribution analysis to evaluate the biocompatibility of
their prepared 3, 6, and 12 nm FePt nanoparticles. The results
showed no noticeable cytotoxicity (cell viability >90%) at
Fe concentrations below 10mM, and the cell viability was
as high as 75% at the highest concentration of nanopar-
ticles (100mM). No significant hemolysis (<5%) occurred
at 0.0001–100mM Fe concentrations of FePt nanoparticles.
Additionally, the biodistribution analysis in 6-week-old male
C3H/HeN mice demonstrated that most of the particles

were mainly accumulated within the spleen followed by lung
and liver and could be gradually removed from the organs
with time (approximately one week). Among these three
sizes of nanoparticles, the 12 nm FePt nanoparticles displayed
the highest serum concentration and circulation half-life.
And, the 3 nm-FePt had the highest brain concentration.
These results of biocompatibility, hemocompatibility, and
biodistributionmake FePt nanoparticles potential vectors for
in vivo applications.

Liu et al. [47] employed an MTT assay to evaluate
the cytotoxicity of FePt@Fe

2
O
3
-PEG core-shell nanoparti-

cles and the lactate dehydrogenase (LDH) leakage assay to
determine the cell membrane integrity. The results revealed
no noticeable cytotoxic response in KB cells, even at a high
concentration (160 𝜇g/mL), after 3 days of incubation and
no clear cell membrane damage induced by the synthesized
nanoparticles. Subsequently, they performed studies in mice
to observe the potential toxicity of nanoparticles in vivo.
For FePt@Fe

2
O
3
-PEG nanoparticle-treated mice, death and

notable abnormalities were absent at the tested dose of
34mg/kg of Fe for 20 days and no obvious damage, lesion,
or inflammation in major organs was observed from Hema-
toxylin and Eosin (H&E) stained tissue slices. The results of
various serum biochemistry analysis showed no notable hep-
atic toxicity or kidney dysfunction induced by nanoparticles.
Compared with the control groups, the hematology analysis
was not abnormal. The in vitro and in vivo studies indicated
that their synthesized nanoparticles could be a promising
multifunctional platform forMRI and targeted drug delivery.

Seemann et al. [49] used the trypan blue exclusion test
to evaluate the cell viability of rat cortical astrocytes and
applied flow cytometry (FCM) to assess the potential of the
nanoparticles to induce apoptosis. The results indicated that
the cell viability was not influenced at physiological concen-
trations of nanoparticles.They concluded that the high degree
of biocompatibility, good dispersibility in aqueous solutions,
and high magnetic susceptibility at room temperature made
these magnetic core-shell nanoparticles potential tools for
applications in cancer treatment.

Liang et al. [50] used an MTT assay to evaluate the
cytotoxicity of their synthesized FePt-Cys nanoparticles in
the ECV304, L929, and HEK293 cell lines. Compared to the
control group, no striking differences in cell viability were
observed in the FePt-Cys nanoparticle-treated group. After
72 h of treatment with FePt-Cys nanoparticles at a concentra-
tion of 100 𝜇g/mL, the viability of ECV304 cells was approx-
imately 110.2%, and no clear decrease in cell viability was
observed in L929 cells or HEK293 cells.The good biocompat-
ibility of FePt-Cys nanoparticles was revealed by this study.

Sahu et al. [51] employed an SRB assay to evalu-
ate the cytotoxicity of PEGylated FePt–Fe

3
O
4
composite

nanoassemblies (CNAs) in the L929 and HeLa cell lines.
After 24 h of incubation with CNAs at concentrations of
up to 2.0mgmL−1, low cytotoxicity was observed in L929
cells, and more than 20% of the HeLa cells died. The results
demonstrated that CNAs had no effect on cell proliferation of
L929 cells but had toxic effects on HeLa cells.

Cytotoxicity studies of FePt nanoparticles that have been
previously reported are shown in Table 1.



Journal of Nanomaterials 5

Ta
bl
e
1:
Cy

to
to
xi
ci
ty
stu

di
es

on
Fe
Pt

na
no

pa
rt
ic
le
s.

M
at
er
ia
l

Fe
pr
ec
ur
so
r

Su
rfa

ce
co
at
in
g

N
P
co
nc
en
tr
at
io
n

C
el
ll
in
e

Te
st

𝑡
(h
)

To
xi
ci
ty

Re
fe
re
nc
e

Fe
Pt
-S
iO

2-A
N
a 2
Fe
(C

O
) 4

Si
O

2
sh
el
l

20
0𝜇

g/
m
L

([
Fe
]:
∼
2𝜇

g/
m
L)

A
37
5M

,M
CF

7,
U
2O

S
M
TS

16
8
𝑉
:n
o
lo
ss

[4
2]

Fe
Pt
-A

N
a 2
Fe
(C

O
) 4

Cy
ste

am
in
e

30
𝜇
g/
m
L

([
Fe
]:
∼
5.
3𝜇

g/
m
L)

A
37
5M

,M
CF

7,
U
2O

S
M
TS

16
8
𝑉
:n
o
lo
ss

[4
2]

60
𝜇
g/
m
L

([
Fe
]:
∼
10
.5
𝜇
g/
m
L)

72
𝑉
:∼

10
%
lo
ss

Fe
Pt

Fe
(C

O
) 5

Cy
ste

am
in
e;

co
nj
ug

at
ed

w
ith

an
ti-
H
er
2
an
tib

od
y

[F
e]
:0
.0
1–
10
0m

M
Ve

ro
M
TT

24
𝑉
:>

90
%
(b
elo

w
10
m
M
);

𝑉
:7
5%

(a
t1
00

m
M
)

[2
1]

PE
G
yl
at
ed

Fe
Pt
@
Fe

2O
3

Fe
(C

O
) 5

Fe
2O

3
sh
el
l,
PE

G
,F
A

16
0𝜇

g/
m
L

KB
,H

eL
a,

M
TT

24
N
o
sig

ni
fic
an
tc
yt
ot
ox
ic
ity

[4
7]

H
L
77
02

LD
H

N
o
ob
vi
ou

sc
el
lm

em
br
an
e

da
m
ag
e

Fe
Pt

Fe
(C

O
) 5

Fo
la
te
-c
on

ju
ga
te
d

5∼
10
0𝜇

g/
m
L

EM
T-
6

M
TT

24
,4
8

N
o
ad
ve
rs
et
ox
ic
ity

eff
ec
ts

[4
4]

Si
W

11
O

39
-F
eP
t

C 1
0H

14
Fe
O

4
Si
lic
on

e-
tu
ng

ste
n-

ox
id
e

0.
01
5m

g/
m
L

Ra
tc
or
tic

al
br
ai
n

as
tro

cy
te
s

Tr
yp
an

bl
ue

ex
clu

sio
n,

flo
w
-c
yt
om

et
ric

an
ne
xi
n/
PI

ap
op

to
sis

24

𝑉
:8
0%

,
𝑎
:5
.4
%

[4
9]

0.
25

m
g/
m
L

𝑉
:2
3%

,
𝑎
:2
8.
5%

Si
W
𝑥
O
𝑦
-F
eP
t

C 9
H

9F
eO

6
H
yd
ro
ph

ili
c

Si
W
𝑥
O
𝑦
fir
st
sh
ell

0.
01
5m

g/
m
L

Ra
tc
or
tic

al
br
ai
n

as
tro

cy
te
s

Tr
yp
an

bl
ue

ex
clu

sio
n,

flo
w
-c
yt
om

et
ric

an
ne
xi
n/
PI

ap
op

to
sis

24

𝑉
:8
1%

,
𝑎
:7
.6
%

[4
9]

0.
25

m
g/
m
L

𝑉
:3
5.
7%

,
𝑎
:2
6.
2%

Fe
Pt
-C

ys
Fe
Cl

2⋅
H

2O
L-
Cy

ste
in
e

10
0𝜇

g/
m
L

EC
V
30
4,
H
EK

29
3,

L9
29

M
TT

72
𝑉
:∼

110
.2
%
(E
CV

30
4)
;

𝑉
:n
o
ob
vi
ou

sd
ec
re
as
e

(H
EK

29
3
or

L9
29
)

[5
0]

PE
G
yl
at
ed

Fe
Pt
–F

e 3
O

4
co
m
po

sit
e

na
no

as
se
m
bl
ie
s(
CN

As
)

Fe
Cl

2⋅
4H

2O
Fe

3O
4,
PE

G
yl
at
ed

2.
0m

gm
L−

1
L9

29
,H

eL
a

SR
B
as
sa
y

24
Lo

w
cy
to
to
xi
ci
ty
to

L9
29
;

ov
er

20
%
of

H
eL
ac

el
ls
di
ed

[5
1]

N
P
is
na
no

pa
rt
ic
le;
𝑡
is
th
ei
nc
ub

at
io
n
tim

e;
[F
e]
is
th
eF

ec
on

ce
nt
ra
tio

n;
𝐷

is
th
ec

el
ld

am
ag
e;
𝑉
is
th
ec

el
lv
ia
bi
lit
y;
𝑎
is
th
ec

el
la
po

pt
os
is.



6 Journal of Nanomaterials

5. Biomedical Applications of
FePt Nanomaterials

After surface functionalization, FePt nanomaterials have
been employed in biosensing, targeted drug delivery, MRI,
fluorescence imaging, and therapy experiments. Some
biomedical applications of functionalized FePt MNPs are
shown in Figure 2.

5.1. FePt Nanoparticles as Contrast Agents in MRI. As a pow-
erful noninvasive medical imaging technique, MRI is exten-
sively used in clinical medicine. Its signal is mainly produced
by the protons in thewatermolecules. By collecting the body’s
most abundant signal, the water molecule, high-quality soft
tissue images, and high-resolution anatomical images can be
obtained. Compared with computed tomography (CT) or X-
rays, MRI has several advantages, such as no radiation and
high spatial resolution. However, the sensitivity of MRI is
still low. Therefore, in addition to designing a special pulse
sequence, MRI contrast agents must be injected to improve
the image contrast and sensitivity. MRI contrast agents are
a class of material that can enhance the MRI signal contrast
between normal and diseased tissues as well as within normal
tissues. According to their different properties, MRI contrast
agents are classified into two types: T

1
contrast agents, which

mainly shorten the longitudinal relaxation time, and T
2
con-

trast agents, which mainly shorten the transverse relaxation
time.The typical representatives of T

2
contrast agents include

some superparamagnetic nanoparticles. Under an external
magnetic field, the unpaired electrons spin and generate a
local magnetic field, which can shorten the relaxation time
of surrounding protons in the water molecules and can
effectively shorten the T

2
time [52], resulting in a dark image

and negative enhancement effect [53]. The contrast effect can
be evaluated by the relaxivity (𝑟

2
). A higher 𝑟

2
value typically

indicates a stronger contrast effect [13].
Due to their superior characteristics, FePt MNPs have

recently been one of the hotspots in MRI research. Gao et al.
[54] described FePt@Fe

2
O
3
core-shell nanoparticles for MR

imaging. Compared toMION (𝑟
2
= 2.778 (𝜇g/mL)−1 s−1) and

Sinerem (𝑟
2
= 2.450 (𝜇g/mL)−1 s−1), commercial MRI con-

trast agents, as-synthesized FePt@Fe
2
O
3
yolk-shell nanopar-

ticles (𝑟
2
= 3.462 (𝜇g/mL)−1 s−1) exhibited stronger contrast

enhancement and could act as a potentialMRI contrast agent.
Chen et al. [42] investigated the effectiveness of fcc-FePt-

A and fcc-FePt-silica-A nanoparticles asMRI contrast agents.
The 𝑟
2
values were 887mM−1⋅s−1 and 210mM−1⋅s−1 for fcc-

FePt-A and fcc-FePt-silica-A nanoparticles, respectively, in
the MRI magnetic field (7 T), whereas the 𝑟

2
value of com-

mercial Feridex was 148mM−1⋅s−1. Their work demonstrated
that the FePt-based T

2
contrast agents were superior to com-

mercial Feridex with respect to MRI contrast enhancement.
Chou et al. [21] synthesized size-tunable superparamag-

netic FePt nanoparticles and investigated their potential as
a dual-modality contrast agent for CT/MRI. Their studies
showed that superparamagnetic FePt nanoparticles could
enhance shortening of the T

2
of proton relaxation and

produce efficient CT contrast enhancement. In a further in

vivo imaging experiment, selective contrast enhancement
of Her2/neu overexpression cancer lesions was achieved in
both CT and MRI in tumor-bearing animals injected with
nanoparticles.

At 4.7 Tesla, the relaxivities of the SIPPs prepared by
Taylor et al. [55] were higher than commercial SPIONs. The
relaxivities were 62.2 and 21.37Hz/mM Fe for SIPPs and
SPIONs, respectively.The results indicated that the SIPPsmay
be superior T

2
-weighted MRI contrast agents.

5.2. Fluorescence Imaging Probes. The so-called fluorescent
nanoparticles refer to a variety of nanoparticles with fluores-
cent properties. Fluorescent nanoparticles can be sorted into
two types according to the light-emitting principle. One type
can emit fluorescence after it is excited by external energy,
for example, semiconductor nanocrystals with unique optical
and electronic properties, also known as quantum dots
(quantum dot, QD). The other type can emit fluorescence
after exposure to a labeled fluorescent substance, for exam-
ple, fluorescent magnetic nanoparticles and quantum dots
wrapped silica nanoparticles. Both particles can achieve
highly sensitive detection of biological molecules, such as
nucleic acids, proteins, and pathogenic microorganisms.
Based on the advantages of strong fluorescence emission and
antiphotobleaching, fluorescent nanoparticles may also be a
promising fluorescence imaging marker.

In recent years, many scholars have prepared fluores-
cent magnetic nanospheres using FePt nanoparticles. Gu et
al. [56] prepared composite nanoparticles containing FePt
nanoparticles and amorphous CdS (semiconductor colloids
(quantum dots)). These nanoparticles were less than 10 nm
in diameter and exhibited good superparamagnetism and
fluorescence. Using a one-pot synthesis procedure, Gao et
al. [57] obtained superparamagnetic FePt@CdX core-shell
nanocrystals (X = S or Se), which could show fluorescence
with quantum yields of 2.3–9.7%.

Using the fluorescent dye NOPS to label magnetic FePt
core-shell nanoparticles, Seemann and Kuhn [58] observed
the fluorescence of these labeled nanoparticles in ethanol
(EtOH) and the bright luminescence of the magnetic core-
shell nanoparticles (containing labeled and unlabeled parti-
cles)withmultiphoton excitation (cf. Figure 3).They reported
that these bright magnetic core-shell nanoparticles could be
employed for in vivo multiphoton imaging in the mouse
neocortex as far inward as cortical layer 5.

Taylor et al. [59] encapsulated superparamagnetic FePt
nanoparticles with PEGylated phospholipids to generate
stealth immunomicelles that could be specifically targeted
to human prostate cancer cells and detected by MRI and
fluorescence imaging.

Thesemultifunctional FePt nanoparticles with bothmag-
netic and fluorescent properties may be used for multimodal
imaging for the diagnosis of diseases.

5.3. Photothermal Therapy. Photothermal therapy is an
emerging treatment modality for cancer. By using near-
infrared (NIR) light to locally irradiate tumor cells, the light
energy can be transformed into heat energy, which can
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Figure 2: Biomedical applications of functionalized FePt MNPs: (a) a CT image of the MBT2 tumor-bearing mice 24 h after being injected
with anti-Her2 antibody-FePt nanoparticles [21]; (b) T

2
-weighted MRI of KB tumor-bearing nude mice 24 h after being injected with

FePt@Fe
2
O
3
-PEG-FA nanoparticles [47]; (c) fluorescence image of C4-2 PSMA-positive after 10min of incubation with J591-DSPE-SIPPs

[59]; (d) extensive hematoma around the tumors on PTX alone injected mice (A), no such side effect onmice injected with J591-SPMs (B) [1];
(e) the principle of magnetic heat induction [2]; (f) photothermolysis images of the EMT-6 cancer cell induced by FePt nanoparticles under
w10mJ/cm2 [44].
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(b) of the NOPS-labeled and unlabeled FePt core-shell nanoparticles (multiphoton excitation, two wavelength intervals (green: bandpass
490 nm–560 nm, red: bandpass 570 nm–640 nm)) [58].

degenerate tumor cells and cause necrosis at a certain tem-
perature. Due to the performance of strongly absorbing NIR
light, nanometer material can be applied for photothermal
treatment of tumor cells after surface functionalization. This
process is illustrated in Figure 4 [44].

The photothermal effect of folate functionalized FePt
nanoparticles activated by a NIR femtosecond laser has been
examined by Chen et al. [44]. Due to their superior pho-
tothermal transduction efficiency, these nanoparticles can be

heated up to several hundred degrees Celsius in picoseconds
under laser irradiation. The threshold laser energy required
to damage EMT-6 cells was comparable to that of previously
reported gold nanoparticles. These findings suggest various
applications for FePt nanoparticles in targeted cancer therapy.

5.4. Magnetic Carriers for Targeted Drug Delivery. MNPs are
commonly used as vectors for encapsulated drugs or other
therapeutic agents for targeted therapy. After specific target
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Figure 4: An illustration of photothermolysis of tumor cells mediated by laser-activated MNPs [44].

molecules are conjugated to the surface, these drug-loaded
nanoparticles can enter target cells. As a result, targeted drug
treatment can be achieved. Taylor and Sillerud [1] encapsu-
lated paclitaxel into SIPPs to produce multifunctional SIPP-
PTX micelles (SPMs). Subsequently, they combined SPMs
with an antibody against a prostate-specific membrane anti-
gen (PSMA) for the specific targeting, MRI, and therapy of
human prostate cancer-bearingmice.The results showed that
PSMA-targeted SPMs could effectively prevent C4-2 prostate
cancer xenografts from growing in nude mice. In addi-
tion, compared to nontargeted SPM-injected and paclitaxel-
injected mice, more paclitaxel and platinum was observed in
tumors in mice injected with PSMA-targeted SPMs.

Due to the superior magnetic response, MNP carriers
may be collected in the lesion under an external magnetic
field to achieve targeted drug delivery. Fuchigami et al.
[60] performed in vitro application of porous FePt capsules
in a magnetically targeted drug delivery system. After the
introduction of an anticancer drug and coating with a lipid
membrane to avoid leaking of the agents, the magnetic
capsules arrived at lung cancer cells and gastric cancer cells
within 15min under a NdFeB magnet (0.2 T), resulting in
greater than 70% cancer cell death. As magnetic carriers,
FePt magnetic capsules could be effectively utilized for drug
delivery systems.

The pH value of tumor interstitial fluid is lower than that
of normal tissue. In a low-pH environment, nanoparticles
wrapped with pH sensitive lipids can increase the rate of drug
release.This is favorable for the application ofmultifunctional
FePt nanomaterials for drug delivery and controlled release
[47]. Liu et al. [47] prepared DOX loaded FePt@Fe

2
O
3
-PEG-

FA nanoparticles and incubated them in buffers with pH
values of 7.4 and 5.0 to assess their drug release behaviors.
After 24 h of incubation, they observed approximately 1.5%
DOX release at pH 7.4 and approximately 20% DOX release
at pH 5.0, indicating accelerated release at a lower pH value.

5.5. Biosensors. The biosensor is an analytical device that
can identify, convert, and detect various substances, such as
enzymes, nucleic acids, antibodies, and antigens. Due to their
advantages of surface effects, small size effect, quantum size
effect, macroscopic quantum tunneling effect, and quantum
confinement effect, nanomaterials are attractive prospects for
biosensor applications.

Through modification, carbon-decorated FePt nanopar-
ticles have been used as new ultra-high-resolution DNA

electrochemical impedance biosensors that can improve the
detection of the PML-RARA fusion gene in acute promye-
locytic leukemia [61]. Amide ligand-modified FePt/carbon
nanotube (CNT) nanocomposite paste electrodes have been
employed for the simultaneous determination of trypto-
phan (Trp), glutathione (GSH), and nicotinamide ade-
nine dinucleotide (NADH) levels [62]. The modified N-(4-
hydroxyphenyl)-3, 5-dinitrobenzamide-FePt/CNTs carbon
paste electrode can be used as a highly sensitive biosensor to
simultaneously determine GSH and piroxicam (PXM) levels
[63]. FePt nanoparticles with three different compositions
(Fe
25
Pt
75
, Fe
30
Pt
70
, and Fe

35
Pt
65
) displayed higher electrocat-

alytic activity than Pt nanoparticles for vitamin C electroox-
idation [64]. The linear range, sensitivity, and detection limit
of the Fe

30
Pt
70

NPs/Si nanowire sensors were 0.01−1mM,
4.347mA cm−2mM−1, and 0.1 𝜇M (𝑆/𝑁 = 3), respectively.
The sensitivity was more than 10-fold higher than the best
performance that has been previously reported for sensor
materials (e.g., Pd nanowires: 166.5 𝜇A cm−2mM−1). These
FePt nanoparticles could be a superior sensing material for
a fast-response vitamin C sensor. Recently, researchers have
employed FePt nanoparticles for arsenic detection. Among
FePt, FeAu, and FePd nanoparticles, the FePt nanoparticles
(detection limit: 1.2 ppb; sensitivity: 1.23𝜇Appb−1) showed
the best performance and might be an effective, high-
performance electrochemical sensor for the detection of
ultratrace quantities of arsenic [65].

5.6. Magnetic Fluid Hyperthermia (MFH)/Magnetic Hyper-
thermia (MH). Using arteriovenous or direct injection, mag-
netic fluid modified by a specific antibody can selectively
penetrate tumor tissue or cells. Under an external alternating
magnetic field (AMF), the magnetic fluid in tumor tissue or
cells is heated through the main mechanisms of Brownian
and Néel relaxation, and then the produced heat kills the
tumor. This process is called MFH or MH. This therapy
is highly specific; that is, only tissue or cells with MNPs
can be heated and killed, whereas the surrounding normal
tissues without MNPs are not subject to thermal damage.
Simultaneously, this therapy also successfully resolves the
difficulty of temperature control in hyperthermia. Generally,
tumor cells are more likely to die at temperatures ranging
from 39 to 45∘C [66]. The MH effect is related to the size,
Curie temperature and magnetization of the particles, the
intensity and frequency of AMF, and the heat dissipation
from the tumor [67].
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The use of FePt nanoparticles as a medium for MH has
been explored in the last two decades. Marnosono and Saita
[66] reported a theoretical assessment of MH using fcc FePt
MNPs. These fcc FePt MNPs displayed great superiority to
magnetite, maghemite, FeCo, and L1

0
FePt MNPs in MH. At

𝐻
0
= 50mT and 𝑓 = 300 kHz, the energy dissipation of 9 nm

fcc FePt MNPs was 𝑃 = 3.97 × 105W/m, while the energy
dissipation of 19 nm magnetite MNPs was only 𝑃 = 1.95 ×
10
5W/m.
Seemann et al. [49] successfully demonstrated the mag-

netocaloric heating effect of as-synthesized tungsten-oxide
coated biocompatible FePt core-shell nanoparticles. An
approximately 3∘C increase in the aqueous suspension was
recorded after 15min in an 831 kHz high-frequency AMF of
250 Gauss field strength (25mT) at a moderate nanoparticle
concentration (0.5mg/mL).

Hyperthermia combined with ionizing radiation could
enhance the tumor damage and thereby enhance the thera-
peutic effect. Seemann et al. [49] reported that their designed
novel nanoparticles had a convenient decay time. Utilization
of cold neutrons could activate the content of tungsten
atoms in the nanoparticles, resulting in a transformation
into the radioisotope W-187, which could provide potentially
beneficial 1.3MeV kinetic energy 𝛽-radiation. The specific
activity value reached 0.6MBq/mg. These features make
these FePt core-shell nanoparticles promising candidates for
advanced radiopharmaceutical applications.

Sahu et al. [51] found that the CNAs with a concentration
of 2mgmL−1 could produce a hyperthermic temperature of
approximately 43∘C. They investigated the MH therapeutic
effect of CNAs on HeLa cells. The results demonstrated
that approximately 53 ± 2.1% of HeLa cells were alive
after treatment with 2mgmL−1 of CNAs in presence of an
alternating current magnetic field (ACMF) (𝑓 = 250 kHz,
applied field = 460Oe), and less than 20% of HeLa cells were
alive after incubationwith CNAs +DOX in the presence of an
ACMF, whereas the control cells without an ACMF showed
no obvious decrease in cell viability. Their work showed that
DOX loadedCNAs could producemore damage inHeLa cells
in hyperthermic conditions.

5.7. Anticancer Agents. Studies have shown that FePt MNPs
can suppress the proliferation of some cancer cells. Gao et al.
[68] reported that, according to an MTT assay, FePt@CoS

2

yolk-shell nanocrystals showed an IC
50

of 35.5 ± 4.7 ng
of Pt/mL in HeLa cells, which was considerably lower
than that of cisplatin (230 ng of Pt/mL). This abnormally
high toxicity might suggest that these FePt@CoS

2
yolk-shell

nanocrystals could be a new anticancer nanomedicine. Xu et
al. [69] reported that FePt nanoparticles functionalized with
the luteinizing hormone-releasing hormone (LHRH) peptide
could take precedence in binding to A2780 and suppress the
proliferation of these tumor cells. Their work demonstrated
that these functionalized FePt nanoparticles could be a new
agent for controlled cancer therapy. Sun et al. [70] observed
that oleic acid/oleylamine-coated FePt nanoparticles could
notably suppress the proliferation of U251, U87, and H4
glioma cell lines in time- and dose-dependentmanners.Their

work demonstrated that surface-coated FePt nanoparticles
could potentially be used as novel therapeutic agents for
malignant gliomas.

6. Future Perspectives

Many methods have been used to prepare FePt MNPs.
However, the technology used must be further improved
to produce FePt nanoparticles to obtain nanoparticles with
more controllable and uniform sizes and increased stabil-
ity. To improve their biocompatibility and application for
biomedicine, FePt MNPs require further surface modifica-
tions and functionalizationwith organic functional groups or
heterostructures. FePt MNP applications in the biomedical
field are increasing and include MRI contrast enhance-
ment, biosensors, and magnetic carriers for targeted drug
delivery systems. However, most studies are still in the
laboratory phase and far from clinical application. More-
over, the research period has not been sufficiently long to
determine the long-term efficacy, toxicity, and metabolism
of FePt MNPs in vivo. In addition, other applications in
biomedicine, including their use as gene transfer vectors
and radionuclide carriers and in MFH, need to be further
explored.

However, with further research of FePt MNP technology
and the further development of nanomaterial science, larger-
scale experimental and clinical studies on FePt MNPs and
their application are expected to be conducted, which will
play a greater role in biomedicine.
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heating properties and neutron activation of tungsten-oxide
coated biocompatible FePt core-shell nanoparticles,” Journal of
Controlled Release, vol. 197, pp. 131–137, 2015.

[50] S. Liang, Q. Zhou, M. Wang, Y. Zhu, Q. Wu, and X. Yang,
“Water-soluble l-cysteine-coated FePt nanoparticles as dual
MRI/CT imaging contrast agent for glioma,” International
Journal of Nanomedicine, vol. 10, pp. 2325–2333, 2015.

[51] N. K. Sahu, J. Gupta, and D. Bahadur, “PEGylated FePt–Fe
3
O
4

composite nanoassemblies (CNAs): in vitro hyperthermia, drug
delivery and generation of reactive oxygen species (ROS),”
Dalton Transactions, vol. 44, no. 19, pp. 9103–9113, 2015.

[52] Y.-W. Jun, J.-W. Seo, and J. Cheon, “Nanoscaling laws of
magnetic nanoparticles and their applicabilities in biomedical
sciences,” Accounts of Chemical Research, vol. 41, no. 2, pp. 179–
189, 2008.

[53] Y.-W. Jun, J.-H. Lee, and J. Cheon, “Chemical design of
nanoparticle probes for high-performance magnetic resonance
imaging,” Angewandte Chemie, vol. 47, no. 28, pp. 5122–5135,
2008.

[54] J. Gao, G. Liang, J. S. Cheung et al., “Multifunctional yolk-shell
nanoparticles: a potential MRI contrast and anticancer agent,”
Journal of the American Chemical Society, vol. 130, no. 35, pp.
11828–11833, 2008.

[55] R. M. Taylor, D. L. Huber, T. C. Monson, V. Esch, and
L. O. Sillerud, “Structural and magnetic characterization of
superparamagnetic iron platinum nanoparticle contrast agents
for magnetic resonance imaging,” Journal of Vacuum Science
and Technology B: Nanotechnology andMicroelectronics, vol. 30,
no. 2, Article ID 02C101, 2012.

[56] H. Gu, R. Zheng, X. Zhang, and B. Xu, “Facile one-pot synthesis
of bifunctional heterodimers of nanoparticles: a conjugate
of quantum dot and magnetic nanoparticles,” Journal of the
American Chemical Society, vol. 126, no. 18, pp. 5664–5665,
2004.

[57] J. Gao, B. Zhang, Y. Gao, Y. Pan, X. Zhang, and B. Xu, “Fluores-
cent magnetic nanocrystals by sequential addition of reagents
in a one-pot reaction: a simple preparation for multifunctional
nanostructures,” Journal of the American Chemical Society, vol.
129, no. 39, pp. 11928–11935, 2007.

[58] K. M. Seemann and B. Kuhn, “Multi-photon excited lumines-
cence of magnetic FePt core-shell nanoparticles,” Biomedical
Optics Express, vol. 5, no. 7, pp. 2446–2457, 2014.

[59] R. M. Taylor, D. L. Huber, T. C. Monson, A.-M. S. Ali, M.
Bisoffi, and L. O. Sillerud, “Multifunctional iron platinum
stealth immunomicelles: targeted detection of human prostate
cancer cells using both fluorescence and magnetic resonance
imaging,” Journal of Nanoparticle Research, vol. 13, no. 10, pp.
4717–4729, 2011.

[60] T. Fuchigami, R. Kawamura, Y. Kitamoto, M. Nakagawa, and
Y. Namiki, “A magnetically guided anti-cancer drug delivery
system using porous FePt capsules,” Biomaterials, vol. 33, no. 5,
pp. 1682–1687, 2012.

[61] L. Wang, X. Zheng, W. Zhang et al., “One-pot synthesis
of carbon-decorated FePt nanoparticles and their application
for label-free electrochemical impedance sensing of DNA
hybridization,” RSC Advances, vol. 3, no. 23, pp. 9042–9046,
2013.

[62] R. Moradi, S. A. Sebt, H. Karimi-Maleh et al., “Synthesis and
application of FePt/CNTs nanocomposite as a sensor and novel
amide ligand as a mediator for simultaneous determination



Journal of Nanomaterials 13

of glutathione, nicotinamide adenine dinucleotide and trypto-
phan,” Physical Chemistry Chemical Physics, vol. 15, no. 16, pp.
5888–5897, 2013.

[63] H. Karimi-Maleh, F. Tahernejad-Javazmi, A. A. Ensafi, R.
Moradi, S. Mallakpour, and H. Beitollahi, “A high sensi-
tive biosensor based on FePt/CNTs nanocomposite/N-(4-
hydroxyphenyl)-3,5-dinitrobenzamide modified carbon paste
electrode for simultaneous determination of glutathione and
piroxicam,” Biosensors & Bioelectronics, vol. 60, pp. 1–7, 2014.

[64] N. Moghimi and K. T. Leung, “FePt alloy nanoparticles for
biosensing: enhancement of vitamin C sensor performance and
selectivity by nanoalloying,” Analytical Chemistry, vol. 85, no.
12, pp. 5974–5980, 2013.

[65] N. Moghimi, M. Mohapatra, and K. T. Leung, “Bimetallic
nanoparticles for arsenic detection,” Analytical Chemistry, vol.
87, no. 11, pp. 5546–5552, 2015.

[66] S. Maenosono and S. Saita, “Theoretical assessment of FePt
nanoparticles as heating elements for magnetic hyperthermia,”
IEEE Transactions on Magnetics, vol. 42, no. 6, pp. 1638–1642,
2006.

[67] J. Verma, S. Lal, and C. J. F. van Noorden, “Nanoparticles for
hyperthermic therapy: synthesis strategies and applications in
glioblastoma,” International Journal of Nanomedicine, vol. 9, no.
1, pp. 2863–2877, 2014.

[68] J. Gao, G. Liang, B. Zhang, Y. Kuang, X. Zhang, and B. Xu,
“FePt@CoS

2
yolk-shell nanocrystals as a potent agent to kill

HeLa cells,” Journal of the American Chemical Society, vol. 129,
no. 5, pp. 1428–1433, 2007.

[69] C. Xu, Z. Yuan, N. Kohler, J. Kim, M. A. Chung, and S.
Sun, “FePt nanoparticles as an Fe reservoir for controlled Fe
release and tumor inhibition,” Journal of the American Chemical
Society, vol. 131, no. 42, pp. 15346–15351, 2009.

[70] H. Sun, X. Chen, D. Chen et al., “Influences of surface
coatings and components of FePt nanoparticles on the sup-
pression of glioma cell proliferation,” International Journal of
Nanomedicine, vol. 7, pp. 3295–3307, 2012.



Research Article
Incorporation of Nanohybrid Films of Silica into Recycled
Polystyrene Matrix

Genoveva Hernández-Padrón,1 Domingo Rangel-Miranda,2

Gerardo Cedillo,3 and Alejandra Blanco-Hernández4

1Departamento de Nanotecnologı́a, Centro de Fı́sica Aplicada y Tecnoloǵıa Avanzada, Universidad Nacional Autónoma de México,
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An alternative for the reutilization of polystyrene waste containers consisting in creating a hybrid material made of SiO
2

nanoparticles embedded in a matrix of recycled polystyrene (PSR) has been developed. Recycled polystyrene functionalized
(PSRF) was used to influence the morphological and antifog properties by the sol-gel synthesis of nanohybrid silica. To this end,
silica nanoparticles were produced from alkoxide precursors in the presence of recycled polystyrene. The functionalization of this
polymeric matrix was with the purpose of uniting in situ carboxyl and silanol groups during the sol-gel process. In this way, opaque
or transparent solid substrates can be obtained, with each of these endowed with optical conditions that depend on the amount
of reactants employed to prepare each nanohybrid specimen. The nanohybrids were labelled as SiO

2
/PSR (HPSR) and SiO

2
/PSRF

(HPSRF) and their properties were then compared to those of commercial polystyrene (PS). All the prepared samples were used
for coating glass substrates. The hydrophobicity of the resultant coatings was determined through contact angle measurement.
The nanohybrid materials were characterized by FT-IR and 1H-NMR techniques. Additionally, TGA and SEM were employed to
determine their thermal and textural properties.

1. Introduction

In the recent decades, the development of new plastics has
been a great challenge for the scientific and technological
community, because of the harmful influence of plastics
on the environment and the accumulation of polymeric
materials. Additionally, the degradation time of these mate-
rials is very long and nonrenewable resources have been
declining in tandem with the growth of plastics engineering
[1]. This situation has forced society to diminish the use of
plastic materials in the immediate future and so, now, these
substances must be recycled [2].

Inorganic-organic hybrids [3, 4] are rapidly emerging
as alternatives to traditional antifog, self-cleaning, and UV

protected materials, since they combine the chemical and
mechanical properties of both inorganic and organic com-
ponents [5–7]. In another sense, human health protection
and environmental remediation have been constantly dete-
riorated. In the following work we propose an application for
reusing polystyrene, which is commonly used for transport-
ing fast food disposables, food trays, and beverage containers
and as a general packaging product.

Polymers can be reused as intelligent window coatings
with water repellent properties, antifogging agents, UV pro-
tectors, or self-cleaning products. It is known that polymers
such as HDPE, LDPE, PS, or PP are used for these appli-
cations; the PS surface can be modified with a hydrophobic
group to improve these characteristics [8–10]. Also, nano- or

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 173949, 6 pages
http://dx.doi.org/10.1155/2015/173949

http://dx.doi.org/10.1155/2015/173949


2 Journal of Nanomaterials

microsilica particles incorporated into the polymer matrix
combine the useful polystyrene features.The incorporation of
these SiO

2
particles can be performed via the sol-gel method

[11]; this process allows a better control of the hydrophobic
coating properties.The initial conditions can be manipulated
to improve the mechanical, optical, thermal, antifog, and
other properties of new materials [12, 13].

Coatings are used to indicate the deposition of a material
on the surface of another one; the purpose is to provide on
the covered area some characteristic that the material has
not yet attained by itself [14]. Organic coatings are those
applied in liquid state form on a surface after drying and
usually result in a continuous solid covering layer.The drying
processes involve chemical reactions or simple evaporation
of the solvent, such as in paints, lacquers, enamels, and
varnishes [11].The effect of the coating is to provide some type
of insulation, protection by adding a surface or interfacial
property, while keeping the original properties of the covered
material [15, 16].

Inorganic-organic hybrid composites are rapidly emerg-
ing as alternatives to traditional self-cleaning, antifog, or UV
protection materials [17] since coatings alone usually exhibit
no sufficient wear protection properties due to their low
densities, thickness the wear and stress resistance of lining
materials, but they can be improved with the incorporation
of new hybrid composites.

There is particular interest in the functionalized polymers
from the technological and scientific points of view; there-
fore, the inclusion of nanoparticles to improve the properties
of polymers or resins [17] and even recycled polymers is a
highly appreciated alternative.

In this work hybrid materials were prepared by incorpo-
rating silica nanoparticles (SiO

2
) into recycled polystyrene

matrices (PSR). Recycled polystyrene was functionalized
(PSRF) by using abietic acid. The functionalization of the
recycled polymeric matrix has the purpose of uniting car-
boxyl with silanol groups in situ during the sol-gel process.
Infrared and 1H-NMR spectroscopies were used to verify the
functionalization of polystyrene and incorporation into it of
silica particles. The prepared nanohybrids were labeled as
SiO
2
/PSR (HPSR) and SiO

2
/PSRF (HPSRF), respectively, and

then were compared to commercial crystal polystyrene (PS)
and their corresponding hybrids.

2. Experimental Procedure

2.1. Materials and Methods. The materials used in this work
were (a) tetraethyl orthosilicate (TEOS) (Aldrich Chem.), (b)
CO
2
-free triple distilled water, (c) toluene (reactive grade)

(J. T. Baker), (d) polystyrene containers that were used as
the recycled polymer, (e) commercial crystal polystyrene
(Resirene Co.), (f) benzoyl peroxide (Sigma-Aldrich 99%),
and (g) abietic acid (Sigma-Aldrich 70%).

2.2. Functionalization of Polystyrene (Commercial and Recy-
cled). The functionalization of commercial or recycled
polystyrene was made from a solution of toluene subjected
to mechanical stirring. In order to prepare the PSF or PSRF

substrates, abietic acid (AA) and benzoyl peroxide employed
as initiator (i) (i.e., an i/AA molar ratio of 0.376) were added
to the PS or PSRmaterials and refluxed for 1 h undermechan-
ical stirring. The method of synthesis and the preparation
conditions for preparing the modified polystyrene (PSF)
materials have been described elsewhere [18].

2.3. Hybrid Materials Preparation. The PS-SiO
2
, PSR-SiO

2
,

PSF-SiO
2
, and PSRF-SiO

2
hybrid materials were prepared

from solutions of nonfunctionalized or functionalized recy-
cled polystyrene (PSR or PSRF, resp.). Previously, the PS or
PSF commercial solids were dissolved in toluene. TEOS was
dissolved in another glass beaker containing a volume of
toluene equal to the quantity employed to prepare the above
PS or PSR solutions. Afterward, PS, PSF, PSR, or PSRF solu-
tions were added sequentially to the beaker containing the
TEOS/toluene mixture. The reactant mixture was kept under
stirring and refluxing conditions for 2 h. The TEOS molar
ratios employed in the above preparations corresponded to
2.5 and 6.3 × 10−5mol of initiator and were added to the PS
and PSR polymers.

2.4. Substrates Coating. Clean glass plates of 4× 1 in. and 4.8×
10−2± 0.00005 in. thickness were coated with PS, PSF, PSR,
PSRF, HPS, HPSF, HPSR, and HPSRF films, respectively. The
surface of each glass platewas immersed (at a rate of 5mms−1)
inside the polymers solutions under study.

2.5. Characterization Techniques. The characterization of
the obtained hybrid materials was carried out by FT-IR
spectroscopy. Infrared analysis (FT-IR) was performed on a
Bruker Vector 33 spectrometer, by using the transmittance
technique. The samples were prepared as thin films.

The 1H-NMR spectra were recorded on a Bruker Avance
400 spectrometer, with a BBI 400MHz SB 5mm with z-
gradient probe and TOPSPIN 2.1 software; all samples were
previously dissolved in CDCl

3
at room temperature.

In turn, TGA/DTA analyses were carried out in a DuPont
951 instrument operated in an air atmosphere at a rate of
10 Kmin−1.

The contact angle was measured on the surface of the
coated material that was prepared on the glass surface. One
drop of water (1 𝜇L) was placed on the surface and then
a photograph was taken of the solid-liquid interface with
a camera Cannon Power Shot Sx30 IS. These images were
transformed to gray scale and analyzed with the MatLab 6
program, version 6.0.0.88, and five measurements of each
sample were made.

Scanning Electron Microscopy (SEM) observations were
carried out in a Jeol JSM-5200 scanning microscope. The
samples were coated with carbon by vacuum evaporation.

3. Results and Discussion

PS, PSF, HPS, and HPSF FT-IR spectra are shown in Figures
1 and 2, in the ranges of 3300 to 2600 cm−1 and 2000 to
400 cm−1, respectively.



Journal of Nanomaterials 3

3300 3200 3100 3000 2900 2800 2700 2600

29
75

29
75

30
80

30
27 28

52

29
24

(d)

(c)

(b)

Tr
an

sm
itt

an
ce

 (a
.u

.)

(a)

30
60

Wavenumber (cm−1)

Figure 1: FT-IR spectra in the range of 3300–2600 cm−1 of (a) PS,
(b) PS-F, (c) HPS, and (d) HPSF materials.
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Figure 2: FT-IR spectra in the range of 2000–400 cm−1 for (a) PS,
(b) PS-F, (c) HPS, and (d) HPSF substrates.

Polystyrene (PS) presents characteristic absorption bands
at 3080, 3060, and 3027 cm−1 corresponding to aromatic CH
groups; likewise signals from the aromatic hydrogen present
in 1H-NMR spectra of polystyrene and recycled polystyrene
(PSR) appear between 6 and 7.5 ppm (Figures 5(a) and 6(a)).
Polystyrene presents bands at 2924 and 2852 cm−1 proceeding
from CH

2
asymmetric and symmetric vibration, respectively

[19] (Figure 1(a)). On the other hand, the signals appearing
at 2.4 ppm in Figures 5(a) and 6(a) correspond to aliphatic
hydrogen while that of the region between 1 and 2.3 ppm
corresponds to methine (CH) and methylene groups (CH

2
)

[20].
Figure 2(a) shows aromatic ring absorption bands at 1601,

1492, and 700 cm−1 [19].
The spectrum of the functionalized polystyrene (PSF)

containing abietic acid (Figure 1(b)) shows a broadband in the
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Figure 3: FT-IR spectra in the range of 3300–2600 cm−1 of (a) PSR,
(b) PSRF, (c) HPSR, and (d) HPSRF materials.

range of 3100 to 3000 cm−1 due to the overlapping of bands
proceeding from aromatic groups.

The presence of abietic acid was identified in Figure 2(b)
through the signal of carboxyl group (C=O) in 1691 cm−1,
aromatic rings at 1186 cm−1, and CH bonds at 842 cm−1.
The spectrum also shows overlapping bands of PS aliphatic
groups and of the initiator in the range of 720 to 800 cm−1
(Figure 2(b)).

Figure 1(c) shows the hybrid polystyrene (HPS) FT-IR
spectrum. Vibration of the asymmetric methyl groups (CH

3
)

was identified at 2975 cm−1 and symmetric vibration of the
CH
3
groups appeared in the range of 2960 to 2860 cm−1.

Absorption bands at 1107 and 790 cm−1 (Figure 2(c)) cor-
respond to Si-O-Si asymmetric and symmetric vibrations,
respectively [21, 22].

The hybrid materials prepared from the recycled
polystyrene (HPSR) present the same absorption bands
(Figures 3(c) and 4(c)).

The FT-IR spectrum of functionalized hybrid polystyrene
(HPSF) shows a broadband at the range of 3200 to 2800 cm−1
(Figure 1(d)) which is associated with the overlapping of the
bands due to the aromatic ring present in PS and abietic acid,
as well as by the absorption bands of CH

2
group at 2925 and

2852 cm−1 [19].
The presence of the Si-O-Si group was identified at 1101

and 964 cm−1 (Figure 2(d)), while the absorption band of
the C=O group of abietic acid disappears; this same behavior
was observed for the functionalized hybrid of recycled
polystyrene (HPSRF) in Figures 3(c) and 4(c) [21].

Figures 3 and 4 show the PSR, PSFR, HPSR, and HPSRF
spectra in a range of 3300 to 2600 cm−1 and 2000 to 400 cm−1,
respectively. Recycled polystyrene (PSR) presents the same
characteristic bands of polystyrene (Figures 3(a) and 4(a)). In
the respective 1H-NMR spectrum, a band appears at 5.4 ppm,
which is associated with other compounds that are present in
the recycled material (Figure 6(a)).
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Figure 4: FT-IR spectra in the range of 2000–400 cm−1 of (a) PSR,
(b) PSRF, (c) HPSR, and (d) HPSRF samples.
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Figure 5: 1H-NMR spectra of (a) PS and (b) HPSF materials.

Deformations in the ranges of 2850 to 2980 cm−1 and
2850 to 2980 cm−1 in the FT-IR spectrum of functionalized
recycled polystyrene (PSRF) were found (Figure 3(b)). These
deformation bands can be associated with the presence
of abietic acid. The signals located at 1688 and 1319 cm−1
correspond to carboxyl group (Figure 4(b)).

Figures 5(b) and 6(b) show the 1H-NMR spectra of HPSF
and HPSRF, respectively. TEOS signals appear at 3.8 ppm
and 1.25 ppm for methylene and methyl groups, respectively
[CH
2
(q) and CH

3
(t)] [20].

In both spectra, it is not possible to distinguish abietic
acid signals due to the overlap between the aliphatic signals
of polystyrenes (PS and PSR). On the other hand, the
signals originally located at 2.4 ppm in PS and PSR spectra
disappear altogether, thus suggesting an interaction between
the functionalized polymers and TEOS.

The TGA and DSC results of these materials show an
increase in the amount of silica and functionalization of

Table 1: Degradation and glass transition temperatures and contact
angle measurements of the studied materials.

Material
Degradation
temperature

(∘C)

Glass transition
temperature Tg

(∘C)

Contact angle
on glass

PS 299.19 54.36 85.9623∘

PSR 346.55 59.17 82.0304∘

PSF 308.04 62.07 77.4712∘

PSRF 339.24 59.72 77.4712∘

HPS 221.45 56.08 81.5966∘

HPSR 318.59 57.60 87.6863∘

HPSF 338.05 76.99 88.1720∘

HPSRF 325.26 65.24 89.2098∘

Substrate 37.6262∘

8 7 6 5 4 3 2 1 0
(ppm)

(b)

(a)

Figure 6: 1H-NMR spectra of (a) PSR and (b) HPSRF materials.

the surface improve the thermal stability of these hybrid
materials.The glass transition temperature (Tg) of the hybrid
materials increases slightly with the functionalization and
amount of silica particles; see Table 1.

The hydrophobicity of the coatings was evaluated by
measurement of the contact angle, while establishing the
following criteria for having a hydrophilic surface <40∘ and
for an acceptable hydrophobic surface >70∘ [14].

The silica nanoparticles incorporated into the polystyrene
matrix and combined with the features of the abietic acid
allowed obtaining better hydrophobic properties. One man-
ifestation of this hydrophobic surface is the contact angle,
which was rather similar in value for the functionalized
hybrid materials. All the obtained hybrid materials have a
contact angle >80∘.The hybrids of functionalized polystyrene
films present an increased contact angle if compared to PS
and PSR. This is possible due to the presence of abietic
acid, which is an amphiphilic, that is, hydrophobic and
hydrophilic, compound and due to the presence of silica
particles in the hybrid materials. However, no significant
changes in contact angle were observed (Table 1).
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Figure 7: SEM photographs of (a) HPS and (b) HPSF.

(a) (b)

Figure 8: SEM photographs of (a) HPSR and (b) HPSRF.

In order to know the homogeneity related to the dis-
tribution of silica particles on the surface of the hybrid
materials, SEM photographs were taken. Figure 7(a) shows
aggregates of silica particles on HPS, which indicates that the
sample is not homogenous; in the case of HPSF (Figure 7(b)),
this sample presents a homogenous surface, thus suggesting
an interaction existing between TEOS and functionalized
polystyrene.

Hybrid materials micrographs of recycled polystyrene
(Figure 8(b)) present a better homogeneity between silica
particles and PSR. This suggests that the presence of abietic
acid allows silica particles to be dispersed in the polymer
matrix, then forming a free surface of aggregates. HPSR
depicts smaller aggregates than HPS (Figures 7(a) and 8(a)).

The homogeneous repartition of silica particles is impor-
tant since it determines the visual transparency or opacity of
the final films to finally apply these hybrids as coatings [7].

4. Conclusions

Hybrid materials were successfully prepared from recycled
polystyrene matrices by introducing silica particles to the

polymer matrix by the sol-gel method. Carboxyl groups
were identified in the functionalized materials (PSF and
PSRF), although this species is absent in the functionalized
hybrids (HPSF and HPSRF), thus suggesting that there exists
an interaction between carboxyl group and SiO

2
. 1H-NMR

analysis shows the presence of other compounds in PSR,
which is attributed to recycled material; however, this did
not affect the preparation process and neither the hydropho-
bicity nor the homogeneity properties of functionalized
hybrids.

Hybrids of PS and PSR presented segregation of the silica
particles on the material surface, while the functionalized
hybrids (HPSF and HPSRF) showed a homogeneous surface,
thus improving the visual transparency of the coatings. Also,
vitreous temperature (Tg) was increased in these materials
and the contact angles on the surface of recycled polystyrene
were very similar to those found in commercial polystyrene
samples.

The properties of recycled polystyrene analyzed in this
work are comparable to those ascribed to commercial
polystyrene with the possibility that these materials can be
used as hydrophobic coatings. Therefore, this study proposes
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a new alternative to the use of recycled polystyrene matrices
based on the approach presented.
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