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The field of functional nanoscale hybrid materials is one
of the most promising and rapidly emerging research areas
in materials chemistry. Nanoscale hybrid materials can be
broadly defined as synthetic materials with organic and inor-
ganic components that are linked together by noncovalent
bonds (Class I, linked by hydrogen bond, electrostatic force,
or van der Waals force) or covalent bonds (Class II) at na-
nometer scale. The unlimited possible combinations of the
distinct properties of inorganic, organic, or even bioactive
components in a single material, either in molecular or nano-
scale dimensions, have attracted considerable attention. This
approach provides an opportunity to create a vast number
of novel advanced materials with well-controlled structures
and multiple functions. The unique properties of advanced
hybrid nanomaterials can be advantageous to many fields,
such as optical and electronic materials, biomaterials, cataly-
sis, sensing, coating, and energy storage. In this special issue,
the breadth of papers shows that the hybrid materials is
attracting attention, because of both growing fundamental
interest, and a route to new materials. Two review articles
and seven research papers that report new results of hybrid
materials should gather widespread interest.

One review paper presents an overview of the recent
developments in the study of nanofluids, which has interac-
tion with hybrid materials. The review discusses the prepara-
tion methods, the evaluation methods for their stability, the
ways to enhance their stability, the stability mechanisms, and
their potential applications in different areas, such as heat

transfer intensification, mass transfer enhancement, energy
fields, mechanical fields, and biomedical fields.

In another paper, a zinc-layered hydroxide-4-chloro-
phenoxy acetate (4CPA) organic-inorganic nanohybrid was
prepared via a simple direct reaction of 4CPA anions with
ZnO under an aqueous environment. The concentration of
4CPA was found to be a controlling factor in determining
the formation of a pure phase and well-ordered nanolayered
hybrid material. The nanohybrid showed a controlled release
property that could be used as a controlled release formula-
tion of herbicides, and the releasing was governed by pseudo-
second-order kinetics. The authors on one paper report
selective dispersion of SiO2 nanoparticles in the polystyrene
(PS) domain of polystyrene-block-polymethylmethacrylate
(PS-b-PMMA) block copolymer via blending PS-b-PMMA
with PS-tethered SiO2. Another paper reviews the fabrication
of Au-coated Ag nanoarrays as biosensors.

The authors in another paper synthesized hybrid scaf-
folds of poly(vinyl alcohol)/bioactive glass (PVA/BaG) and
investigated the effect of glutaraldehyde as the crosslinker on
mechanical properties, degradation, and cytocompatibility.
The authors of one paper investigated the effect of the
particle morphology on sinterability of the SiC-ZrO2 in
microwave. They pointed out the possible good microwave
absorption of ZrO2. In another paper, Eu3+-doped LaPO4

and Tb3+-doped CePO4 luminescent nanoparticles embed-
ded in hybrid organosilica were patterned by two soft lith-
ographic techniques. The role of various parameters, such
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as solution chemistry, thermal protocols, and modification
of the mold-substrate surface energies related to pattern
shape formation and adhesion to the substrates, have been
studied. In another paper, species-specific hybrid nanobio-
probe based on gold nanoparticles was developed by a
covalent integration of a fluorophore-labeled 27-nucleotide
AluIfragment of swine cytochrome b gene to a 3 nm gold
nanoparticle for determination of pork adulteration in proc-
essed meat products.

Li-Hong Liu
Rémi Métivier

Shanfeng Wang
Hui Wang
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We report the development of a swine-specific hybrid nanobioprobe through a covalent integration of a fluorophore-labeled 27-
nucleotide AluI-fragment of swine cytochrome b gene to a 3 nm gold nanoparticle for the determination of pork adulteration in
processed meat products. We tested the probe to estimate adulterated pork in ready-to-eat pork-spiked beef burgers. The probe
quantitatively detected 1–100% spiked pork in burger formulations with ≥90% accuracy. A plot of observed fluorescence against
the known concentration of AluI-digested pork DNA targets generated a concave curve, demonstrating a power relationship
(y = 2.956x0.509) with a regression coefficient (R2) of 0.986. No cross-species detection was found in a standard set of pork, beef,
chicken, mutton, and chevon burgers. The method is suitable for the determination of very short-length nucleic acid targets which
cannot be estimated by conventional and real-time PCR but are essential for the determination of microRNA in biodiagnostics
and degraded DNA in forensic testing and food analysis.

1. Introduction

In the recent decades, a multitude of reports have been
built outlining the detection of meat species in foods [1–
13]. These reports clearly reveal that mitochondrial (mt)
DNA is the analyte of choice and that real-time PCR is
the analytical method of preference [1–13]. Maternal inher-
itance, multiple copy numbers, and additional protection by
specialized shape of mitochondrial membrane have given mt
genes extraordinary stability to survive in harshly processed
food and feeds or compromised samples [3, 6]. On the
other hand, real-time PCR technique is highly automated
and allows simultaneous detection and quantification of
potential targets from a complex background, eliminating
the need of laborious electrophoresis or blotting that are
required for conventional PCR [1–13].

A real-time PCR assay with a short-length amplicon is
preferred since it provides better amplification and recovery
of target DNA from a compromised sample processed under
harsh physical and chemical treatments which break down
DNA into small fragments [2–8]. Following this observation,

real-time PCR assays with amplicon as short as 66 or 76 bps
were developed [2]. However, this was achieved with a com-
promise of assay specificity [5]. A compromised assay leads
to artefacts in the final results by cross-amplifying an alien
species in heterogeneous mixtures of processed foods. A
cross-amplifying assay cannot determine whether there has
been a real or contaminated target identification [3, 5, 6].
This has raised the concerns of validity and applicability of
PCR assays to authenticate species in highly processed meat
products where DNA fragmentation is observed.

Hybrid biomaterials composed of functionalized nano-
particles, covalently [14–17] or noncovalently [18, 19] linked
to biomolecules, such as peptides, proteins, and polynu-
cleotides, are particularly interesting and promising for their
size-dependent optoelectronic properties and dimensional
similarities to biomacromolecules [14–19]. These conjugated
biomaterials are potential agents for multiplexed bioassays,
material synthesis, ultrasensitive optical detection and
imaging, in vivo magnetic resonance imaging (MRI), long-
circulating carriers for targeted drug release, and structural
scaffolds for tissue engineering [14–19].
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Thiol-capped gold nanoparticles (GNPs) covalently
linked to fluorophore-labeled oligonucleotide through
metal-sulfur bonds are shown to detect specific sequences
and single-nucleotide mismatches in shorter oligos [14–
17]. However, such studies are limited to the laboratory
level model experiments with synthetic oligotargets. No
studies so far have been conducted on the sequence and
mismatch detecting power of the fluorophore-labeled-
oligonanoparticle conjugates in heterogeneous biological
or commercial samples. Hybridization profile of such
nanobioconjugates is also needed to be explored.

Burger is a special type of restructured comminuted
meat products and very popular allover the world [3]. It
can be prepared by mixing emulsified ground meat of pork,
beef, chicken, lamb, or fish with certain ratios of starch,
seasonings, and salts [3]. Replacement of higher value meats
by lower value ones is a wide-spread problem in food
industry to realize extra economic benefit and also to survive
in a highly competitive market [1–13, 16–21]. Pork is a
potential adulterant in beef burger since it is similar in
color and texture and also available at cheaper prices [3].
The mixing of pork or its derivatives in food products is
a serious matter in the platforms of religions and health
because it is not permitted by the Kosher and Halal food laws,
its unconscious consumption might ignite allergic reactions,
and its high content of cholesterol and saturated fats may
initiate cardiovascular diseases [3–13, 16–20]. Thus, reliable,
easy-to-perform, and cost-effective methodologies are highly
appreciated for the verification of pork adulteration in
processed foods.

In this paper, we structurally and functionally integrated
a 27-nucleotide AluI-cut segment of swine mitochondrial
(mt) cytb gene to a 3 nm diameter citrate-tannate-coated
gold nanocrystal to fabricate a novel class of species-specific
nanobioprobe to determine pork in ready-to-consume
burger formulations. The method is comparatively cheaper
than the real-time PCR and can be applied to analyze highly
compromised heterogeneous samples where PCR methods
may not work due to breakdown of longer DNA template
into smaller fragments.

2. Materials and Methods

2.1. Design of Swine-Specific Oligoprobe. We chose a 27-nt
AluI-cut fragment (428–454 bp) of swine (Sus scrofa) cytb
gene (GenBank accession no. Gu135837.1 in NCBI data base)
as a porcine-specific marker. This fragment demonstrated
a high degree of polymorphism between the species and
similarities within the species by NCBI-BLAST analysis
against nonredundant nucleotide collections and also by
ClustalW alignment analysis. The probes were custom-
synthesized with a tetramethyl rhodamine (TMR) dye at
the 5′-end and a thiol (SH) function at the 3′-end with a
hexyl-A (A6) spacer between them by the Integrated DNA
Technologies, USA. The synthetic targets (complementary,
noncomplementary, and single mismatched) were supplied
by the 1st Base, Malaysia. The probe and oligosequences are
shown in Table 1.

2.2. Synthesis of Colloidal Gold Nanoparticles. Small gold
nanoparticles (GNPs) were prepared according to Ali et al.
[16]. The colloidal sol was characterized by Hitachi 7100
transmission electron microscope and PerkinElmer Lamda
25 UV-vis spectroscopy. The average size of the particles
was assigned to 3 ± 0.2 nm in diameter by measuring 500
particles [16]. The approximate number and concentration
of the particles were determined according to Haiss et al. and
were found to be 2.01 × 1011 NPS μL−1 and 335 pmol mL−1

[22].

2.3. Preparation of Hybrid Nanobioprobe. The custom-made
probes were mixed with GNPs in a ratio of 3 : 1, and the
mixture was incubated overnight at 20◦C in a shaking water
bath. The oligoconjugated particles were aged and purified
according to Maxwell et al. [15]. The average number
of attached oligoprobe per particle was determined by 2-
mercaptoethanol digestion following Maxwell and coworkers
[15]. The approximate ratio of the single-to-double probe-
bound particles was 1 : 1.

2.4. Preparation of Burger Meats. Separate aliquots of 500 g
of pork-beef binary admixtures were prepared by mixing
fresh pork and beef in a ratio of 100 : 0, 50 : 50, 25 : 75,
10 : 90, 5 : 95, 1 : 99, and 0 : 100 (w/w). The burger meats were
prepared according to Ali et al. [3]. Briefly, to a 500 g portion
of deboned minced mixed meats of the above composition,
1 g finely chopped onion, 1 g of egg, 6 g of finely chopped
sundried tomato, one teaspoon of cumin seed, and 1/4
teaspoon of cayenne pepper were added and mixed well.
Each mixture was divided into four equal portions and each
portion, was given a burger shape. The produced burger was
kept in a fridge for 1 h and then grilled on both sides in an
electrical oven at 220◦C for 15 min.

2.5. Calibration and Validation Standard. The calibration set
was prepared by spiking 1, 3, 5, 10, 25, and 50% (w/w) of
pork in beef burger meats. Burger meats of 100% pork and
100% beef were also formulated to see the differences in
fluorescence signal. A different set of burgers was prepared
with similar composition for the validation or prediction
experiment [3]. Both the calibration and validation sets were
prepared in triplicates.

2.6. DNA Extraction. For DNA extraction, 1 mL of cell and
tissue lysis solution (Epicenter Biotechnologies, Madison,
USA) was added to a 100 mg portion of finely chopped
burger meats and was incubated in a shaking water bath
at 65◦C for 12 h. The subsequent steps of the extraction
protocol were performed according to the Epicenter Biotech-
nologies. The purity and concentration of the extracted DNA
samples were determined by spectrophotometric analysis
(Biophotometer, Eppendorf, Germany) of absorbance at
A260/280 and A260 nm [3, 6, 16–19].

2.7. Specificity and Sensitivity of the Hybrid Nanobioprobe.
An aliquot of the purified nanobioprobe was diluted to
10 pmol mL−1 (9.01 × 1012 copies mL−1) with hybridization
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Table 1: Oligonucleotide sequences used in the study.

Name Sequences (5′ → 3′)

Probe TMRa-A6CTGATAGTAGATTTGTGATGACCGTAG-A6(CH2)6SH

Complementary target CTACGGTCATCACAA ATCTACTATCAG

Noncomplementary target ACGTAACTGCTGTGGCCTGGTCGCTGA

Single-mismatched target CTACGGTCATCACAAATTbTACTATCAG
a
6-Carboxy tetramethyl rhodamine flanked by hexyl A (A6) spacer, bmismatched base.

buffer (90 mM KCl, 10 mM Tris, pH 8) [14]. To determine
specificity, the hybrid probes were incubated with a 4-
fold excess (60 pmol mL−1 and 3.6 × 1013 copies mL−1) of
complementary, noncomplementary, and single-mismatch
targets (Table 1) at 70◦C for 5 min to allow strand separation
and then at 40◦C for 30 min to allow hybridization.

2.8. Specificity and Sensitivity in Mixed Biological Samples.
The extracted total DNA (500 μg mL−1) was digested with
AluI (New England Biolabs, UK) restriction enzymes to
create fragments of decisive lengths that could easily match
with the size and length of the developed nanobioprobe. The
fragments that are produced under natural heat or pressure-
induced degradation may not be suitable for biosensor-based
detection due to their uncontrolled sizes and shapes. The
digestions were performed in a total volume of 1 mL, con-
taining 600 μL of total DNA, 200 U of restriction enzymes,
and 100 μL of digestion buffer (New England Biolabs, UK)
for 1 h at 37◦C in a shaking water bath. After 1 h, nonspecific
digestion was stopped by heating the mixture for 10 min at
65◦C that inactivates the enzymatic functions of AluI [6].
The digestions were confirmed by electrophoresis on 3%
agarose gel. The hybridization reaction was performed in a
total volume of 2.5 mL in triplicates with 10 pmol mL−1 of
probe and 60 μg mL−1 of AluI-digested mixed DNA.

2.9. Fluorescence Measurement. The emission spectra were
collected in 10 mm cuvette with 2 mL volume in PerkinElmer
LS55 fluorescence spectrometer with excitation at 545 nm.
Each spectrum was an average of 5 scans with the speed of
200 nm min−1 and 5 nm slit widths. The background was
subtracted by replacing sample with 2 : 1 ratio of 10 mM PBS
and hybridization buffer. In order to see the hybridization
kinetics, a series of fluorescence spectra were obtained in
triplicates, and average fluorescence intensity at 579 nm was
plotted as a function of target concentration.

3. Results and Discussions

3.1. Detection and Quantification Mechanisms. The opera-
tion and quantification principles of the hybrid nanobio-
probe are represented in Figure 1. Earlier studies reported
that hybrid materials composed of single-stranded DNA
(ssDNA), covalently linked to a small gold nanoparticle (2 -
3 nm in diameter) via sulfur-gold bond at one extremity
and a fluorescent dye to the other, can assume one of the
two distinct conformations: (1) a constrained conformation
with a stem-loop or arch-like appearance before target

binding or (2) a straight conformation with a rod-like
appearance after target binding. In the closed structure,
the fluorophore and the GNP are held in close proximity,
and the fluorescence is quenched by nonradiative energy
transfer from fluorophore to the metal. Conversely, in the
open state, the fluorophore is far enough (>2 nm) from the
metal particle to emit fluorescence [14–16]. As such, we
assumed that the degree of fluorescence emission depends
on the degree of target binding. The maximum fluorescence
is observed when the probe is saturated with the targets,
and the base-line fluorescence is realized in the absence
of any targets. A relationship might be found if fluoresce
intensity is plotted against the target concentration, and such
a relationship may be used to determine the target DNA
concentration.

3.2. Specificity of the Hybrid Nanobiosensor. The fluores-
cence spectra of 10 pmol mL−1 porcine nanobioprobe with
4-fold molar excess (60 pmol mL−1) of complementary
(blue curve: top one), single mismatch (red curve: 2nd
from the top), noncomplementary targets (pink curve: 3rd
from the top) and no targets (green curve: bottom one)
are shown in Figure 2. Only base-line fluorescence was
observed with the noncomplementary targets. However,
single-mismatched targets (2nd from the top) lost 60–70%
observed fluorescence of the perfectly matched targets. Thus,
it clearly demonstrated that the fabricated nanobioprobe
was highly specific in discriminating complementary, non-
complementary, and single-mismatch sequences. Maxwell
et al. [15] achieved 55% quenching with 2.5 nm diameter
gold nanoparticle probes where gold nanoparticles were
produced by reducing sodium borohydride. On the other
hand, Dubertret et al. [14] achieved 75% reduction of
fluorescence intensity with molecular beacon and 1.4 nm
diameter gold nanocrystals. The former group used 4-fold
and the latter 10-fold molar excess of targets, probably to
produce crowding effect to realize maximum emission of
fluorescence. According to Dubertret et al., the discrim-
ination of perfectly matched and mismatched sequences
can be clearly observed if low ionic strength hybridization
buffer (90 mM KCl, 10 mM Tris, pH 8.0) is used. However,
the gold particles, they used, were too small and unstable
above 50◦C. We used highly stable citrate-tannate-coated
GNPs with relatively large diameter (∼3 nm), 4-fold, molar
excess of targets, and also the low ionic strength hybridiza-
tion buffer. Thus, we achieved sensitivity which is higher
than that of Maxwell et al. [15] and close to Dubertret’s
[14].
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Figure 1: Schematic presentation of the operating and quantification principles of the swine nanobiosensor probes. Three oligonucleotides
probes flanked by a hexyl-A spacer and linked to a gold nanocrystal through a gold-thiol bond at one end and fluorophore (TMR) to the
other are shown to be self-organized in a constrained arch-like structure where the fluorophore is quenched by the nanoparticle in the
absence of any complementary targets. Upon target binding, the closed structure is opened into a rod-like conformation separating the
fluorescent dye from the nanoparticle to allow fluorescence emission. The degree of fluorescence emission is shown to proportionate to the
degree of target hybridization. Gold nanoparticle is demonstrated by a red sphere. The quenched and emission state of the fluorophore is
represented by a sky-blue sphere and a sky-blue star. Single-stranded probe DNA and target DNA are shown by green- and blue-curved line,
respectively.
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Figure 2: Detection of specific DNA sequences and single-
nucleotide mismatches by swine-specific nanobiosensor probes.
The corresponding emission spectra collected at λ545 excitation are
shown by labels.

3.3. Pork Detection in Mixed Burger Formulations. The
fluorescence spectra of burgers prepared from pork-beef
binary admixtures containing various percentages of spiked
pork are shown in Figure 3. Fluorescence spectra of com-
mercial burgers of beef, chicken, chevon, and mutton
are also demonstrated in the same figure. The swine-
specific biosensor probe clearly detected 1% pork containing
0.6 ng μL−1 of swine DNA (yellowish green curve: 7th from

the top) in ready-to-eat burger prepared from pork-beef
binary mixtures. This clearly reflects the high sensitivity
and specificity of the hybrid nanobioprobe to trace out
target DNA in food products processed by severe heat and
pressure which degrades DNA [2, 3, 5–8]. No significant
change in the sensitivity was observed with uncooked burger
preparations (not shown), demonstrating the high stability
of the potential targets in processed food products.

Commercial burgers from other species (beef, chicken,
mutton, and chevon) showed fluorescence that is comparable
to the base-line fluorescence of the free probes (Figure 3).
We retrieved the nucleotide sequence of cytb genes of these
species and aligned with the probe by ClustalW alignment
program. The number of mismatches and mismatched
nucleotides of each species is shown in the inset of Figure 3.
Only the Sus scrofa (pig) species showed 100% matching, and
all the other species showed 5–8 nucleotide (shown in red)
mismatching, reflecting the extraordinary specificity of the
designed probe, and supporting the experimental findings.

Rodrı́guez et al. [4] quantified 0.5% pork adulteration in
pork-beef binary mixtures under raw states using TaqMan
probe real-time PCR targeting 411 bp template DNA of mt-
12S ribosomal RNA gene. In contrast, using a comparatively
shorter fragments (<120 bp) of different mt genes, Frezza et
al. [7] quantitatively detected 0.2% adulteration of bovine,
ovine, swine, and chicken DNAs in feedstuffs by conventional
and FRET-based real-time PCR. Recently, Farrokhi et al. [11]
detected 0.1 ng pork DNA from commercial meat extracts
targeting 234 bp mt-DNA using SYBR green real-time PCR.
The detection limit of the molecular beacon real-time PCR
assay developed by Yusop et al. [12] that targeted a 119 bp
mt-cytb gene was 0.1% (w/w) pork in pork-beef binary
mixtures under raw states. The highest detection limit of
0.01% of pork in beef burger has recently been reported
by Ali et al. [3, 6] who targeted a 109 bp fragment of
mt-cytb gene using a TaqMan probe real-time PCR [3]
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and conventional PCR coupled with microfluidic analysis
of the amplified PCR products [6]. While these studies
clearly demonstrate improved sensitivity with the reduction
of the length of template DNA, too much reduction of the
template DNA length is reported to compromise specificity,
making the PCR assay unreliable [2, 5]. Additionally, the
PCR assays as short as 27 bp cannot be possible as they
reflect the equivalence of the size of a PCR primer [1–
13, 20]. Thus, although the detection limit of this assay
is far below the conventional and real-time PCR, still the
assay has important applications for the detection of shorter-
length nucleic acid targets which can survive in the harsh
conditions that extensively breakdown DNA into smaller
fragments causing amplification failure in PCR reactions
[3, 6]. In short-length (15–30 nucleotides) nucleic acids, such
as microRNAs, detection is increasingly important in the
diagnosis of cancer and other hereditary diseases at an earlier
stage, and the present assay is a suitable candidate for this job
[20].

Conventional and real-time PCR assays not only have
limitations in detecting short-length nucleic acid targets, but
also incur huge cost of instrumentations and consumables
and involves laborious electrophoresis and handling of
hazardous chemicals such as ethidium bromide [16–19].
In contrast, the present method only involves the initial
cost of fluorescence spectrophotometer, reusable cuvette, and
fluorescence-labeled probe. GNP preparation is easy and also
commercially available at reasonable prices.

Detection of pork in meat products by Fourier transform
infrared spectroscopy is interesting as it apparently looks
simple and does not involve huge cost that is incurred
by real-time PCR [9]. However, the method is flawed by

itself as it depends on the analysis of fat which can be
extensively manipulated during the cooking process [3, 6].
Colorimetric detection of PCR amplified and nonamplified
swine genomic DNA in a mixed background [18, 19] is
quite interesting because it does not need any instrument,
and detection is also rapid. However, the method is solely
qualitative, cannot provide any quantitative information,
and also suffers from the interference of single-stranded
nucleic acid species. Quantification of specific nucleic acid
species helps to draw a boundary between the permissible
and nonpermissible limits of adulteration in food analysis
and also to monitor the progression of infectious and
hereditary diseases in molecular diagnostics [3]. The present
assay has a strong potential to be used for these purposes
because of its simplicity and lower cost compared with the
other existing methods such as real-time PCR.

3.4. Hybridization Kinetics and Target Quantification. When
the logarithmic value of AluI-digested target DNA (% w/w)
was plotted against the fluorescence intensity at a fixed
concentration of nanobioprobe (10 pmol mL−1), a concave-
shaped curve reflecting a power relationship (y =
2.956x0.509) between the observed fluorescence and target
concentration was obtained (Figure 4(a)). The regression
coefficient (R2) of this curve was 0.986, meaning the depen-
dant variable (y-axis = observed fluorescence) can explain
98.6% values of the independent variable (x-axis = target
DNA concentration). The plot reflects very little changes in
emitted fluorescence at the two extremes demonstrating that
at too low concentration of target (<1% w/w), probe-target
collision is too low to open the closed structure (Figure 1),
and at too high concentration of target (>100% w/w), the



6 Journal of Nanomaterials

0

5

10

15

20

25

30

35

0.1 1 10 100

Log of pork in beef burger (%w/w) 

0

10

20

30

1 10 100

Fl
u

or
es

ce
n

ce
 in

te
n

si
ty

 a
t 

57
9 

n
m

 (
a.

u
.)

−10

−5

y = 6.5836 ln(x)− 3.6361

R2 = 0.9687
y = 2.956x0.509

R2 = 0.986

(a)

0

10

20

30

40

50

60

70

80

90

100

110

0 10 20 30 40 50 60 70 80 90 100 110

Actual value (%w/w)

R
ec

ov
er

ed
 v

al
u

e 
(%

 w
/w

)

RMSEC = 0.011

y = 1.0102x + 0.1431
R2 = 0.9995

(b)
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the actual (x-axis) and recovered values (y-axis) obtained from the standard and validation sets of the above mixtures (b). The standard
errors (%) are shown by the error bars, and the linear part of the curve (3–100%) is displayed in the inset (a).

probe is supersaturated with the targets resulting in very little
or no change in spectral intensity [16, 17]. At low concentra-
tion (≤3%) of targets, the standard deviation of the observed
fluorescence was also higher (≤10%). However, over a
moderate range of target DNA concentration (3–100%), a
linear curve were appeared with R2 = 0.968 (Figure 4(a),
inset). This part of the curve also showed ≤10% deviation in
interreplicates, interday, and interanalyst analysis, indicating
its potential uses in target DNA quantification. When pork
concentration (% w/w) in beef burger over the range of 5–
100% was plotted against the fluorescence intensity, a linear
curve (not shown) with R2 = 0.998 resulted. Linearity was
considerably destroyed when less than 5% pork was used,
again reflecting the scarcity of available targets to interact
with the probe to open the closed conformation in an
efficient manner at low concentration.

We further validated our findings by plotting experi-
mentally determined value against the actual concentration
of pork in burger formulations (Figure 4(b)). We observed
a linear curve over the range of 1–100% pork in beef
burger with R2 = 0.999. R2 value reflects how close the
experimentally determined value to the actual concentration.
The closer the value to unity, the better the accuracy [3, 9].
The accuracy of the method as shown by error bar was 90–
95% over the range of 5–100% adulteration. However, the
accuracy was drastically fallen down (<90%) in ≤3% pork
mixed in beef burger, reflecting low level of probe-target
collision.

4. Conclusion

Species-specific hybrid nanobioprobe based on gold na-
noparticles was developed to authenticate pork adulteration
as low as 1% in ready-to-consume beef burger preparations
with spiked pork. The cross-testing results with various
formulations of commercial burgers also revealed the high

specificity and sensitivity of the hybrid biosensor for the
pork DNA. The hybridization kinetics of the nanobioprobe
reflected a power relationship of observed fluorescence
with target concentration (1–100% w/w). However, a linear
curve was realized over the moderate concentration of the
target (3–100%) and used to quantify potential targets
in processed mixed meat products with more than 90%
accuracy. The method eliminated the need of expensive real-
time PCR, time-consuming electrophoresis, and laborious
blotting techniques for target DNA identification. We believe
our approach would find application in food analysis, genetic
screening, biodiagnostics, and forensic investigations.
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and R. Martı́n, “TaqMan real-time PCR for the detection and
quantitation of pork in meat mixtures,” Meat Science, vol. 70,
no. 1, pp. 113–120, 2005.

[5] H. Hird, J. Chisholm, A. Sanchez et al., “Effect of heat and
pressure processing on DNA fragmentation and implications
for the detection of meat using a real-time polymerase chain
reaction,” Food Additives and Contaminants, vol. 23, no. 7, pp.
645–650, 2006.

[6] M. E. Ali, U. Hashim, S. Mustafa, and Y. B. Che Man, “Swine-
specific PCR-RFLP assay targeting mitochondrial cytochrome
B gene for semiquantitative detection of pork in commercial
meat products,” Food Analytical Methods. In press.

[7] D. Frezza, V. Giambra, F. Chegdani et al., “Standard and
Light-Cycler PCR methods for animal DNA species detection
in animal feedstuffs,” Innovative Food Science and Emerging
Technologies, vol. 9, no. 1, pp. 18–23, 2008.
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Eu3+-doped LaPO4 and Tb3+-doped CePO4 luminescent nanoparticles embedded in hybrid organosilica were patterned by two
soft lithographic techniques. The role of various parameters such as solution chemistry, thermal protocols, and modification of the
mold-substrate surface energies related to pattern shape formation and adhesion to the substrates have been studied. The shrinkage
of the oxide patterns and shape evolution during the process was also examined. The patterns were characterized with optical
and photoluminescence (PL) microscopy, X-ray diffraction (XRD), and scanning electron microscopy (SEM). Compositional
analyses were carried out with X-ray photoelectron spectroscopy (XPS), low-energy ion scattering (LEIS), and secondary ion mass
spectroscopy (SIMS). The results indicated that the final patterns obtained with these two techniques for the same material have
different shapes and adherence to the substrates.

1. Introduction

Oxide materials doped with lanthanide ions comprise a class
of materials that have great technological importance in
areas such as phosphor lamps, displays, sensors, lasers, and
optical amplifiers [1–3]. At nanometer scale, these materials
have high surface-to-volume ratio and enhanced structural,
electronic, and optical properties in comparison to the bulk
phase. Generally, oxide materials are known to be good hosts
for lanthanide ions, since they provide good quantum yields.
For example, lanthanum orthophosphate (LaPO4) is an ex-
cellent host for ions such as europium, cerium, and terbium
in the fabrication of photoluminescent materials [3, 4].

At present, the most common technologies used for the
deposition of these materials are electrophoretic deposition
[5–7], screen printing [8], pulsed laser deposition [9, 10],
and traditional photolithography [11]. In fact, the patterning
techniques used for phosphor screens are known to have a
great effect on the resolution of flat panel displays [12].

Soft-lithographic techniques [13] could be used as al-
ternative techniques, when simplicity, ease of use, and cost

effectiveness is targeted. They are cheap, easy, and simple and
most importantly, they need no clean room conditions or
complicated and lengthy processing steps. So far, relatively
little work has been reported on the use of soft-lithographic
techniques for the patterning of luminescent materials. Yu et
al. applied micromoulding in capillaries (MIMIC) to pattern
a Pechini sol-gel-based nanocrystalline YVO4 : A (A = Eu3+,
Dy3+, Sm3+, Er3+) phosphor films [12]. Pisignano et al.
employed mechanical lithographic techniques to print 1D
patterns of light emitting materials embedded in organic
films [14]. They reported that patterned films exhibited
enhanced luminescence (by more than a factor of two)
as compared to nonpatterned films. Similarly, Han and
coworkers [15] applied the technique of MIMIC to sol-gel-
based phosphor patterned lines having various line widths.
The patterned and nonpatterned films exhibited the same
optical properties.

Here we report the use of two soft-lithographic tech-
niques, namely, MIMIC [13, 16] and microtransfer mould-
ing (μTM) [13, 17] for the patterning of two types of
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luminescent nanoparticles. A comparison between the two
techniques has been made based on the degree of filling of
the channels, adhesion of the patterned films to the substrate,
their shape profiles, and shrinkage behavior. This paper will
focus on two important fundamental questions (a) what will
be the outcome of applying two different soft-lithographic
techniques to one material? (b) What will be the result of
patterning two different materials with one technique? This
paper will make a great contribution and a step forward
towards selecting an appropriate soft-lithographic technique
for the right material and applications.

2. Experimental

2.1. Materials. Unless otherwise stated, reagents were used
as received without further purification. The organosilane
precursor 1,2-bis(triethoxysilyl)ethane (99.999%) abbrevi-
ated as BTESE, nitric acid (65%), polyoxyethylene 20 cetyl
ether (Brij 58), and ethanol (99.8%) were all purchased from
Aldrich. N, N-dimethylformamide (99.8%) (DMF) was pur-
chased from Merck.

2.2. Synthesis of Luminescent Lanthanide Phosphate Nanopar-
ticles. Two types of luminescent nanoparticles (NPs),
namely, LaPO4 : Eu and CePO4 : Tb, having particle diame-
ters (Φ) of 5–8 nm, were used for patterning in the present
work. The synthesis route adopted was according to Riwotzki
et al. and was scaled down to 10 mmol and slightly mod-
ified as follows [18]. To a solution of lanthanide chloride
hydrate salts (10 mmol) in methanol (50 mL), tris(2-ethyl-
hexyl) phosphate (TEHP, 60 mL) was added. Under reduced
pressure (10 mbar at 60◦C), methanol and water were evap-
orated. Depending on the lanthanide ions used for the syn-
thesis, the remaining solution sometimes remained slightly
colored.

In parallel, a solution of crystalline phosphoric acid
(980 mg, 10 mmol) in tris(2-ethylhexyl) phosphate (30 mL)
and tri-n-octylamine (TOA, 13.1 mL, 30 mmol) was pre-
pared. The dissolved acid solution was heated to 80◦C,
and water and oxygen were removed in the vacuum. The
solution was flushed with argon three times before the
lanthanide-ion solution was added. Again, the flask was
evacuated and flushed with argon three times before the
mixture was heated to 200◦C for 20 h in order to minimize
the oxidation of cerium(III) to cerium(IV). During the
reaction, the temperature decreased by 30◦ to 170–175◦C.
The heating was stopped at this point, and the colloidal
solution was cooled to room temperature. Then, the solution
was added to methanol (400 mL) in a separating funnel to
precipitate the nanocrystals as a white solid. The nanocrystals
were separated from the solution into centrifuge tubes.
After centrifuging down the nanocrystals at 1500 g for
5 min, they were suspended in methanol and centrifuged
again. This step was repeated three times. The nanocrystals
were transferred into a flask and dried with a rotary
evaporator yielding a white to yellowish powder (average
yield 7.2 mmol, 72%), depending on the composition of the
nanocrystals.

2.2.1. Preparation of Nanoparticles Solution Embedded in

Hybrid Silica

Solution (a). 10 mg of the LaPO4 : Eu NPs were dissolved
in 5 mL of DMF and stirred at 100◦C for 1 h. In case of
CePO4 : Tb, the NPs were dissolved in ethanol and stirred
for 1 h at room temperature. When needed, the amount of
solvent was varied for the adjustment of viscosity.

Solution (b). Aqueous nitric acid (0.5 mL concentrated
HNO3 in 1.8 mL of water) was added dropwise to 1.8 mL of
1,2-bis(triethoxysilyl)ethane (BTESE), and 5.0 mL of ethanol
while stirring in an ice bath. The mixture was refluxed for 2-
3 h at 60◦C.

Solutions of various concentrations were made by mixing
solutions (a) and (b) in various proportions. The viscosity
was adjusted by adding small amounts of Brij 58 to the final
solution and stirring for 2-3 h. The viscosity of the final
solution was measured to be 4.210 mPa·s.

3. Results and Discussion

3.1. Patterning of LaPO4 : Eu by Micromoulding in Capillaries
(MIMIC). Micromoulding in capillaries (MIMIC) tech-
nique was applied to pattern LaPO4 : Eu nanoparticles (NPs)
embedded in hybrid silica. First of all, the Si substrates
were cleaned with a fine jet of CO2 crystals to blow away
the dust particles. Then both substrates and PDMS moulds
were treated with oxygen plasma (Harrick Plasma, 200 W)
at a pressure of 80 Pa using molecular oxygen [19]. Figure 1
shows SEM and AFM images of line- and pit-patterned films.
The complete filling of the capillaries took 10–15 min. The
wet patterns were then left for 10–60 min. (with the mould)
at 80◦C on a hot plate in order to evaporate the solvents and
were annealed at 300◦C for 30 min in nitrogen. Figure 1(a)
shows an example of such a line pattern having a line width
(wl) of 6 μm and spacing between the lines (sl) of 12 μm.
The adhesion of the filled mould to the substrate after drying
was found to be stronger. In some cases, the strong adhesion
resulted in detachment of a residue layer from the mould and
stayed on the substrate. An example is shown in Figure 1(b),
where the darkest lines, which are mostly located in the lower
part of the picture, are the residue lines of PDMS, while
the less dark lines between the PDMS residues are actual
patterned organosilica lines obtained from a mould having
both wl and sl of 1.5 μm, respectively. The resulting shapes
of the organosilica pattern are not perfect replicas of the
PDMS master from which they are obtained, as can be seen
in Figure 1(c), having similar dimensions as in Figure 1(b).
The patterned lines have a single peak unlike the double-peak
profile as reported somewhere else [20]. Figure 1(d) shows
an AFM image showing line pattern of the same dimensions
as shown in Figures 1(b) and 1(c) and illustrates the surface
roughness between the patterned features due to PDMS
residues.

The strong adhesion between mould, pattern, and sub-
strate can have two consequences. It may either result in
the detachment of PDMS from the mould and its adhesion
to the substrate (Figure 1(b)) or in the detachment of
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Figure 1: SEM and AFM images of LaPO4 : Eu NPs embedded in hybrid organosilica and made with the MIMIC technique. (a) SEM image
of line patterns having wl = 6μm and sl = 12μm; (b) SEM image of a nonannealed line pattern showing patterned lines and PDMS residue
having wl = 1.5μm and sl = 1.5μm; (c) Cross-sectional SEM image of 1.5 μm patterned lines; (d) AFM image of 1.5 μm wide lines showing
surface roughness due to residual PDMS layer; (e) SEM image of pit-patterned film having Pd = 800 nm, depicting the detachment of the
pattern due to strong adhesion of the film to the mould; (f) pit pattern showing white PDMS residues inside the pit pattern. Here wl , sl, and
Pd mean the width of the lines, spacing between the lines, and diameter of the pit, respectively.

the patterned film from the substrate. An example of the lat-
ter effect is shown in Figure 1(e), where a pit-patterned film
having pit diameter Pd of 800 nm was removed together with
the mould. This problem can be solved by careful adjustment
of the surface energy of the mould by varying the time of
plasma treatment, as shown elsewhere [19]. The white areas
inside the holes in the pit-patterned film in Figure 1(f) also
show the residue layer.

3.2. Patterning of LaPO4 : Eu by Microtransfer Moulding.
As discussed in the previous section, the adhesion of

MIMIC-derived patterned films was too strong that it
resulted in the partial detachment (removal) of the patterned
material. In order to circumvent this problem we applied
microtransfer moulding (μTM). A tiny drop of solution
containing NPs was gently placed on a PDMS mould after
it had been treated with oxygen plasma for 20–60 s. After
removing the excess material from the protruding parts of
the mould with a clean PDMS or steel block, the mould was
placed and pressed carefully onto a clean Si substrate. Mould
and pattern were then placed on a hot plate at 80◦C for 10–
30 min to solidify the wet pattern. Figures 2(a) and 2(b)
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Figure 2: Images of LaPO4 : Eu lines having wl = 6μm and sl = 12μm patterned with μTM; (a) and (b) SEM images; (c) topographic AFM.
The shape of the line is more rectangular than those derived from MIMIC.

show line patterns having wl and sl of 6 μm and 12 μm, re-
spectively, and obtained with μTM. Similarly, Figure 2(c)
shows an AFM height image of the shape of the pattern. The
shape profile is more rectangular than those derived from
MIMIC.

The main reason that the shape of the pattern is replicat-
ed well with μTM is probably that the channels of the mould
are filled prior to replication and exposed to air, to which
solvents can evaporate faster and more homogeneously than
through the mould as in MIMIC. In μTM the channels are
filled with a block unlike MIMIC, where they are filled by
capillary action. In other words, the filling phenomenon in
MIMIC is rather a spontaneous process whereas in μTM it is
a mechanical process.

3.3. Patterning of CePO4 : Tb Nanoparticles (NPs). MIMIC
and μTM were also applied to pattern CePO4 : Tb NPs of var-
ious dimensions and shapes. These NPs were stabilized in
solvent ethanol unlike LaPO4 : Eu NPs which were stabilized
in DMF. Figure 3(a) shows a MIMIC-made line-patterned
film having wl of 6 μm. The filling length of the channels was
higher, and the evaporation was comparatively faster than
that of LaPO4 : Eu NPs, which were stabilized in DMF, since
ethanol evaporates faster than DMF does. Furthermore,
DMF was observed to be less compatible with PDMS, since
it is a strong solvent. It degraded the PDMS mold when
left in contact for longer periods of time. Figure 3(b) shows
a μTM-derived line-patterned film having wl 3 μm before
annealing. Residue PDMS lines between the actual patterned
lines can be observed. This was found to happen when the

PDMS mould was treated in oxygen plasma for more than
30 s. Longer plasma treatment times increase the surface
energy of the mould by oxidizing PDMS to amorphous SiOx,
which is brittle. The surface energy increased the bonding
strength between mould and substrate, and the brittleness of
the oxidized PDMS layer.

Moulds treated within oxygen plasma for shorter periods
of 20–30 s were found to be suitable for replication of features
(Figure 3(c)). On the other hand, a mould treated with
plasma for a too short period of time reduces the adhesion
of the patterned material with the substrate. In that case,
the patterned material may detach from the substrate. An
example is shown in Figure 3(d), where the displacement of
line patterns and their detachment from the substrate can be
observed.

An advantage of μTM over MIMIC is the possibility of
patterning isolated features. Examples of patterned isolated
pillars having diameters (Pd) of 800 and 1500 nm are shown
in the lower and upper part of Figure 3(e), respectively.
In Figure 3(f), the residue layer between the patterned
features is visible. This occurs when the excess solution
was not completely removed from the mould prior to their
registration onto the substrate.

3.4. Important Aspects of Microtransfer Moulding. Although
μTM has some advantages over MIMIC, the adhesion of
μTM-made patterned features to the substrate is weaker
than that of MIMIC. When patterning line structures, the
excess solution should be removed at right angle to the lines.
Otherwise, it may cause the removal of the solution from
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Figure 3: SEM images of CePO4 : Tb fluorescence NPs in hybrid silica; (a) line pattern made with MIMIC having wl = 6μm; (b) line pattern
made with μTM showing residue of PDMS lines between the patterned lines as a result of strong adhesion; (c) line pattern made with μTM
having wl = 5μm (left) and wl = 3μm (right); (d) μTM-derived line pattern showing displacement and detachment of the lines due to poor
adhesion to the substrate; (e) μTM-derived pillars pattern having diameter of Pd = 800 nm (lower part), and Pd = 1500 nm (upper part); (f)
pillar pattern showing the residue layer between the pillars.

the lines and results in the formation of partially filled M-
shaped lines. See Figure 4(a).

The force exerted on a cleaning block to remove excess
solution from the mould is also of importance. Application
of too large force can cause the partial or complete removal of
solution from the patterned area and may lead to incomplete
pattern replication. An example is shown in Figure 4(b)
(left), where the broken lines resulted from too large forces
on the mould. The force applied with a hard material such
as steel should be smaller when a soft material is used, such
as PDMS. Finally, the excess materials should be removed
thoroughly from the mould, or it will be transferred to the
substrate and may affect the pattern (Figure 4(c)). All line
patterns shown in Figure 4 have wl and sl of 6 μm and 12 μm,
respectively, and were obtained from a solution of LaPO4 : Eu
nanoparticles embedded in hybrid silica.

3.5. D Layer-by-Layer Type Patterning. Both techniques can
also be applied to produce 3D layer-by-layer type patterns.
As discussed in the introduction part that these 3D wood
pile patterns may find application in photonics for wave-
guiding and photonic crystals. Figure 5 depicts the step-
by-step schematic procedure adopted for patterning these
3D structures. The first layer can be patterned with the
conventional MIMIC or μTM method (Figure 5(a)). The
pattern is then dried at some elevated temperature. After
drying, a thin film of some degradable polymer is spin coated
on top (Figure 5(b)). In the present work, we applied a
thin film of commercially available UV-curable polyurethane
(PU) with a speed of 1500 rpm for a period of 1 min. The PU
film was cured by exposure to UV light with a wavelength
of 350 nm for 2 h. Subsequently, the PU film was treated in
oxygen plasma for 5–10 min in order to improve its adhesion
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Figure 4: SEM images showing the effects of various processing variables in μTM (a) removal of the excess material in a direction parallel to
the lines results in M-shaped lines; (b) application of strong force during the removal of excess material may result in incomplete filling of
features of the mould; (c) reservoir (bulk) of excess material at the edge of the patterned lines resulting from incomplete removal of excess
solution.

(a)

(b) (c)

(d)

Deposit first layer with MIMIC or 

Spin coat a degradable polymer
Deposit a second layer 

perpendicular to the first layer

Degrade the polymer at high

temperature μTM

Substrate

Figure 5: Schematic illustration of the procedure adopted for 3D wood pile pattern fabrication.

to the PDMS mould for the next layer to be deposited. A fresh
PDMS mould was also treated in oxygen plasma for 5 min
and placed very carefully on top of the PU film in such a way
that channels of the mould were oriented perpendicular to
the lines of the first layer. Then a second layer was patterned
on top of the PU film (Figure 5(c)). Finally, after drying, the
buried PU film can be degraded by annealing the sample at
550◦C in air for 2 h. This yielded a 3D wood pile pattern
(Figure 5(d)).

In principle, the same procedure is expected to be appli-
cable to stack a third or more layers. However, defects and
errors that occur in one layer will be transmitted to the layers

above. Thus, increasing the number of layers also promotes
the number of defects in the final pattern, especially in the
upper layers. Furthermore, the weight of the mould while
placing it on top of the green body may also produce defects.
It was found that the adhesion of the second layer to the
underlying PU/titania substrate was weaker than the adhe-
sion of the first layer to the substrate. The adhesion was im-
proved by oxygen plasma treatment of the polymer film for
5 min prior to deposition of the second layer.

While the MIMIC-derived patterns showed good adhe-
sion to the substrate, the final line shapes were not perfectly
rectangular; this is an undesirable feature when 3D type
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Figure 6: SEM images of 3D patterns. (a) μTM-derived dual layer pattern; (b) detached second layer of a pattern showing the residue layer;
(c) 3D pattern showing cracks at the point of contact; (d) effect of incomplete drying of the second layer on pattern coherence and adhesion;
(e) dual layer pattern where first layer was made with MIMIC and second layer with μTM; (f) μTM-derived dual layer patterns. The lines are
at ca. 120◦ with respect to the others. Fractures are visible at the points of contact.

patterning is targeted. Formation of a residue layer is another
limitation of MIMIC, even though absence of residue layers
was one of the underlying reasons to develop MIMIC in the
first place. These two problems were avoided by using μTM
for 3D patterning.

Figure 6(a) shows μTM-made 3D pattern having a wl of
6 μm derived of hybrid organosilica-embedded LaPO4 : Eu
NPs. Care must be taken to remove the excess solution before
bringing it onto the substrate. Otherwise, some residue layer
will stay on top of the first layer; this undesirable layer can
be seen in Figure 6(b) near the area of detachment of the
second layer. Prior to the deposition of the second layer in
μTM, the wet solution in the channels should be dried for
a period of time, that is, partially gelled. Otherwise, it may
penetrate into the underlying layer and result in defected

pattern (Figures 6(c) and 6(d)). This should be done before
the solution bond to the mould channels, since in that case
it might not transfer to the substrate. The time period may
vary for different materials and solvents; however, in the
present scenario a time interval of 2-3 min was found to be
the optimum.

The adhesion of the μTM-derived second layer to the
underlying layer was found to be weak as compared to those
derived from MIMIC. Eventually, this leads to detachment
of the top layer, as illustrated in Figure 6(e). The second
layer was also deposited under other angles to see if that
might improve the adhesion of the second layer, but this also
resulted in cracked lines (Figure 6(f)). The cracking of lines
probably result from stresses that occur due to shrinkage of
the second layer when the pattern dries.
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(a) (b) (c)

Figure 7: (a) and (b) Photoluminescence micrographs of LaPO4 : Eu line patterns with wl = 4μm, excited with 260 nm UV light, showing
reduced luminescence intensity; (c) optical micrograph of a CePO4 : Tb patterned film with wl = 6μm, depicting residues and color contrast
due to thickness variations of a few nanometers.

0

10

20

30

40

50

60

70

80

90

100

110

In
te

n
si

ty
 (

a.
u

.)

500 1000 1500 2000 2500 3000

M1

M2

T1

O

Si

La

Ce
Eu

Tb

Energy (eV)

(a)

M1

M2

T1

0

50

100
In

te
n

si
ty

 (
a.

u
.)

500 1000 1500 2000 2500 3000

150

La
Ce

Eu
Tb

Energy (eV)

(b)

Figure 8: LEIS spectra of (a) He and (b) Ne scattering of LaPO4 : Eu NPs (M1) patterned by MIMIC; CePO4 : Tb NPs (M2) patterned by
MIMIC; LaPO4 : Eu NPs (T1) patterned by μTM. All lines were made with same mould having wl = 6μm, and NPs were embedded in hybrid
organosilica.

3.6. Photoluminescence Microscopy. Eu has maximum lumi-
nescence (fluorescence) at λ = 393 nm, whereas for
LaPO4 : Eu the best excitation is at 260 nm [1–5]. Figures 7(a)
and 7(b) show the photoluminescence (fluorescence) micro-
graphs of a LaPO4 : Eu patterned film made with MIMIC.
These patterned films were studied with optical microscopy
using an excitation wavelength of 260–300 nm. The photolu-
minescence intensity, however, was very low as can be seen
in the figure. X-ray photoelectron spectroscopy (XPS) was
performed to study the presence of the NPs in the patterned
films. However, the results (not presented here) did not show
indications for the presence of NPs in the patterned lines. The
following possible reasons can be sum up about the reduced
luminescence intensities.

Firstly, that the NPs are not present in the upper layers
of the patterned lines, since XPS can give information up
to 20 Å with an exponential decay towards the depth. The
sensitivity of XPS is limited to 0.1–0.2 at%, depending on
material. Lower concentrations will not be detected.

Furthermore, the microscope lenses were made from
glass, which absorbs UV light. Thus, the microscope itself
may have reduced the observed intensity drastically. A
mercury lamp (λ = 254 nm) was also tried, but the intensity
remained low. The excitation and emission wavelengths
may also be affected by the matrix material. The hybrid
organosilica matrix may reduce the optical yield by several
orders of magnitude. Other reasons might include quenching
effects such as phonon emission, where the energy of the
excited state is consumed in the form of vibrational energy.
Nevertheless, a detailed investigation into this effect was not
within the scope of this research work. Figure 7(c) shows op-
tical micrograph of a MIMIC-patterned film of CePO4 : Tb.
The color spectrum indicates the presence of a residue layer,
and the color contrast is indicative of thickness variation. The
dark spots are small dust particles.

3.7. Low Energy Ion Scattering Analysis. To look in more de-
tail to the surface composition than is possible with XPS,
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Figure 9: TOF-SIMS spectra of (a) T1 (LaPO4 : Eu NPs lines by μTM); (b) M1 (LaPO4 : Eu NPs patterned by MIMIC); (c) M2 (CePO4 : Tb
NPs patterned by MIMIC).

compositional analyses of other three representative samples
were done with the low energy ion scattering (LEIS)
technique. LEIS can register lower element concentrations,
but only in the upper atomic layer. One of the samples (M1),
shown in Figure 1(a), is a MIMIC-derived line patterned
film of LaPO4 : Eu NPs. The second sample (M2) is shown
in Figure 3(a) and is a MIMIC-made CePO4 : Tb-patterned
film. The third sample (T1) is shown in Figure 2. It is a μTM-
made LaPO4 : Eu-line patterned film. Henceforth, these
samples will be represented by M1, M2, and T1, respectively.

LEIS was performed using helium for the identification
of low mass elements, followed by neon scattering for the
identification of high mass elements. This way the compo-
sition of the first atomic layer was studied by ion scattering.
Figures 8(a) and 8(b) show the He and Ne LEIS spectra of the
above three samples.

In samples M1 and M2, no rare earth elements were
detected. A likely reason is that the concentration of NPs
is below the detection limit, at least in the top most layers.

Since LEIS is sensitive only to the top atomic layer and cannot
detect elements below a few atomic layers. On the other hand,
Sample T1 showed the presence of lanthanum (La) in the
outermost monolayer. The difference between the samples
lies only in the use of the applied patterning technique, which
suggests that the NPs are not present in the upper top layer
of MIMIC-derived samples. Major differences resulting from
the two soft-lithographic techniques are related to differences
in filling behavior and differences in evaporation rates of
solvent, and so forth. These may affect the concentration of
NPs in the upper most regions of the patterned lines.

3.8. Secondary Ion Mass Spectroscopy Analysis. Time of flight
(TOF) secondary ion mass spectroscopy (SIMS) was per-
formed on the same samples as mentioned in the above
section.

In all three samples, clear signs of SiOH compounds were
detected. Sample T1 showed the presence of La and Eu along
with the phosphates (Figure 9(a)). However, for sample M1
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neither La nor Eu could be detected (Figure 9(b)). Similarly,
for sample M2, a limited amount of Ce and Tb was detected
(Figure 9(c)). Furthermore, no phosphates were found in
the two samples (Figures 9(b) and 9(c)). Aliphatic and
aromatic hydrocarbons were detected in these two samples.
The aromatic compounds probably may have resulted from
the initial synthesis of the NPs and, therefore, indirectly
suggests their presence in the materials under investigation
here.

On the basis of compositional analysis with LEIS and
SIMS, some indications for the reasons for the reduced inten-
sities observed with PL microscopy can be deduced. Firstly,
the NPs are not near to the surface region. The path that
photons have to travel to escape from the organosilica matrix
is therefore relatively long; this affects the degree of absorp-
tion by the organosilica matrix. Furthermore, the sample
patterned with μTM showed the presence of NPs very near
to the external surface. This suggests that the patterning
technique also has an influence on the location of NPs in the
matrix material in the given pattern. Silica is known to be
a good host material for lanthanide ions such as europium
and cerium; however, quenching effects may reduce the pho-
toluminescence intensity.

4. Conclusions

MIMIC and μTM techniques were applied successfully to
pattern LaPO4 : Eu and CePO4 : Tb NPs embedded in hybrid
silica. The shape of the patterned lines derived from MIMIC
was found to be different from those derived with μTM. The
adhesion of the patterned material to the substrate and to
the mould was very challenging, and further work is needed
to be done for a variety of other materials system to be
able to reproduce the results. Furthermore, the adhesion of
MIMIC-derived patterns to the substrate and the underlying
pattern was stronger than that of μTM-made patterns. This
is probably due to the fact that the residue layer in MIMIC
is thicker, which improves bonding to the substrate. Also, in
MIMIC the bonding is stronger due to the fact that in μTM
the sol is jellified (semi-dried) before it is transferred. On the
other hand, the shape of patterns is better replicated with
μTM than with MIMIC.

By comparison of the two techniques, it can be con-
cluded that both techniques have their own advantages and
limitations. The selection of an appropriate technique may
depend on the applications of the patterned films. MIMIC
is a good technique for applications where residue layer is
not undesirable. Similarly, μTM is good for the patterning of
isolated features and as well as when exact replication of the
mould is desired.

Photoluminescence properties in the encapsulated NPs
were studied. Their intensities were low. This may be either
due to some quenching effects, and/or due to the fact that
the NPs are buried away from the external surface. Other
possibility could be that their amount is low. Nevertheless,
the experiments show that both techniques can be used
to pattern similar or other complex materials with these
techniques.
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The effect of particle morphology on the sinterability of microwave-sintered SiC-ZrO2 was evaluated in this paper. A comparison
was also made against the electric furnace and resulted in faster heating rate because of the difference of heat transfer in the sintering
processes. High-energy mechanical milling process has been applied to obtain the homogeneous particle morphology and finer
particles size. The microstructure of finer particles of SiC-ZrO2 after milling was better in the region sintered by microwave.
The microstructure in the sintered region was smaller for the coarser particles which were obtained by heterogeneous nonmilled
powder mixture. The result of the Vickers hardness test was higher for the powder homogeneously dispersed SiC-ZrO2 after
milling and sintering by microwave. These are influenced by the difference of individual electric properties of the initial SiC and
ZrO2 which have an effect on the absorption of the microwave energy.

1. Introduction

The principal advantages of ceramics are high hardness,
extremely high melting point, high compressive strength
and stiffness, and wear resistance [1, 2]. Silicon-carbide-
(SiC-) based ceramics are also very promising high-tem-
perature structural materials owing to their excellent thermal
and mechanical properties, such as hardness and flexural
strength [3–7]. One of the applications of SiC is in gas
turbines. Mechanical properties of SiC, especially fracture
toughness, can be improved by the addition of other phases
into a material matrix to form a composite structure [8–
12]. SiC-based ceramics are generally produced by cold die
compaction with subsequent sintering or by hot isostatic
pressing and finishing [13]. Among these procedures, the
usage of sintering is the most important process for fabricat-
ing ceramics. One of the sintering technologies is microwave,
which was initially used only in food production but now is
also used in the powder processing. However, monolithic SiC
is a highly covalently bonded silicon and carbon compound
that is difficult to sinter without additives by any method
[14] including microwaves [15]. Besides, SiC-based ceramics

have low-dielectric-loss factor, that is, the materials with such
properties are not easy to heat up by microwave, especially at
lower temperature, as reported by Agrawal et al. [16, 17].

Dispersion of zirconia (ZrO2) particles in silicon carbide
and other low dielectric loss ceramics is an effective method
to enhance the absorption of energy in microwave sintering
in room temperature. The preparation of ultrafine ZrO2-
based ceramic particles by microwave sintering has been
studied extensively [18, 19]. Dispersing of ultrafine particles
is expected to improve the sintering ability in ceramics. This
is because the specific surface area of the particles provides
additional driving force for densification during sintering.
Ultra-fine initial size of the particles normally results in
higher densities, and in some cases may lead to lower firing
temperatures due to faster sintering kinetics [20]. Ultra-fine
ZrO2-based ceramic particles are usually known to contain
agglomerates. One of most important factors in sintering
is the agglomerate size. In microwave sintering, when the
powders are milled and refined to nanometer-sized particles,
the microwave absorption properties may be changed. Ruan
et al. compared the microwave attenuation between the
particles of different sizes of 5 μm and 65 nm and showed that
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the dielectric loss of nanometer-sized particles is larger than
that of micrometer-sized particles [21].

Although SiC and ZrO2 have been sintered individually
by microwave by many researchers, the formation of the
particles morphology and its effect on the microstruc-
ture and mechanical properties have not been previously
reported. Thus, the objective of this paper is to evaluate
the two different formations of the particle morphology
on the microstructure of SiC-ZrO2. The differences in the
formation of the particles morphology were obtained by
mechanical milling and compacted by microwave or electric
furnace sintering. The hardness tests of SiC-ZrO2 with
different particles morphology were also measured.

2. Experimental Procedure

2.1. Mechanical Milling. In this study, a fine α-SiC of 2∼
3 μm and an ultra-fine ZrO2 of 30 nm were used, as shown
in Figure 1(a). Both ceramics were manually mixed with
a weight ratio of 1 : 1. In another set, both ceramics were
subjected to vibratory ball milling (Super Misuni NEV-MA-
8, Nishin Gikken, Japan). Dense tungsten carbide-cobalt
(WC-Co) of 5 mm in diameter was used as a grinding
media and of 60 mm in diameter was used as a grinding
pot. Figure 1(b) shows the illustration of vibration ball
mill. A constant vibration frequency of 12.5 Hz and a total
time of 144 ks were used to mill SiC and ZrO2 with the
same ratio, 1 : 1. The milling time was chosen to achieve
different morphology of the particles. The ratio of the
grinding ball to milled powder was 5 : 1 by weight. After
mixing and milling, the SiC-ZrO2 was precompacted in a
10 mm diameter stainless steel die under 50 MPa pressure,
and then consolidated by nonconventional microwave and
conventional electric furnace sintering.

2.2. Sintering. The schematic illustration of microwave sin-
tering is shown in Figures 2(a) and 2(b) (IDX, MSS-
TE0004, Japan) with a single-mode cavity and linked to a
magnetron that delivers a variable forward power of up to
2 kW at a frequency of 2.45 GHz. Figure 2(a) shows the
temperature measurement of the microwave sintering pro-
cess. It was continuously measured by an infrared radiation
thermometer camera cold air intake (Chino, IR-CAI). The
microwave sintering was carried out in nitrogen atmosphere
at a temperature of 1273 K for 600 s. The microwave heating
was generated by 800 W power. The specimen was set upon
a silica plate inside a silica tube for thermal insulation, as
shown in the front view in Figure 2(b). An alumina stage was
used as the susceptor for the purpose of thermally heating
the low-dielectric-loss ceramic specimens to a certain tem-
perature. The ceramic specimens directly absorb microwave
energy to self-heat to the desired temperature at high heating
rates, and the main function of the susceptor is to maintain
a uniform temperature. The specimen was heated in the
electric- (E-) field, which was controlled via a three-stub
tuner. The maximum setting of the specimens on the E-field
plunger was set to 142 mm.

For the conventional electric furnace sintering, the
temperature of SiC-ZrO2 was controlled to the same value
as the microwave, 1273 K. The sintering temperature was
measured using an R-type thermocouple with a constant
soak time of 600 s, which was generated by applying a
nominal power of 2000 W.

2.3. Characterizations. The impurities of the powders, before
and after mechanical milling, were investigated by X-ray
diffraction analysis (XRD, RINT-2000, Japan). The mor-
phology of the particles was characterized using a field-
emission scanning electron microscope (FE-SEM S-4800,
Hitachi, Japan). The sintered samples were cut in half and
their cross-sections carefully polished. These were used for
microstructure characterization by means of FE-SEM. The
mechanical properties were examined using hardness testing.
The hardness was measured with an HMV-1 (Shimadzu
Corp., Japan) using the Vickers indents obtained by applying
a 98.1 N load for 5 s. The measurement was conducted at 30
random points on each specimen.

3. Results and Discussion

3.1. Characterization of Particle Morphology. Figure 3 shows
FE-SEM images of SiC-ZrO2. As shown in the non-milled
powder mixing in Figure 3(a), the shape of the SiC was
irregular and the ZrO2 was agglomerate, which is similar to
the initial one (Figure 1(a)). Before mixing, the amount of
ZrO2 particles that attach on the surface of the SiC powders
is very limited. As a result of mixture, there is no change in
the appearance of both SiC and ZrO2. From this image, it
appears that the particle morphology is heterogeneous.

After mechanical milling, the surface of the SiC powders
becomes finer and almost fully covered with ZrO2 particles,
as shown in Figure 3(b). In order to achieve homogeneous
particle morphology, control of the milling time was very
important. If the milling time was too short, the particle
morphology of ZrO2 on the surface of SiC would remain het-
erogeneous. The homogeneous particle morphology could
be fully achieved for a milling time of 144 ks. The size of the
SiC powders was not significantly reduced, and their shape
became somewhat spherical. In the case of ZrO2, the size was
refined and the shape of the particles was deformed. These
morphological changes are attributed to a fragmentation of
the particle agglomerates which was caused by the high-
energy mechanical milling.

The refinement of the particle size is consistent with
the broadening of X-ray diffraction peaks in Figure 4. In
the case of the nonmilled powder mixture (heterogeneous
particle morphology), the diffraction peaks were slightly
narrower than for the milled powders (homogeneous particle
morphology). According to Scherrer’s formula,

τ = Kλ

β cos θ
, (1)

where K is the shape factor, λ is the X-ray wavelength
of the radiation used (CuKα), β is the line broadening
at half the maximum intensity (FWHM) in radians, θ is
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of Super Misuni vibration ball mill with dense WC-Co of 5 mm in diameter used as a grinding media and of 60 mm in diameter used as a
grinding pot.
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Figure 2: Schematic of (a) side and (b) front view of single-mode microwave sintering. The microwave sintering was carried out in nitrogen
atmosphere at a temperature of 1273 K for 600 s and was generated by 800 W power.
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Figure 3: FE-SEM micrographs of particles morphology appearance of SiC-ZrO2 with (a) nonmilled powder mixture (heterogeneous)
with the amount of ZrO2 particles that attach on the surface of the SiC powders is very limited (b) milled powder (homogeneous) particle
morphology with the surface of the SiC powders becoming finer and almost fully covered with ZrO2 particles.
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the Bragg angle, and τ is the mean size of the crystalline
domains, which may be smaller or equal to the particle size;
the broadening of diffraction peaks indicates a reduction
in crystalline size [22]. No phase transformation or new
phase formation for both SiC-ZrO2 was found in the
heterogeneous and homogeneous powder mixtures such that
SiC and ZrO2 maintain their rhombohedral and monoclinic
structures, respectively.

3.2. Sintering Behaviors. The microwave heating profiles of
SiC-ZrO2 separated into electric and magnetic fields are
shown in Figure 5(a). The plot shows different heating results
in microwave fields. In the E-field, SiC-ZrO2 powders could
be sintered, unlike in the H-field. The temperature increased
to around 40 s. To achieve the desired temperature of 1273 K,
the time required in microwave heating is less than 60 s. It
means that the heating rate in the microwave sintering is very
rapid, 25 K/s on average.

In case of electric furnace sintering, the temperature
remained almost constant at room temperature from 1 s
to 30 s time. Then, the temperature increased until around
160 s, as shown in the heating profile in Figure 5(b).
The heating rate in the electric furnace is slower than in
microwave sintering, which is only 8 K/s on average. To
achieve the temperature of 1273 K, the time required is as
much as 200 s.

3.3. Sinterability and Microstructure of SiC-ZrO2. Figure 6
shows FE-SEM images of SiC-ZrO2 specimens sintered by
microwave and electric-furnace sintering at the constant
temperature of 1273 K. In low magnification of microwave

sintering microstructures, there is an obvious difference in
the microstructure of samples derived from heterogeneous
and homogeneous particle morphology. It is clearly showed
that the sintering ability of heterogeneous particle of SiC-
ZrO2 in microwave is lower than that of the homogeneous
one. In heterogeneous particle morphology microstructure,
only a few scattered sintered regions are present, as shown
in Figure 6(a). After mechanical milling for 144 ks, the
particles morphology was changed, the particle morphology
was homogeneous, and the average grain size was refined,
as shown in Figure 6(b), the better homogeneity of ZrO2

particle on SiC surface, improve the sintering region in
microwave. The grain size of SiC-ZrO2 is clearly shown
in the FE-SEM micrographs at higher magnification in
Figures 6(c) and 6(d). In the non-milled powder mixture
(heterogeneous), the SiC size is bigger and coarser than the
milled powder (homogeneous particle morphology).

The microstructures of the SiC-ZrO2 at 1273 K tem-
perature, sintered by the conventional electric furnace, are
shown in Figures 6(e) and 6(f). In this case, a very different
appearance, as compared to the microstructure of microwave
sintered powder, is shown for all electric furnace sintered
specimens. The SiC-ZrO2 shows a coarse-grained aspect with
high porosity. From the micrographs, there is almost no
difference in the heterogeneous and homogeneous particles
morphology of the SiC-ZrO2 after sintering by electric
furnace.

3.4. Vickers Hardness. SiC-ZrO2 specimens sintered by
microwave and electric furnace were measured by the
Vickers hardness. Those specimens were tested on random
points from top to bottom section. In the case of electric
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Figure 5: Heating profile of (a) microwave and (b) electric furnace sintering. The heating rate in the microwave sintering is 25 K/s on average
and in the electric furnace is 8 K/s on average.

furnace sintering, both the heterogeneous and homogeneous
particles morphology specimens showed very similar results,
as shown in Figure 7. This result indicates that the sintering
ability of SiC-ZrO2 in electric furnace is very low, regardless
of grain size and/or particle morphology.

In the case of microwave sintering, the Vickers hardness
of the homogeneous is higher than that of the heterogeneous
particle morphology specimens. This is consistent with the
microstructures of heterogeneous particle morphology of
SiC-ZrO2 in microwave-sintered compacts which shows
lower sintering ability than homogeneous particles morphol-
ogy specimens.

3.5. Discussion. In microwave sintering, the 800 W applied
power and E-field were chosen evaluation. In the E-field,
SiC and ZrO2 ceramic powders could be sintered unlike
the magnetic H-field; this indicates that the initial ceramics
such as SiC and ZrO2 do not have the magnetic properties.
Therefore, the E-field can be used to evaluate the effect of
particle morphology of SiC-ZrO2 in microwave.

The heating profiles of microwave and electric furnace
sintering show that for conventional electric furnace sinter-
ing, the heating rate required is 8 K/s on average from room
temperature to 1273 K. For microwave sintering, the total
time was only 50 s on average to reach 1273 K temperature.
During electric furnace sintering, the heating rate is limited
by the capability of the machine to achieve fast heating rates
because of the slow resistive heating of the heating elements
and heat transfer via thermal radiation to the material and
also to prevent large thermal variation within the compacts

to avoid cracking [23]. The slower heating rate, the need
for holding at intermittent temperature to reduce thermal
variation, and long soaking time for sintering increase the
total processing time of the compacts [23]. For microwave,
heating coupled with susceptors, rapid heating rates in
excess of 25 K/s on average can be easily achieved since the
powder compact can absorb microwave energy directly and
can be heated rapidly from within. The susceptors provide
radiant heating to the samples externally, thereby reducing
the thermal variation in the compacts [23]. The rapid
heating rate in microwave will activate the ion exchange and
chemical reaction as material transport, thereby reducing
the activation energy [24]. Rapid heating minimizes grain
growth and enhances the mechanical properties of materials.
Those rapid heating rates in microwave resulted in larger
sintered regions of microstructure than in the case of electric
furnace-sintered compact specimens.

The microwave sintering response in microstructure is
not only caused by the rapid heating rates. The better
response in microwave for mechanical milling powder is also
due to ultrafine ZrO2 particles dispersed homogeneously on
the SiC surface. It is known that smaller particle can enhance
the sintering kinetics. Another important factor in the
microstructure of SiC-ZrO2 is the absorption of microwave
energy in each material. The absorption of ultrafine ZrO2

particles is better than that of fine SiC powders, considering
the dielectric loss factor of ZrO2 is higher than that of SiC. As
reported by Ruan et al., the dielectric loss of nanometer-sized
particles is larger than that of micrometer-sized particles
[21]. When the ultra-fine ZrO2 particles are dispersed
homogeneously on the SiC surface, the absorption of the
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Figure 6: (a) and (b) are low magnification and (c) and (d) are high magnification of FE-SEM micrographs of nonmilled powder mixture
(heterogeneous) and milled powder (homogeneous) particle morphology of SiC-ZrO2 sintered by microwave sintering. (e) and (f) are FE-
SEM micrographs of SiC-ZrO2 sintered by conventional electric furnace with heterogeneous and homogeneous particle morphology and
homogeneous particle morphology.

microwave energy is further increased. The homogeneous
particle morphology and finer crystalline size that were
obtained by high-energy mechanical milling leads to higher
dielectric loss compared with the non-milled powder mix-
ture (heterogeneous particle morphology). Therefore, larger
sintered regions by microwave sintering could be obtained as
an effect of the homogeneous particle morphology of SiC-
ZrO2 ceramic composites.

Although the effects of the particle size and morphology
of SiC-ZrO2 on the microwave sintering response were
clearly mentioned, we still have a problem with microwave
sintering that was performed in single-mode, 2.45 GHz
microwave with small chamber, easy to maintain and to use.
The drawback of these single-mode chambers is that they are
relatively small, which only allows the heating of one small
specimen at a time. Unfortunately, this method has a critical

drawback since the electro magnetic field in the chamber is
not uniform [25], resulting in inhomogeneous heating and
the unavoidable formation of hot spots. One approach to
achieve a uniform electro-magnetic field distribution in a
single-mode chamber is to design a chamber with at least
one of the major dimensions 100 times greater than the
wavelength. A higher frequency is more convenient than
using a huge chamber to enlarge the uniform field region. For
this reason, higher microwave frequencies such as 28 GHz
and 80 GHz could be used [26–28].

In the present study, specimens were sintered by
microwave single-mode furnace with a small chamber, in
which the field distribution at the center of the chamber
is not completely uniform and specimens sintered using
the alumina susceptor show regional microstructures. The
susceptor can also have a compensating or correcting effect
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with respect to the inhomogeneous electric field. In our
experiments, the response of microwave sintering of SiC-
ZrO2 with alumina susceptor shows excellent repeatability
in microstructure and hardness test results, while sintering
without susceptor resulted in differences in the repeatability
of microstructure and hardness test results because of an
extreme sensitivity to the materials response in the chamber.

4. Summaries

The effects of particles morphology of SiC-ZrO2 have been
evaluated using microwave and electric furnace sintering.
Several summaries obtained are as follows.

(1) The heating rate obtained in the microwave furnace
was faster compared with the electric furnace sinter-
ing.

(2) The ZrO2 particles were refined and the morphology,
of the ZrO2 particles was homogenized on the SiC
surface by mechanical milling.

(3) The homogeneous particle morphology resulted in
larger sintered regions in microstructure and higher
hardness values after sintering by microwave, com-
pared with the nonmilled powder mixture (different
particle morphology).

References

[1] R. J. Brook, “Superhard-ceramics,” Nature, vol. 400, no. 6742,
pp. 312–315, 1999.
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A zinc-layered hydroxide-4-chlorophenoxy acetate (4CPA) organic-inorganic nanohybrid was prepared using a simple direct
reaction of 4CPA anions with ZnO under an aqueous environment to be used as a controlled release formulation of the herbicide,
4CPA. The concentration of the active agent, 4CPA, was found to be a controlling factor for the formation of a pure phase well-
ordered nanolayered hybrid in which it could be synthesised at 0.2 M 4CPA. ZnO shows a well-defined grain structure of variable
size in the nanometre range. However, the formation of the 4CPA-ZLH nanohybrid resulted in a flake-like fibrous structure. On
heating at 500◦C for 5 h under atmospheric conditions, the nanohybrid transformed back to a well-defined grain structure, as
previously observed with the starting material, ZnO. The release of 4CPA was found to occur in a controlled manner and was
generally governed by pseudo-second-order kinetics.

1. Introduction

Layered metal hydroxide compounds with inorganic brucite-
like structures can be generally classified into two major
types, layered double hydroxides (LDHs) and layered metal
hydroxides (LMHs). They can be represented by the gen-
eral formula, [M2+

1−xM3+
x(OH)2]

x+
(Am−)x/m · nH2O and

M2+(OH)2−x(An−)x/n · mH2O, respectively, where M2+ is
a divalent cation (Ca2+, Mg2+, Zn2+, Co2+, Ni2+, Cu2+,
Mn2+), M3+ is a trivalent cation (Al3+, Cr3+, Fe3+, Co3+,
Ni3+, Mn3+) and Am− is an interlayer anion (Cl−, NO3−,
ClO4−, CO3−, SO4

2−, and many other inorganic anions).
For LDH, the x value is the charge density, that is, the
molar ratio of M3+/(M2+ + M3+) [1, 2]. LMH consists of
two parts: positively charged brucite-like inorganic layers and
exchangeable anions and water molecules in the interlayer.

These properties give LMH wide applications in industrial
and environmental research from catalysts [3] to antacids
[4] and from magnetic materials [5, 6] to controlled release
formulations of various active agents such as DNA [7], drugs
[8, 9], and agrochemicals [10–15].

One LMH which has been the subject of intense research
lately is zinc-layered hydroxide (ZLH). This is due the fact
that ZLH has very similar properties to those of LDH. The
2D layered inorganic material is composed of layers with
octahedral coordinated zinc cations, in which 1/4 of them are
displaced out of the layer, leaving an empty octahedral site
which forms cationic centres tetrahedrically coordinated to
the top and bottom of the octahedral sheet. Water molecules
occupy the apices, and nitrate counter ions are free between
the interlayers [16].



2 Journal of Nanomaterials

20 40 60

3.8
4.75

6.35
9.55

19

7.06

10.56

21.11

5.37.1
10.71

21.13

0.2 M ZCPA

0.05 M ZCPA

4CPA

ZnO

2θ (degrees)

In
te

n
si

ty
(a

.u
.)

0.1 M ZCPA

o o o o o

o o o o o

Figure 1: PXRD patterns of ZnO, 4CPA, and ZCPA nanohybrids
prepared at 0.05, 0.10, and 0.20 M 4CPA (o = ZnO phase, peak from
left to right is for 100, 002, 101, 102, 110 reflection. Assignment of
other peaks is given in Table 1).

Controlled release formulations (CRF) have been used as
an approach to exploit the most effective use of herbicides
and at the same time to prevent environmental pollution
[17]. Ideally, the CRF should be able to release herbicides at
a level required to manage the crops, therefore preventing
problems such as leaching, evaporation, degradation, and
excessive use of harmful chemicals [18]. Various matrices
have been proposed for use as pesticide CRF. The active agent
should be immobilised or intercalated into an inert matrix
and gradually released over time [19]. The use of natural
and synthetic clay-type materials in the preparation of CRF
is of current interest due to their tailor-made properties and
relatively low cost of preparation.

In this study, we discuss our work on the intercalation of
4CPA, an herbicide, into the interlayer of ZLH by a simple
synthesis method, that is, by the direct reaction of ZnO with
4CPA under an aqueous environment for the formation of a
new controlled release formulation of the organic-inorganic-
layered nanohybrid type. In addition, the controlled release
property of the resulting nanohybrid will be also discussed.

2. Materials and Methods

All chemicals used in this synthesis were obtained from
various chemical suppliers and used without further purifi-
cation. All solutions were prepared using deionised water
with resistivity of 18.2 MΩ-cm.

In this study, 0.05 g ZnO (Acros), was discharged into
100 mL deionised water. Solutions of 4CPA (Aldrich) with
concentrations of 0.025–0.1 M were added to the ZnO
solutions and aged at 70◦C in an oil bath shaker for 18
hours. The synthesised material was centrifuged, thoroughly
washed with deionised water and dried in an oven at 70◦C.
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Figure 2: FTIR spectra of ZnO, 4CPA, and the nanohybrid, ZCPA.

The resulting material was then powdered and stored in a
sample bottle for further use and characterisation.

Powder X-ray diffraction patterns were recorded at
2–60◦ on a Shimadzu diffractometer XRD-6000 using Cu Kα

radiation at 40 kV and 30 mA. FTIR spectra of the materials
were recorded over the range 400–4000 cm−1 on a Perkin-
Elmer 1752X spectrophotometer using the KBr disc method.
A CHNS analyser, model CHNS-932 of LECO Instruments
was used for CHNS analyses. Thermogravimetric and
differential thermogravimetric analyses (TGA/DTG) were
carried out using a Mettler Toledo instrument. Surface
characterisation of the material was carried out using a
nitrogen gas adsorption-desorption technique at 77 K using
a Micromeritics ASAP 2000. The surface morphology of
the samples was observed by a field emission scanning
electron microscope (FESEM), using a JOEL JSM-6400. UV-
vis spectra were obtained using a Perkin Elmer UV-Visible
Spectrophotometer, Lambda 35. Surface analysis of the
nanohybrid in powder form was studied using an X-ray
Photoelectron Spectrometer (XPS), Kratos Ultra. Samples
were analysed at 1 × 10−9 torr using monochromatic AlKα

as the X-ray source and data were collected based on wide
and narrow scans of the elements of interest.

3. Results and Discussion

3.1. Powder X-Ray Diffraction. The powder X-ray diffraction
(PXRD) patterns of ZnO, 4CPA, and the nanohybrids
prepared using 0.05, 0.10, and 0.20 M 4CPA are shown in
Figure 1. The PXRD patterns of ZnO show that the sample
was of a pure phase with good crystallinity as shown by the
presence of typical ZnO peak patterns (Table 1).

The resulting materials obtained by direct reaction
between ZnO and 4CPA (0.05–0.20 M) showed well-ordered
2D-layered nanohybrids, labelled as ZCPAs. The average
basal spacing of 21.26 and 21.14 Å was observed when 0.05
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Table 1: Carbon and hydrogen content, surface area and thermal property of ZnO, 4CPA, and ZCPA nanohybrid and the kinetic equations
used for the fitting.

(a)

Sample
Mass (%)

Loading (%) BET surface area/m2g−1 BJH pore diameter/Å
Carbon Hydrogen

4CPA 51.2 4.089 — — —

ZCPA(ZnO) 21.9 3.141 45.4 6.1 (3.9) 138 (208)

(b) XPS analysis (value in Ev)

C1S O1S Zn p3/2
Znp1/2

Clp3/2
Clp1/2

ZCPA
284.5 531.3 1021.7 1044.8 200.2 201.8

286.0 533.1 — — — —

288.4 — — — — —

(c) Thermal property

Tmax/◦C Δm/% Tmax/◦C Δm/% Tmax/◦C Δm/% Tmax/◦C Δm/%

4CPA — — — — 243.5 97.5 — —

ZnO 100.6 0.9 — — — — — —

ZCPA 92.6 6.8 155.0 6.2 294.4 30.1 952.1 20.5

(d) aKinetic equations

Zeroth order First order Pseudo-second-order Parabolic diffusion

x = kt + c − log(1− x) = kt + c t/Mi = 1/k2M
2
f + (1/Mf ) · t Mi/Mf = kt0.5 + c

ax is the percentage release of 4CPA at time, t (min), and c is a constant. k, Mi, and Mf are the rate constant, the initial, and final concentration of 4CPA,
respectively.
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Figure 3: Direct injection mass spectra for 4-chlorophenoxyacetic acid, 4CPA (a), and its nanohybrid, ZCPA (b).

and 0.10 M 4CPA was used, respectively, in the synthesis,
compared to 19.03 Å when 0.20 M 4CPA was used (see
Figure 1) with 4, 3, and 5 harmonics, respectively. This
confirmed the formation of layered nanohybrids in which
ZnO under an aqueous environment was transformed into
a metal layered hydroxide, and at the same time, the
intercalation of the 4CPA anion into the interlayer of the
zinc-layered hydroxide took place.

It is believed that a “dissociation-deposition” mechanism
governs the formation of the nanohybrid synthesised by a
direct reaction between 4CPA and ZnO under an aqueous
environment. ZnO was first hydrolysed followed by the
formation of Zn(OH)2 on the surface of solid particles. The
formation of Zn(OH)2 then subsequently formed thin layers
on the oxide particle surfaces. The dissociation of Zn(OH)2

occurred at the solution-solid interface and formed Zn2+
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Figure 4: Wide (a) and narrow scan of XPS spectra of the nanohybrid, ZCPA for C1s (b), O1s (c), Zn2p, (d), and Cl2p (e).

species. This species was then reacted with the hydroxyl
group of 4CPA anions and water in solution, to generate the
layered ZCPA nanohybrid. As a result, a nanolayered hybrid
in which 4CPA was intercalated into the interlayer of zinc-
layered hydroxides was formed [20]. Also, shown in Figure 1,
ZCPA nanohybrids synthesised using 0.10 and 0.20 M 4CPA
showed a relatively purer phase than the one synthesised at
0.05 M. The latter showed the presence of ZnO, indicated by
an incomplete reaction which resulted in the remaining ZnO

phase. In contrast, no ZnO phase could be observed for the
nanohybrids prepared at 0.10 M and 0.20 M 4CPA, indicating
that a complete reaction between the 4CPA anion and ZnO
had taken place. As a result, the formation of phase pure
zinc-layered hydroxide nanohybrid in which the 4CPA anion
was completely intercalated into the inorganic interlayer host
could be observed. The PXRD pattern of ZCPA synthesised at
0.20 M 4CPA showed a well-ordered nanolayered hybrid with
up to five harmonics, from which the average basal spacing
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Figure 5: TGA/DTG thermogram of the ZCPA nanohybrid.

of 19.03 Å of the material was deduced, showing a long-range
order of the layer packing. The basal spacing was very similar
to that of the 4CPA-Zn/Al-LDH nanohybrid, which is 20.1 Å
[21].

3.2. Fourier Transform Infrared. Figure 2 shows the FTIR
spectra of ZnO, 4CPA, and ZCPA. The FTIR spectrum of
pure ZnO showed a band at 382 cm−1, which was due to
zinc-oxygen sublattices [22]. For 4CPA, a broad absorption
band at 3102 cm−1 was due to O–H stretching vibration
of the hydrogen-bonded and nonhydrogen-bonded hydroxyl
groups from the hydroxide layers and interlayer water in
4CPA. The band at 2911 cm−1 was due to the presence
of C–H stretching vibrations of aromatic compounds. In
addition, H–O–H bending vibration in 4CPA could be
observed at 1873 cm−1 and a sharp, strong, and distinct
band at 1705 cm−1 indicated the C=O functional group. Both
bands at 1487 cm−1 and 1426 cm−1 were attributed to the
C=C stretching vibration of the aromatic ring. The C–O–C
stretching vibration was observed at 1230 cm−1 and a band
at 703 cm−1 was due to the C–Cl stretching vibration.

As shown in the figure, the nanohybrid ZCPA showed
a broad absorption band at 3458 cm−1 which corresponded
to the O–H stretching vibration due to adsorbed and/or
interlayer water. The band at 2970 cm−1 was due to the
C–H stretching vibration of the aromatic group while
the H–O–H bending vibration for ZCPA was observed at
1888 cm−1. A band at 1547 cm−1 was due to the stretching
vibration of aromatic compounds. Bands at 1487 cm−1 and
1409 cm−1 were attributed to the C=C stretching vibration
of the aromatic ring. Furthermore, the C–O–C stretching
vibration was observed at 1220 cm−1 and a band at 713 cm−1

corresponded to the C–Cl stretching band.
The FTIR spectrum of the ZCPA nanohybrid generally

showed characteristic bands, indicating the contribution of
4CPA and ZnO. These data demonstrate that the 4CPA anion
had been intercalated into the interlayer of ZLH. However,
some of the bands shown were slightly shifted in position,
which indicated the existence of interactions between the

4CPA anionic guest and the ZLH host as a result of the
formation of new bonds due to the intercalation process.

3.3. Organic Content, XPS, MS, and Thermal Studies. The
organic loading of the ZCPA nanohybrid gave an indication
of the degree of intercalation of 4CPA, C8H6ClO3. If only
adsorption of 4CPA occurred, then the XRD pattern of
the resulting material should have been composed of the
component phases separately, ZnO and 4CPA. The carbon
and hydrogen contents of 4CPA and ZCPA nanohybrid
obtained by CHNS analysis are shown in Table 1. The results
show that 4CPA contained 51.2% carbon compared to 21.9%
for the nanohybrid, ZCPA. Therefore, the loading percentage
of 4CPA in the nanohybrid of ZCPA was estimated to be
45.4% (w/w). This result also confirmed the intercalation
episode of the 4CPA anion into the inorganic interlayer of
ZLH. Otherwise, adsorption of 4CPA occurred, resulting in
the observation of the 4CPA phase in the resulting XRD
patterns.

In order to confirm that the organic moiety that was
actually intercalated into the ZLH interlamellae was 4CPA,
the direct injection mass spectra (DIMS) were studied. The
DIMS of 4CPA (Figure 3) showed major peaks at m/z
values of 186, 141, 128, 111, 75, 50, and 28 and similar
peaks could be also observed for the nanohybrid, ZCPA.
The molecular ion at m/z 186 and 267 corresponded to the
molecular formula of 4CPA (C8H7ClO3) and C8H6ClO3-
ZnO, respectively. The latter particularly showed the for-
mation of a bond between 4CPA and Zn–O in the ZLH.
Again, this demonstrated that the intercalation of 4CPA
into ZLH had been successfully accomplished and confirmed
the formation of the ZCPA nanohybrid in which the 4CPA
organic moiety was bound with the inorganic ZLH cation,
Zn, in the interlamellae of ZLH.

XPS spectra of ZCPA nanohybrid are given in Figure 4
and the analysis is presented in Table 1. Generally, expected
elements such as C, O, Zn, and Cl were detected from a
wide scan of the photoelectron peaks of the C1s, O1s, Zn2p,
and Cl2p spectra of the sample. The related binding energies
were compared with references for their elemental chemical
states [23]. Carbon (C1s) was observed mainly as a terminal
hydrocarbon (C1s = 284.5 eV) and C–Cl from 4CPA. Oxygen
(O1s), observed at 530.3 and 531.7 eV was due to Zn–O
and –OH, respectively. There was only one chemical state
of Zn (Zn2p3/2) at 1021.7 eV that could be observed in the
XPS spectrum, which could be attributed to the Zn of Zn–
O–H. Chlorine (Cl2p3/2) in the form of a single organo-
chlorine was observed at a binding energy of 200.26 eV,
which was expected from the 4CPA compound. In general,
all the expected elements and their chemical states were in
agreement with the assumption that organocompounds were
bonded to Zn. This shows that the organic moiety, 4CPA was
directly bonded to Zn, and that it was intercalated between
ZLH interlayers in agreement with the DIMS study.

Thermogravimetric analysis of 4CPA showed a strong,
intense, and sharp peak at a temperature maximum
of 243.5◦C with weight loss of 97.5% (Table 1). This
corresponded to complete decomposition of the organic
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Figure 6: Field emission scanning electron micrographs of ZnO (a), the nanohybrid (b), and the nanohybrid heated at 500◦C for 5 h (c).

0

20

40

60

80

0 1000 2000 3000 4000

Time (min)

A
m

ou
n

t
of

4C
PA

re
le

as
ed

(%
)

0

2

4

6

8

10

0 1000 2000 3000 4000

Figure 7: Release profiles of 4CPA from the interlamellae of
the ZCPA nanohybrid into Na2CO3 aqueous solutions, 0.001 M
(opened symbol, also, shows in the inset with y-axis expanded) and
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compound, 4CPA. For ZCPA, there were four intense and
sharp peaks that could be seen clearly. The first temperature
maximum was at 92.6◦C with a weight loss of 6.8%. This was
due to the removal of surface physisorbed water molecules.
The weight loss of 6.2% at 155.0◦C was attributed to the
removal of interlayer anions and dehydroxylation of the
hydroxyl layer. About 30.1% weight loss at 294.4◦C was due
to the decomposition of the intercalated organic moiety, the
4CPA anion, between the inorganic-ZLH layers (Figure 5).

The thermal study showed that 4CPA intercalated into
the inorganic host, ZLH was thermally more stable than its
counterpart in the nonintercalated form. TGA/DTG thermo-
grams of ZnO showed that it was a very stable compound
thermally with weight loss of 0.9% at 100.6◦C, attributed to
surface-adsorbed water molecule from the atmosphere.

3.4. Surface Morphology and Surface Area. Field emission
scanning electron microscope (FESEM) was used to study
the surface morphology of the materials. The surface
morphology of ZnO showed well-defined hexagonal and
square-like structures with various shapes and sizes at the
nanometre scale. This structure was transformed into a thin,
sheet-like structure when the ZCPA nanohybrid was formed



Journal of Nanomaterials 7

0

2.5

5

7.5

12.5

0 1000 2000 3000 4000
Time (min)

4C
PA

re
le

as
e

(%
)

Z
er

o
or

de
r

r2 = 0.819
0.001 M Na2CO2

10 r2 = 0.734

0.002 M Na2CO2

0 1000 2000 3000 4000
Time (min)

Z
er

o
or

de
r

4C
PA

re
le

as
e

(%
)

0

25

50

100

75

0 1000 2000 3000 4000

Time (min)

r2 = 0.823
0.001 M Na2CO2

−
lo

g(
1
−
M
/M

f
)

Fi
rs

t
or

de
r

0

0.02

0.04

0.06

0 1000 2000 3000 4000

Time (min)

r2 = 0.8
0.002 M Na2CO2

−
lo

g(
1
−
M
/M

f
)

Fi
rs

t
or

de
r

− 0.2

0

0.2

0.4

0.6

0.8

0 1000 2000 3000 4000

Time (min)

r2 = 0.927

0.001 M Na2CO2

0

100

200

300

400

500

t/
M

Ps
eu

do
-s

ec
on

d-
or

de
r

0 1000 2000 3000 4000
Time (min)

r2 = 0.851
0.002 M Na2CO2

0

20

40

60

− 20

t/
M

Ps
eu

do
-s

ec
on

d-
or

de
r

r2 = 0.905

0.001 M Na2CO2

0

0.4

0.8

1.2

1.6

0 50 100 150 200 250
Time (t0.5)

di
ff

u
si

on
M
/M

f

Pa
ra

bo
lic

r2 = 0.831
0.002 M Na2CO2

− 0.5

0

0.5

1

1.5

0 50 100 150 200 250

Time (t0.5)

di
ff

u
si

on
M
/M

f

Pa
ra

bo
lic

Figure 8: Fitting of the data of 4CPA released from the nanohybrid into Na2CO3 aqueous solutions to the zeroth-, first-, pseudo-second-
order, and parabolic diffusion using 0.001 M and 0.002 M.

by a direct reaction of ZnO with 4CPA under an aqueous
environment, as shown in Figure 6. This showed that the
intercalation of 4CPA into the interlayer of zinc-layered
hydroxide resulted in a change of the surface morphology
from a well-defined fine hexagonal- and square-like structure

to a thin, sheet-like structure with a thickness in the na-
nometre range. This is slightly different compared to the
rosette-like structure that has been observed for the [4-(2,4-
dichlorophenoxybutyrate)-zinc-layered hydroxide] nanohy-
brid [23].
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When the ZCPA nanohybrid was calcined at 500◦C for
5 h, the structure of thin, sheet-like nanostructures was
transformed back to the original ZnO structure (Figure 6(c))
reverting back to the irregular hexagonal- and square-like
structure. This indicated that the organic moiety, 4CPA,
intercalated into the interlayer of inorganic ZLH and was
completely decomposed by heating at 500◦C. At the same
time, the Zn component was oxidised, resulting in the
formation of ZnO.

The BET surface area was measured for ZnO and ZCPA
by the gas adsorption technique and the surface areas were
determined to be 4 and 6 m2/g, respectively, (Table 1).
Relative to ZnO, the intercalation resulted in an increase
of the BET-specific surface area by about 50%. This is
in agreement with the formation of mesopores (Type IV
isotherm) created by the formation of a layered ZCPA
nanohybrid.

3.5. Controlled Release and Kinetics. Figure 7 shows the
release profiles of 4CPA from the interlamellae of the
ZCPA nanohybrid into 0.001 and 0.002 M Na2CO3 aque-
ous solutions. As shown in the figure, the accumulated
4CPA released into the aqueous solution increased with
contact time when ZCPA was placed in the aqueous
solutions. For the 0.002 M Na2CO3 solution, the release
rate was found to be rapid for the first 1400 minutes,
followed by a sustained release thereafter. Equilibrium was
achieved at around 1685 minutes with 65% of the 4CPA
released from the interlayer of ZCPA. On the other hand,
for the 0.001 M Na2CO3 aqueous solution, the amount
of 4CPA released was found to be about 12% with a
rapid release rate for the first 1450 minutes, followed
by a slow release thereafter. Equilibrium was achieved at
1720 minutes. This result indicates that the higher the
concentration of aqueous solution used, the higher the
percentage release of 4CPA from the interlamellae of ZCPA
nanohybrid. This was due to the higher concentration of
carbonate from the aqueous solution to be ion-exchanged
with 4CPA from the interlamellae of ZCPA nanohybrid
material.

The release kinetics of 4CPA from the interlamellae of
ZLH were evaluated using various kinetics models, namely,
zeroth-, first-, pseudo-second order, as well as parabolic
diffusion equations (Table 1).

An attempt was made to fit the data for 4CPA release
into these equations, and the obtained results are shown
in Figure 8. Linear regression (r2) showed that a pseudo-
second-order kinetic model fit better than the other models
used in this work with an r2 value of 0.927 and 0.851
for 0.001 M and 0.002 M sodium carbonate, respectively.
This shows that the release of the organic moiety from the
inorganic ZLH interlamellae involved the dissolution of the
nanohybrid as well as ion exchange between the intercalated
anions in the interlamellae host and the carbonate anions
in the aqueous solution which was controlled by pseudo-
second-order kinetics. These results are very similar to the
results of a previous study [21].

4. Conclusions

An organic-inorganic nanohybrid of zinc-layered hydroxide-
4-chlorophenoxyacetate can be prepared using a simple
direct reaction of the 4CPA anion with ZnO under an
aqueous environment. The concentration of 4CPA was found
to be a controlling factor in determining the formation
of a pure phase, well-ordered nanolayered hybrid material.
The nanohybrid showed a controlled release property, and
the release was governed by pseudo-second-order kinetics.
Therefore, such a material could be used as a controlled
release formulation of herbicides.
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The synthesis, characterization, preliminary cytocompatibility, and degradation behavior of the hybrids based on 70% Poly(vinyl
alcohol) and 30% bioactive glass (58SiO2–33CaO–9P2O5, BaG) with macroporous tridimensional structure is reported for the first
time. The effect of glutaraldehyde covalent crosslinker in the organic-inorganic nanostructures produced and, as a consequence,
tailoring the hybrids properties was investigated. The PVA/BaG hybrids scaffolds are characterized by Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), X-ray diffraction (XRD), and X-ray Microcomputed tomography
analysis (μCT). Cytotoxicity assessment is performed by the MTT method with VERO cell culture. Additionally, the hybrid in
vitro degradation assay is conducted by measuring the mass loss by soaking in deionized water at 37◦C for up to 21 days. The
results have clearly shown that it is possible to modify the PVA/BaG hybrids properties and degradation behavior by engineering
the structure using different concentrations of the chemical crosslinker. Moreover, these hybrid crosslinked nanostructures have
presented 3D hierarchical pore size architecture varying within 10–450 μm and a suitable cytocompatibility for potential use in
bone tissue engineering applications.

1. Introduction

Essentially, the aim of tissue engineering is to restore diseased
or damaged tissue to its original state and function, reducing
the need for transplants and joint replacements. One of
the challenges in tissue engineering is associated with the
development of suitable scaffold materials that can act as
templates for cell adhesion, growth, and proliferation [1–
3]. More specifically, bone tissue engineering combines cells
and biodegradable 3D scaffolds to repair bone tissues. The
scaffolds must present an adequate pore size and intercon-
nectivity to promote cell ingrowth, good biocompatibility,
and controlled degradation kinetics to match the ratio of
replacement by new tissue. Also, the scaffolds should provide
an initial biomechanical support until cells generate the
extracellular matrix. During the formation, deposition, and
organization of that matrix, the scaffold is continuously

degraded and metabolized. Thus, the degradation behavior
of the produced scaffold is a critically important requirement
to be used in tissue engineering applications [3–11]. Nev-
ertheless, most attention has been paid to the synthesis and
characterization of the material structure and properties, but
comparatively few reports have dealt with the degradation
kinetics of the entire system [3–11]. In the last 2-3 decades,
a variety of biomaterials have been developed to act as
synthetic scaffolds that may guide and stimulate the three-
dimensional tissue growth [3–14]. Among them, bioactive
glasses and related biomaterials have been mostly studied for
bone tissue engineering due to their recognized osteocon-
ductive and osteoinductive properties [15–22]. Furthermore,
the dissolution products of bioactive glass exert control over
genetic factors of bone growth [23]. However, bioactive
glasses, compared to cortical and cancellous bones, usually
present low mechanical properties, especially in porous
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forms [10, 18]. This disadvantage significantly restricts the
use of these materials in a very broad range of applications.
Fortunately, one solution came from mimicking nature,
which provides the inspiration to design materials and
systems with highly organized structures under dynamically
changing conditions. Many of these structures are composed
of an intrinsically complex matrix based on organic and inor-
ganic components which produce a natural hybrid material,
usually referred to as composites (or nanocomposites). By
combining two or more materials in a predesigned manner,
a system can be created with properties that are not possible
to be attained when considering each of the individual
components separately. In addition, the modification of the
surface has been used as an alternative route for producing
materials with very specific properties for biological appli-
cations such as immune diagnosis and protein recognition
[24–26]. The development of inorganic-organic composites
attempts to create a balance between strength and toughness,
in turn improving the characteristics commonly found in
the individual components [27]. These composites can be
synthesized through a hybridization route, in which two or
more components, usually organic and inorganic, are com-
bined [28]. Sol-gel technology allows for the incorporation
of polymers of different natures within an inorganic silica
bulk, thus producing organic-inorganic hybrid materials
[28–31]. Among several choices of polymers, poly(vinyl
alcohol) (PVA), a hydrophilic semicrystalline polymer, has
been frequently explored as an implant material in wide array
of biomedical applications such as drug delivery systems,
membranes, wound dressings, artificial skin, and surgical
repairs, mainly due to its excellent mechanical strength,
biocompatibility, and nontoxicity [32, 33]. PVA is produced
by the polymerization of vinyl acetate to poly(vinyl acetate)
(PVAc), and successive hydrolysis to PVA. This reaction,
however, is incomplete, resulting in polymers with different
degrees of hydrolysis (DH), that is, a copolymer of poly(vinyl
alcohol) and poly(vinyl acetate) referred to as poly(vinyl
alcohol-co-vinyl acetate). The degree of hydrolysis in PVA
affects its physical-chemical properties, such as solubility,
hydrophilic/hydrophobic interactions, pH-sensitivity, and
viscosity. Additionally, PVA can be crosslinked under acid
conditions producing hydrogels with a wide range of swelling
and degradation properties for biomedical applications
[34].

Recently, hybrid organic-inorganic scaffolds in the
poly(vinyl alcohol)/bioactive glass (PVA/BaG) system have
been prepared through the sol-gel process [30, 35–38], by
hydrolysis of tetraethyl orthosilicate in the presence of an
acid solution and a subsequent addition of calcium chloride.
A solution of PVA, surfactant, and hydrofluoric acid were
added to the sol, and the mixture vigorously agitated until the
foam had formed. The foam was placed in containers, where
gelation occurred, and subsequently dried at low tempera-
tures to avoid polymer thermal degradation. They usually
contain unreacted species that may cause some cytotoxicity.
This concern was also addressed in previous works in which
potentially toxic species remaining within the hybrid struc-
ture were blocked by immersion in buffered solutions [37,
38]. Afterward, focusing on applying these materials in tissue

engineering, it is crucial to control their degradation behav-
ior based on the designed nanostructure. A versatile method
to obtain biomaterials with controlled degradation rates
involves the chemical crosslinking of the polymer network
[34]. Recent results have demonstrated that an appropriate
breakdown of the synthetic biomaterial, as compared to
nondegradable hydrogel constructs, can improve healing and
increase tissue functions [39]. In addition, the ability to
alter physical properties, such as porosity, permeability, and
mechanical strength of degradable hydrogels and hybrids,
is an integral part of biomaterials design, as they influence
cellular growth required for tissue engineering applications
[40].

As previously mentioned, our research group has been
very active in studying the synthesis and characterization
of hybrids based on PVA-modified polymeric networks [25,
30, 35–38, 41] to be used as scaffolds aimed at tissue
engineering applications. Nevertheless, to the best of our
knowledge, no research has been published which addresses
the degradation behavior of hybrids made of polymer (PVA)
and bioceramic (bioactive glass, BaG) with a rather complex
nanostructured network. This approach was used in this
work in an attempt to modulate the chemical stability of
PVA/BaG hybrids. Thus, the main objective of this study was
to develop novel organic-inorganic hybrids with different
degrees of chemical crosslinking of their nanostructures and
characterize the effect on their properties and preliminary
degradation behavior.

2. Materials and Methods

2.1. Preparation of Hybrid Samples. The processing route
used for synthesizing the inorganic-organic hybrids was
based on PVA and sol-gel-derived bioactive glass (BaG) as
illustrated in Figure 1. The PVA was selected (Aldrich-Sigma)
considering key aspects such as the degree of hydrolysis
(DH = 80%) and molecular weight (Mw = 9,000–
10,000 g/mol) appropriate for biomedical purposes. Deion-
ized water (DI-water, Millipore Simplicity) with resistivity
of 18 MΩ·cm was used in all solution preparations. A PVA
aqueous solution was prepared at a 28 wt% concentration by
dissolving the PVA powder in a water bath at 80◦C under
constant stirring for 2 h. The pH of the solution was adjusted
to 2.0± 0.1 by hydrofluoric acid (HF) 2 N solution.

2.1.1. Preparation of the Starting Bioactive Glass Solution. The
synthesis of hybrids based on PVA and inorganic glass has
been the subject of investigation of our group in previous
reports [30, 36–38]. Here, for clarity sake, just the most rele-
vant parameters will be described. Thus, the starting sol solu-
tion with a designed composition of 58 wt% SiO2–33 wt%
CaO–9 wt% P2O5 was synthesized by mixing tetraethoxysi-
lane (TEOS), DI water, triethylphosphate (TEP), and cal-
cium chloride together with the hydrofluoric acid 2 N
solution. The H2O : TEOS molar ratio used was 12 : 1.

2.1.2. Preparation of the PVA-Bioactive Glass Hybrid Foams.
The prepared hybrid composition consisted of 30 wt% glass
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Figure 1: Flow chart of the procedure to synthesize PVA/BaG/GA
hybrids.

and 70 wt% polymer. The hybrids were obtained using a
procedure similar to that described in previous work from
our research group [36, 38]. In short, an appropriate amount
of the starting glass precursors was added to the PVA solution
and stirred for five minutes. The surfactant, sodium laureate
sulfate (SLS, Oxiteno 27% v/v) as a foaming agent, and
HF 10% v/v solution as a gelling agent were added to the
resulting solution. The mixture was foamed by vigorous
agitation. The foams were cast shortly before gelation in
plastic containers and sealed. The samples were aged at 40◦C
for 3 days and then dried at 40◦C for 7 days. These hybrids
were referred to as PVA/BaG samples.

2.1.3. Crosslinking and Stabilization. Glutaraldehyde (GA,
Sigma 25 wt% aqueous solution) was used as a bifunctional
chemical crosslinker. Calculated amounts of GA were added,
resulting in concentrations of 1.0% and 5.0% regarding to
the mass of PVA. So, PVA/GA solutions were used to prepare
the PVA/BaG/GA samples in a similar procedure as described
above for the PVA/BaG foams, as they were casted and dried
in the same way. Another set of samples was prepared utiliz-
ing a stabilizing step to reduce the acidity of the hybrids that
can lead to less cytotoxic biomaterials [29, 30]. Briefly, sam-
ples prepared with 5.0% of GA (PVA/BaG/GA-5.0%) were
immersed for 10 hours in an NH4OH solution 0.3 mol·L−1.
The neutralization process was carried out based on the
proportion of 100 mL of stabilizing solution per 1.0 g of
dried hybrid sample at the temperature of 25± 2◦C. Prior to
biological assays, all synthesized samples were washed three
times in DI water and dried at room temperature. In the
sequence, the hybrids were sterilized with ethylene oxide.

2.2. Structural and Mechanical Characterization of Hybrids

2.2.1. Chemical Characterization by FTIR Spectroscopy. FTIR
spectra were obtained within the range 600–4000 cm−1

(Perkin-Elmer, Paragon 1000), using the attenuated total
reflectance spectroscopy method (ATR-FTIR). Hybrid sam-
ples were placed on the ATR crystal prism (ZnSe), and 64
scans were acquired at 2 cm−1 resolution with the subtraction
of background.

2.2.2. Crystallinity and Phase Characterization by X-Ray
Diffraction. X-ray diffraction (XRD) patterns were obtained
from hybrid PVA/BaG and PVA/BaG/GA using CuKα radia-
tion with λ = 1.54056 Å (PHILIPS, PW1710). XRD analyses
were conducted in the 2θ range from 3.03 to 89.91◦ with
steps of 0.06◦. The major peaks were identified using the
“Joint Committee on Powder Diffraction Standards.” Samples
for XRD analysis were obtained as films, at a thickness of
approximately 100 μm, by pressing 1 mm thick foams.

2.2.3. Scanning Electron Microscopy (SEM). To evaluate the
pore morphology and macropore size distribution, SEM
images were taken from organic-inorganic hybrids with a
JSM 6360LV (JEOL/NORAN) microscope. Prior to examina-
tion, samples were coated with a thin gold film by sputtering.
Images of secondary electrons (SE) were obtained using
an accelerating voltage of 10–15 kV. Pore size distribution
analysis was performed using the Quantikov (Version.1.0,
Dr. L. C. M. Pinto, CDTN-Brazil) image analysis software.

2.2.4. X-Ray Microcomputed Tomography Analysis (μCT).
The structural analysis of cylindrical samples (4 mm diam-
eter) of PVA/BaG/5% GA was performed on a 3D microto-
mographer (Phoenix X-Ray Systems and Services GmbH),
with a 7 mm voxel resolution. The 3D image analysis
involved the μCT image conversion from the gray-scale
images, according to the proper development and use of
mathematical operators, which were developed to verify the
sample morphology.

2.2.5. Mechanical Properties. Bones are often submitted to
compression stress in the body. It has been broadly accepted
by the research community to perform compression assays
for evaluating biomaterials for potential use as bone repair.
For that reason, the mechanical behavior of the composites
was evaluated by compression tests. Specimens were evenly
cut from the most homogeneous region of the foam to
form blocks measuring 10 × 10 × 10 mm3. These samples
were positioned between parallel plates using equipment
EMIC DL 3000 and compressed with a crosshead speed of
0.5 mm·min−1and a 2.0 kN load cell. At least five samples
(n = 5) of each hybrid system were measured and the results
averaged. The elastic modulus was calculated as the slope
of the initial linear portion of the stress-strain curve. The
yield strength was determined from the cross point of the two
tangents on the stress-strain curve at the yield point.

2.3. Degradation Behavior—In Vitro Assay. The extent of the
degradation process is usually estimated from measurements
of mass loss. Thus, the evaluation of the effect of crosslinking
on the degradation behavior of the hybrid foams was
performed by measuring the mass loss of samples that had
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been chemically modified with different amounts of GA (0%,
1.0%, and 5.0%) upon immersion in water for different time
periods. In addition, hybrids previously neutralized with
NH4OH solution were also analyzed (GA = 5.0%). The
samples were prepared as discs with dimensions of 40 mm
diameter by 2 mm thickness and a diameter/thickness ratio
of 20. The solution volume was chosen to provide a surface
of circular section/volume at a solution ratio of 0.1 cm−1.
Three samples for each composition (n = 3) and time period
were cut and weighed six times, the average being considered
the equilibrium humid mass. Samples were then kept in
a desiccator with silica gel for 24 hours under vacuum,
at a temperature of 25 ± 5◦C. The samples were weighed
again, and the procedure was repeated until the equilibrium
had been reached. Samples were immersed in DI water and
maintained for periods of 2, 7, 14, and 21 days, after which
time they were again dried under vacuum and weighed
until the equilibrium had been reached. The mass loss was
calculated according to

ΔM = MSi −MSf

MSi
× 100%, (1)

where, MSi is the dried weight before immersion, and MSf

is the dried weight after a given immersion time in the
degradation medium.

2.4. Cytotoxicity Assessment—In Vitro

2.4.1. MTT Assay. The preliminary cytocompatibility res-
ponse of the produced hybrids was accessed by the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] assay. The MTT assay was first described by Mosmann
in 1983. It is based on the ability of a mitochondrial dehy-
drogenase enzyme from viable cells to cleave the tetrazolium
rings of the pale yellow MTT and form dark blue formazan
crystals which is largely impermeable to cell membranes,
thus resulting in its accumulation within healthy cells.
Solubilization of the cells by the addition of a detergent
results in the liberation of the crystals which are solubilized.
The number of surviving cells is directly proportional to the
level of the formazan product created. The color can then be
quantified using a simple colorimetric assay. The results can
be read on a multiwell scanning spectrophotometer (ELISA
reader) [42, 43].

Thus, hybrid scaffolds disks (diameter = 5 mm, thick-
ness = 2 mm) were presterilized by means of exposure to
saturated steam of ethylene oxide before the MTT assay.
The cell viability assay was performed in 5 replicates (n =
5) for each material. The hybrid samples were placed at
the bottom of 96-well standard polystyrene microplates
(Sarstedt, USA), soaked in 250 μL/well minimum essential
medium eagle (MEM), and maintained in an incubator at
37◦C with 5% CO2 for 24 hours. Next, the resulting solutions
were extracted from these wells, and the pH was measured
(buffered medium, pH > 5.5) before allowing any cell con-
tact. In the sequence, VERO cells (ATCC CCL-81 cell culture
isolated from kidney epithelial cells extracted from African
green monkeys) at the concentration of 5× 105 cells/mL

were seeded to the wells in direct contact with the hybrid
scaffolds. Similarly, VERO cells were also placed into the
microplate wells used as the references, positive and negative
controls of the experiments. Triton X-100 (0.1%, v/v) was
used as negative control (medium known as highly toxic to
cells) and the VERO cell culture as the positive control. Then,
MEM medium supplemented with 2 mM L-glutamine and
10% fetal bovine serum (FBS) was added to all the wells, and
the system was incubated at 37◦C with 5% CO2 for 24 hours.
After that, the supernatant from wells was removed and
replaced with 200 μL/well of fresh MEM/FBS medium and
30 μL/well of MTT reagent. Subsequently, the microplate was
reincubated for 4 hours with 5% CO2 at 37◦C and protected
from light. After the incubation period, 35 μL/well of sodium
dodecyl sulfate (SDS) with 10% HCl was added, and the
solution was carefully homogenized and reincubated for
another 14–16 hours (5% CO2, 37◦C, protected from light).
Finally, the supernatant (clear of sediment or cells) from each
well (V = 100μL/well) was collected and transferred to the
respective well of a new blank 96-well microplate where the
absorbance was measured at wavelength λ = 595 nm. The
absorbance background (empty well from the microplate,
with no medium or cells) was subtracted from all readings.
To test the significance of the observed differences between
the groups, a statistical evaluation was carried out using a
one-way analysis of variance (ANOVA) with 95% confidence
intervals. The results are expressed as the mean value of 5
replicates ± standard deviation (SD).

2.4.2. Cell Adhesion-Spreading Assay. Cell viability was eval-
uated by spreading and attachment assays in order to
examine their morphology, adhesion, and spreading behav-
ior. VERO cells were plated at 6 × 104 density on the
hosting scaffolds. Cell spreading was evaluated by scanning
electron microscopy (SEM, JEOL/Noran, JSM 6360LV) of
the specimens after culturing for 2 hours. Before microscopy
analysis, samples were fixed with 2% glutaraldehyde for
16 hours and dehydrated by passing through a series of
alcohol solutions (crescent ethanol-water, 20%; 50%; 90%;
100% v/v). Then, they were dried in nitrogen flowing reactor
for 4 hours and outgassed in vacuum desiccator for 12
hours. Before examination, the samples were sputtered with
a thin layer of gold at low deposition rate and placed at the
maximum distance from the target to prevent damages. The
images were obtained using an accelerating voltage of 10–
15 kV.

3. Results and Discussion

3.1. Characterization of Hybrids

3.1.1. Chemical Characterization by FTIR Spectroscopy. Fou-
rier transform infrared spectroscopy (FTIR) was used to
characterize the presence of specific chemical groups in the
PVA/BaG and PVA/BaG/GA hybrid samples. IR spectra of
pure PVA films, bioactive glass (BaG), and the hybrid porous
scaffold (PVA/BaG) are summarized in Figure 2(a). These
spectra were used as reference for the contribution of each
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Figure 2: (a) FTIR spectra of (A) PVA films; (B) bioactive glass scaffold; (C) hybrid scaffold of PVA/BaG. (b) FTIR spectra range from 3800
to 2600 cm−1 of PVA/BaG/GA hybrids (A) uncrosslinked (0%); crosslinked with glutaraldehyde (B) 1.0% and (C) 5.0%. (c) FTIR spectra
range from 1800 to 850 cm−1 of PVA/BaG/GA hybrids (A) uncrosslinked (0%); crosslinked with glutaraldehyde (B) 1.0% and (C) 5.0%.

and every component on the final produced hybrid network.
Hence, the broad band observed from 3200 to 3550 cm−1

in the PVA spectra (Figure 2(a)-(A)) may be assigned to
hydroxyls (νOH) stretching due to the strong hydrogen bond
of intramolecular and intermolecular type [25, 30, 41, 44].
Also, the strong band at 2870–2950 cm−1 was attributed
to alkyl stretching mode (νCH). The absorption bands
ranging from 1710 to 1750 cm−1 and 1200 to 1275 cm−1

arise due to the stretching vibration of carbonyl (νC=O)
and ester, respectively, from the vinyl acetate group found
in partially hydrolyzed PVA polymer (DH = 80%). Some
other peaks which can be found related to PVA are located
at 1410–1460 cm−1 assigned to δ(CH)CH2; 1200–1270 cm−1

of group ν(C–O)–C–OH; 820–850 cm−1 from alkyl chain
backbone [25, 30, 41, 44]. In an analogous analysis, the
FTIR spectrum of the bioactive glass (BaG, Figure 2(a)-(B))
presented the bands related to Si–O–Si asymmetric and sym-
metric stretching modes at approximately 1100 cm−1 and
800 cm−1, respectively [45–48]. A characteristic absorption
band observed in silica gel is located at 1640 cm−1 and is

attributed to the deformation mode of adsorbed molecular
water in the pores [45, 46]. Also, the vibrational band at
900–950 cm−1 has been credited to the presence of silanol
groups (Si–OH) usually found in silica synthesized via sol-
gel method. The overall contribution of major groups from
each component on the hybrid network can be identified
in Figure 2(a)-(C). The FTIR spectrum has presented broad
bands in the frequency ranging from 3100 to 3650 cm−1

attributed to both contributions of hydroxyls (PVA) and
silanols (BaG). There is an overlapping of the bands in the
range from 900 to 1500 cm−1 derived from the bioactive
glass and the PVA components [25, 30, 41, 44]. It is worth
noting that the hybrid formation leads to the broadening
of the bands related to vinyl acetate copolymer, that almost
disappear as a consequence of the hydrogen bonds involving
C=O groups and silanol groups in silicate networks [49].

The FTIR spectra of PVA/BaG hybrids before (curve (a))
and after chemical crosslinking with glutaraldehyde (1.0%,
curve (b); 5.0%, curve (c)) are shown in Figures 2(b) and
2(c). The effect of the GA crosslinker was highlighted in
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different regions of the spectra presented in Figure 2(b). The
hydroxyls reaction with aldehydes forming hemiacetals and
acetals are evidenced at the range from 3200 to 3550 cm−1

(-OH) and from 2750 to 2850 cm−1 (GA duplet). In the
same way, Figure 2(c) shows the FTIR spectra region mostly
related to the inorganic species of the hybrid network affected
by the crosslinking, for instance, the Si–O–Si bands from sol-
gel process and the very relevant hybrid group Si–CHx (1200-
1260 cm−1). However, a broader absorption band (1085-
1150 cm−1) that is attributed to the ether (C–O) and acetal
and hemiacetal bridges (–C–O–C–) bands by the crosslink-
ing reaction of PVA with GA can be observed [25]. As
mentioned, it was feasible to observe by FTIR spectroscopy
the relative contribution of the organic (PVA), inorganic (Si–
O–Si) components and the chemical crosslinker (GA) in the
different hybrids produced.

It is well known that FTIR is certainly a qualita-
tive spectroscopic method for investigating chemical func-
tionalities in materials. Nevertheless, with some fundaments
and proper assumptions, it may be a powerful tool to
conduct semiquantitative analysis by considering the ratio
of intensities (height or peak areas). The FTIR spectra
were normalized using CH2 bending mode at 1450 cm−1

before performing the calculations with the intensities. This
band associated with the CH2 bending mode is relatively
unchanged by adjacent chemical alterations [24, 25, 30, 34].
Consequently, the effect of crosslinking on the nanostructure
of the hybrids was assessed by analyzing the changes on
the relative intensities of relevant specific FTIR bands. This
means that major bands associated with the polymer, the
bioactive glass, and the network modifier were compared for
different contents of crosslinking agent added.

In fact, these relative intensities of FTIR bands have
offered the possibility of evaluating the actual degree of
crosslinking and, as a result, the density of covalent bonds
formed in the chemically modified hybrid network as
presented in Figure 3. Thus, it can be observed in Figure 3(b)
that the relative intensities (IC−O−C) associated with the
formation of acetal and hemiacetals (1085–1150 cm−1)
increased in the PVA/BaG hybrids crosslinked with glu-
taraldehyde (1.0 and 5.0%) compared to noncrosslinked
ones. As expected, the covalent chemical crosslinking has
taken place by the reaction of bifunctional aldehyde (GA)
with the hydroxyls groups of PVA. Also, that effect was not
evident by increasing the GA concentration from 1.0% to
5.0%, perhaps limited by some saturation of reacting sites
available and the restriction in the mobility of PVA chains
caused by the network crosslinking.

For the inorganic phase, the bands chosen were 1000–
1100 and 900–950 cm−1, associated with the bridging Si–
O–Si (ISi−O−Si) and Si–OH (ISiOH) bonds, respectively. The
intensity ratios for bands ISi−O−Si and ISiOH as a function of
the concentration of crosslinking agent added are presented
in Figures 3(c) and 3(a), respectively. It can be observed
that the peak intensity ratio increased due to the formation
of Si–O–Si bonds (ISi−O−Si) for 1.0% GA compared to the
noncrosslinked hybrids. It is suggested that the crosslinking
reaction of PVA reduced the amount of hydroxyls (acetal
formation = alcohol + aldehyde), reducing the sites available
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Figure 3: Hybrid nanostructure modification by chemical
crosslinking (GA). Relative intensity ratios for specific peaks of the
FTIR spectra as a function glutaraldehyde concentration in hybrids
PVA/BaG/GA: (a) ISi−OH/IC−H; (b) IC−O−C/IC−H; (c) ISi−O−Si/IC−H.

for hydrogen bonds formation between PVA and silanol
groups. Therefore, that would have favored an increase in
the inorganic polycondensation reactions leading to the
formation of silicate network (Si–OH + Si–OH = Si–O–
Si) (Figure 3(c)). On the contrary, the peak intensity ratio
related to the silanols (nonbridging oxygen, ISiOH) remained
practically constant for noncrosslinked and 1.0% crosslinked
hybrids but drastically increased for hybrids with 5.0% GA
(Figure 3(a)). This trend can be attributed to the fact that at
very high GA concentration (5.0%), the crosslinking reaction
has occurred very intensively, as indicated by a much lower
gelation time during the synthesis (less than half the gelation
time observed for hybrids produced with no addition of GA)
[36, 38]. As a consequence, the fast gelation of the mixture
may have affected the inorganic polycondensation reactions
(“rigid frozen structure”), accounted for the reduction of
ISi−O−Si band (Figure 3(c)) for 5.0% GA, leading to a higher
amount of Si–OH groups remaining within the hybrid
structure and, therefore, to an increase in the value of ISiOH

(nonbridging in the inorganic network). Moreover, it could
be assumed that at very high aldehyde concentration, the
stage of the sol-gel process associated with polycondensation
was significantly limited by the acetal bridges formed with
PVA (alcohol hydroxyls) causing the “excess” of remaining
unreacted silanol groups within the 3D hybrid network.

3.1.2. Crystallinity and 3D Morphology of PVA/BaG/GA
Hybrids. The X-ray diffraction patterns for samples of
PVA/BaG crosslinked with GA are presented in Figure 4. It
can be observed that the noncrosslinked hybrid has shown
mostly an amorphous structure most likely caused by the
synergetic effect of bioactive glass and semicrystalline PVA.
On the other hand, the chemically crosslinked network
indicated a partially crystalline structure. In addition, a
crystalline phase of calcium silicate was identified as CaSiO3

(Figure 4(a), bottom) for the hybrid systems covalently
crosslinked with the bifunctional modifier (GA). This find-
ing can be attributed to the kinetics of the hybrid structure
formation as the crosslinker has preferably reacted with
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Figure 4: XRD patterns of hybrids. (a): (A) BaG/PVA, (B) BaG/PVA/1.0% GA, and (C) BaG/PVA/5.0% GA, (∗) CaSiO3 crystalline phase.
(b): (D) PVA, and (E) bioactive glass (BaG).

Table 1: Pore size analyses of PVA/BaG/GA hybrids.

Concentration glutaraldehyde (GA, %)

0.0 1.0 5.0 5.0∗

Medium pore size (μm) 450 490 150

Maximum pore size (μm) 1100 1000 450 450

Minimum pore size (μm) 220 180 50 100

Interconnections medium size (μm) 75 145 35

Interconnections maximum size (μm) 285 475 100 200

Interconnections minimum size (μm) 25 35 10 60
∗

Values obtained by micro-CT.

alcohol groups from PVA, in turn leading to relatively
richer calcium (Ca2+) nanodomains, allowing for reactions
with silanols (Si–OH), forming the calcium silicate phase.
It should be noted that, preliminarily, this phase is not
detrimental to either mechanical or biological properties.

Moving a step further, the 3D structure of the hybrid
was characterized by SEM and μCT analyses. The SEM
micrographs have shown the macroporous network pro-
duced for different amounts of GA added to the PVA/BaG
systems (Figures 5(a), 5(b), and 5(c)). Noncrosslinked or
crosslinked hybrids with 1.0% GA have shown a comparable
pore structure, in which larger pores (macropore) are
interconnected by smaller channels (interconnections). On
the other hand, the size range of both macropores and
interconnections decreased significantly when the material
was crosslinked with a larger amount of GA (5.0%). The
results of the quantitative assessment of the macropore and
interconnection size distribution, performed using the image
analysis software (Quantikov), are presented in Table 1.

The pore size range and interconnection size range are
much lower for the samples crosslinked with 5.0% GA, as
is qualitatively illustrated on the images. The macropore
average diameter was 450 μm for the PVA/BaG sample
(noncrosslinked) and 490 μm for the sample crosslinked with
1.0% GA (PVA/BaG/GA). The average pore diameter fell to
150 μm in samples crosslinked with 5.0% GA. In summary,
it is reasonable to affirm that these results have evinced a
pronounced effect of the network reticulation by means of
covalent chemical modifiers on pore size distribution.

The pore size analysis for the sample crosslinked with
5.0% GA was also conducted using X-ray microcomputed
tomography (μCT), a tool that has become more progres-
sively used to obtain three-dimensional (3D) images of
scaffold biomaterials, as it allows for a better evaluation of
the 3D pore structure [50]. The 3D image obtained by μCT
is shown in Figure 5(d), and the corresponding pore size
distribution and interconnection distribution are presented
in Figures 5(e) and 5(f). The μCT image clearly shows
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Figure 5: SEM of PVA/BaG/GA hybrids crosslinked with (a) 0%; (b) 1.0%; (c) 5.0% of GA. (d) X-Ray microcomputed tomography of
sample crosslinked with 5.0% of glutaraldehyde. Pore size distribution (e) and interconnection size distribution (f) obtained by μCT analysis
of the hybrid PVA/BaG crosslinked with 5.0% glutaraldehyde.
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Table 2: Compression yield strength, deformation at yield stress, and elastic compression modulus for PVA/BaG/GA hybrids.

[GA]
Yield strength

(MPa)
Deformation at yield stress

(%)
Elastic compression modulus

(MPa)

0% 2.3± 0.9 7.5± 0.3 0.6± 0.2

1.0% 6.7± 3.3 9.1± 2.9 0.8± 0.1

5.0% 9.1± 0.3 14.6± 1.1 0.8± 0.1

5.0%-NH4OH 7.5± 1.1 9.9± 0.9 1.0± 0.1

Maximum stress for
trabecular bone [30, 36]

2–12 MPa

that the PVA/BaG/5.0% GA hybrid presents a 3D porous
structure with interconnected pores. The distributions show
that 80% of the macropore range from 100 to 450 μm with a
modal pore size of 227 μm (Table 1). The interconnections
also show a large distribution, with 80% ranging from 60
to 200 μm and a modal size of 110 μm. Comparing the
results obtained by SEM and μCT for the PVA/BaG/5.0%
GA hybrid, it can be observed that the maximum values
for macropore size are similar. However, when comparing
the minimum pore size, values measured by SEM and
μCT are quite different. This difference may well be related
to the difficulty in clearly defining, through SEM images,
the difference between macropores and interconnections.
As mentioned in the previous section, the reduction in
pore and interconnection size for larger concentrations of
the crosslinking agent may be explained by assuming that
the capacity of the aldehyde groups of GA reacts with
the hydroxyl groups present in PVA, thus forming bridges
between the polymeric chains and contributing to the faster
gelation of the solution. Upon increasing the crosslinking
rate, the gelation process is then completed, in turn freezing
the structure of the foam before bubbles from vigorous
stirring begin to coalesce. In fact, in Figure 5 (A, B, C), an
expressive amount of pores with diameters of approximately
50 μm in the sample crosslinked with 5.0% GA can be
observed. This result shows that the gelation step plays a
crucial role in the dynamics of pore formation. When the
gelation time is increased, bubbles introduced before gelation
can migrate into the foam and form groups that coalesce
to originate large pores before viscosity increases at the gel
point, thus stabilizing the material.

3.1.3. Mechanical Characterization. The mechanical resp-
onse under compression of hybrid samples before (PVA/
BaG) and after having been chemically modified by cross-
linking (PVA/BaG/GA) is presented in Figure 6. In a general
approach, it can be said that the mechanical behavior found
for the PVA/BaG hybrids is in accordance with the reported
literature for cellular (porous) materials [51]. Typically, the
stress–strain curve for a cellular solid in compression is
characterized by three regimes (Figure 6(a), regions I, II
and III): a linear elastic regime, corresponding to cell edge
bending or face stretching; a stress plateau, corresponding to
progressive cell collapse by elastic buckling, plastic yielding,
or brittle crushing, depending on the nature of the solid from
which the material is made; densification, corresponding

to the collapse of the cells throughout the material and
subsequent loading of the cell edges and faces against
one another. In the produced hybrids, a marked change
could be observed, particularly in the plastic regime, as
the amounts of crosslinking agent increased, which can be
attributed to different mechanisms leading to cell collapse.
For hybrids with no crosslinking agent added or with
only 1.0% GA added, the cell collapse is due to brittle
crushing, although some plastic deformation might occur.
The stress plateau became more defined for samples with
higher added amounts of GA (5.0%), which is typical of
a more plastic behavior where progressive cell collapse due
to plastic yielding can be observed. For these samples, in
the final stage, the compression stress increased rapidly
with strain, leading to a densification of the foam due to
the collapse of the cells. It should be emphasized that all
samples were carefully dried in a vacuum before testing,
since the high polymer content of the samples determines
its hydrophilic character, and that adsorbed water acts as a
plasticizer for PVA, influencing the stress–strain behavior.
The mechanical properties of all hybrids are summarized in
Table 2. An increase in the yield strength (Figure 6(b)), as
well as in the deformation at the yield stress (Figure 6(c)),
could be observed in direct proportion to the increase in the
amount of crosslinking agent added. Hybrids prepared with
no crosslinking agents presented a yield strength of approxi-
mately 2 MPa, close to the lower level of the range measured
for the trabecular bone [30]. The addition of 1.0% GA led
to a threefold (∼200%) increase in the yield strength. The
samples prepared with 5.0% GA presented a yield strength
of 9 MPa, which is four times higher (∼300%) than the
value obtained for noncrosslinked hybrids. These findings
are relevant as far as bone tissue engineering is concerned,
where a significant improvement in mechanical properties
was achieved, producing only minor changes in the overall
3D structure. At this stage, it should be emphasized that even
at the highest crosslinker concentration (5.0% GA), the pore
size distribution and the connectivity would make it possible
to promote cell adhesion, migration, and growth mimicking
the trabecular (cancellous) bone structure with comparable
mechanical properties. These results are a consequence of
the homogeneous 3D pore structure of the hybrids prepared
with 5.0% GA which are endorsed by the low values for
the standard deviation (3% at yield strength) and SEM
image analysis. Nevertheless, it should also be highlighted
that the most important effect of the addition of the higher
content of crosslinking agents was to change the behavior of
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Figure 6: (a) Stress-strain compression curves obtained for PVA/BaG/GA hybrids crosslinked with (A) 0%, (B) 1.0%; (C) 5.0% of
glutaraldehyde, and (D) crosslinked with 5.0% GA and treated with NH4OH. Regions I, II and III related to the mechanical behavior of
the nanostructured system. (b) Histogram of the yield strength results for PVA/BaG/GA hybrids crosslinked with (A) 0%; (B) 1.0%, (C)
5.0% glutaraldehyde. (c) Histogram of the strain at yield results for PVA/BaG/GA hybrids crosslinked with (a) 0%; (b) 1.0%, (c) 5.0%
glutaraldehyde.

the porous hybrid to a more plastic deformation. The effect
of crosslinking was similar to that observed when increasing
the amount of PVA in the hybrid and under varying drying
conditions, which determines the residual content of water
in the material [52]. In both cases, the mechanism of cell
collapse turned to plastic yielding, as the PVA and water
acted as the plasticizer of the material. The mechanical
characterization of the trabecular bone is very difficult.

3.2. Degradation Behavior: In Vitro Assay. At this point, it is
important to present some considerations regarding to the
degradation process. Despite being intensively researched,
the degradation behavior of polymeric systems is a difficult
theme as it may vary a lot from one system to another.
One can simply classify them as degradable and “non-
degradable” (inert). Nevertheless, the distinction between
“degradable” and “non-degradable” polymers is unclear and

quite arbitrary, given that all materials, including polymers,
will degrade within an appropriate time scale. It is the
relation between the time scale of degradation and the time-
scale of application that appears to make the difference
between “degradable” and “non-degradable’’ polymers. The
attribute “degradable” is commonly assigned to materials
which degrade during their application or immediately after
it. “Non-degradable” polymers are those that require a
substantially longer time to degrade than the duration of
their application. In addition, the degradation behavior of
these systems is quite different, as they are commonly utilized
as biomaterials in living organisms. A number of new aspects
and properties must be fulfilled by the designed system in
order to reach a successful performance under any clinical
application. Complexity is taken to the extreme, bearing in
mind the degradation process of three-dimensional porous
hybrid scaffolds submitted to this dynamic physiological
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environment. There are numerous possibilities and pathways
to be followed by each and every component. For instance,
a component can undergo dissolution or solvation in the
medium, erosion, etching, enzymatic, or hydrolytic cleavage
of chains and networks into smaller species, among other
possibilities. For this reason, it is beyond the focus of the
present study to produce a complete in-depth investigation
of the hybrids degradation process. On the contrary, it
should be pointed out that a preliminary evaluation of the
degradation behavior of hybrids (polymer-ceramic, PVA-
BaG) was conducted in this research by performing an
in vitro analysis based on mass loss upon immersion in
aqueous medium. The main results are summarized in
Figure 7. As shown in Figure 7(a), the mass loss values
for all the samples proved to be higher at the beginning
stages, followed by a progressive decrease in the mass loss
rate according to immersion time. Moreover, the mass
loss was higher for samples which were not chemically
crosslinked with glutaraldehyde (PVA/BaG without GA,
Figure 7(a), curve (A)). On the contrary, the mass loss
was significantly reduced when the amount of chemical
crosslinking agent was increased. For instance, after 21 days
of in vitro assay, the mass loss varied from ∼50% for the
noncrosslinked hybrid (Figure 7(a), curve (A)) to ∼35%
for hybrids crosslinked with 5.0% GA (Figure 7(a), curve
(C)). In a general approach, two main regions can be
clearly observed in Figure 7(a), one with a relatively high
degradation rate (referred to as the k1 region) and the
second with a lower degradation rate (k2). This finding

may be associated with two concurrent mechanisms, one
mostly dominated by solvation/dissolution (fast, k1) and the
second by hydrolysis and diffusion (slow, k2) of the hybrid
system. These results have given strong evidence that the
original organic-inorganic network (PVA/BaG, Figure 7(c))
most likely was modified by the crosslinking reactions of
PVA with the bifunctional reagent (GA), in turn causing the
formation of acetal/hemiacetal bridges (Figure 7(b)) [34].
These results also suggested that the crosslinking of the
hybrids improved the stability of scaffolds towards in vitro
degradation. The PVA/BaG/GA scaffolds (1.0% and 5.0%
GA) degraded slowly, while PVA/BaG (0% GA) degraded
rapidly. Hence, these covalent bonds significantly altered the
hybrid structure at the nanoscale level, thereby reducing the
overall degradation rate. The schematic representation of the
observed degradation behavior is illustrated in Figures 7(b)
and 7(c), with the respective SEM images. The degradation
led to some changes in the structural morphology as can be
observed in the SEM micrographs (Figures 7(b) and 7(c)),
which helps to explain the different degradation processes.
Of course, this is a simplified approach, as many aspects
are involved, such as network swelling, hydrogen bonds,
hydrophobic and hydrophilic species, electrostatic balance
of charges (ions), weak forces (van der Waals), among
others. In fact, the choice of using water as the immersion
medium rather than other degradation solutions, such as
PBS (phosphate buffer saline) or SBF (simulated body
fluid), was fundamentally justified by avoiding the effect of
other ionic species in such already complex hybrid systems.
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This element warrants future investigation, since PBS is
commonly used as a physiological medium for in vitro assays.
A similar assay was carried out with hybrids crosslinked
with 5.0% GA and previously submitted to a neutralizing
treatment with an NH4OH solution before the degradation
assay (Figure 7(a), curved). This assay, when compared to all
samples, particularly with noncrosslinked samples, presented
an even less pronounced mass loss (∼10% at 21 days) upon
immersion. This result indicated that the treatment with an
alkaline medium (NH4OH) not only neutralizes the hybrids,
but also stabilizes the samples, perhaps removing part of the
material susceptible to the initial stage of degradation [38].
Hence, when these samples were submitted to the alkaline
neutralizing procedure, they underwent some preliminary
erosion of the more labile components, achieving a more
stable network.

Figure 8 presents a schematic illustration of the novel
hybrid produced aiming at moving forward and bringing
some contribution to this multifaceted subject of degra-
dation of nanostructured materials. Briefly, hybrids are
considered to be an interpenetrated network (IPN) produced
by the combination of organic (PVA) and inorganic (BaG)
constituents that have been chemically modified by a bifunc-
tional crosslinker (GA). The degradation process can be
described by a phenomenological contribution of solvation
(dissolution) and diffusion-reaction mechanisms, occurring
in two stages, as represented in Figure 8(b), Scheme 1, and
Scheme 2, respectively. Initially, an aqueous media diffuses
into the hybrid structure which turns into a gradually
swollen structure. In this stage (Figure 8(b), Scheme 1), it is
expected that the effect of PVA as a water-soluble hydrophilic
polymer will be mostly predominant (swelling/solvation
polymeric component). It can also be said that temporary
interactions (weak and strong) will be heavily affected at
this stage, such as hydrogen bonds (hydroxyls of PVA and
silanols), van der Waals forces (polymer chain folding),
and electrostatic forces (ions, Ca2+, phosphates). In the
sequence, within the hybrid polymeric-inorganic matrix,
hydrolytic reactions may occur, mediated by water, forming
some fragments and oligomeric products which may diffuse
outwards. The diffusion depends on several factors, such
as porosity, pore-size distribution and connectivity, and
the degree of crosslinking of the nanostructured chem-
ically modified hybrid network (Figure 8(b), Scheme 2).
The complete erosion of the polymer is known to take
substantially longer than the degradation time investigated
in this study. As this hybrid network was modified by
the chemical crosslinker, some comparable trends may be
assumed at both degradation stages, but not necessarily to
the same extent. During this first phase, the aqueous solution
penetrates the 3D pore structure with several phenomena
taking place, including swelling, solvation, and the leaching
out of ions, among others. Then, at a second moment,
some hydrolytic degradation may occur at the acetal and
hemiacetal bridges, converting relatively long polymer chains
(PVA) into shorter water-soluble fragments. Naturally, the
degradation reaction of the chemically crosslinked organic-
inorganic systems will present a lower kinetic rate than will
the dissolution of the noncrosslinked hybrid structure. In an

analogous mechanism, the inorganic-rich component may
also be degraded, which can be regarded as an inverse of the
sol-gel poly-condensation process which occurred during the
hybrid synthesis. In fact, several authors have reported on the
degradation behavior of polymer-based systems, but very few
detailed reports dealing specifically with the degradation of
3D porous hybrid scaffolds can be observed in the literature
[27, 53].

In summary, based on the results, it is valid to affirm that
the produced hybrid network of PVA-BaG was engineered
according to the degradation kinetics by using different
concentrations of bifunctional chemical covalent modifier.
Furthermore, one may be able to tailor the rate of degra-
dation by altering some accessible parameters, such as
organic/inorganic ratio, scaffold porosity, and connectivity,
type of crosslinker, among others, aimed at specific biomed-
ical applications. Ideally, the degradation and resorption
kinetics of composite and hybrid scaffolds are designed to
allow cells to proliferate and secrete their own extracellular
matrix while the scaffolds gradually vanish, leaving space for
new cell and tissue growth.

3.3. Cytotoxicity Assessment—In Vitro

3.3.1. MTT Assay. Safety and reliable tests including cyto-
toxicity analyses are required for all products to be used in
contact with humans and animals. Therefore, cell viability
was measured using the MTT assay and represents the active
mitochondrial enzymes present in a cell capable of reducing
MTT. In general, MTT assays using cell culture have been
accepted as the first step in identifying active compounds
and for biosafety testing. As such, all synthesized hybrids
of PVA/BaG were evaluated by MTT assay. Representative
results are presented in Figure 9. A higher relative cytocom-
patibility of PVA/BaG hybrids crosslinked with 5.0% GA, as
compared to unmodified hybrids (0% GA), can be observed.
Moreover, samples submitted to the in vitro degradation
process have clearly indicated an improvement in their
preliminary biocompatibility during longer immersion times
(21 days). Taking into consideration all the results, the
PVA/BaG/GA hybrid crosslinked with 5.0% GA presented
the best performance in the MTT assay. Similar results were
verified for the PVA/BaG/GA hybrid crosslinked with 5.0%
GA, which had been previously neutralized by NH4OH
medium. Interestingly, these very hybrids have also shown
better results in terms of structure and mechanical behavior.
They presented a more homogeneous pore size distribution;
a higher yield strength and strain deformation; and a lower
degradation rate. Nevertheless, one should be aware that the
values found in MTT results are attributed to a comparable
biocompatibility under in vitro conditions and cannot be
straightforwardly used to predict in vivo performance in
biomedical applications.

3.3.2. Cell Viability via Adhesion-Spreading Assay. Moving
beyond the MTT assay, the qualitative analysis of cell
morphology was conducted by means of SEM images
(Figure 9(b)) associated with its proliferation and growth in
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Figure 9: (a) Typical cell viability response of MTT assay of PVA/BaG and PVA/BaG/GA hybrids crosslinked with 1.0% and 5.0% GA before
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contact with PVA/BaG/GA hybrid crosslinked with 5.0% GA
samples via adhesion and spreading behavior.

It could be verified that the VERO cells seeded onto
PVA/BaG/GA hybrid matrices showed a good adhesion and
spreading morphology, that is, well matched to this fibroblas-
tic lineage (Figure 9(b)). Since cellular attachment, adhesion,
and spreading belong to the first phase of cell/material
interactions, the quality of this phase will influence the pro-
liferation and differentiation of cells on biomaterials surfaces.
Based on the SEM results, one may attribute the VERO cell
spreading and adhesion verified in the PVA/BaG/GA hybrid
to be an important response regarding the biocompatibility
and noncytotoxicity of the investigated samples. According
to the literature [30, 36, 38], cell spreading is generally

divided into three main interaction levels: (a) unspread:
cells were still spherical in appearance, and protrusions or
lamellipodia were not yet produced; (b) partially spread:
at this stage, cells began to spread laterally on one or
more sides, but the extensions of the plasma membrane
were not completely confluent; (c) fully spread. The final
model (c) would represent the best result for material
cell hosting. These morphological aspects are accredited to
healthy VERO cell cultures giving clear evidence of hybrids
produced cytocompatibility. Additionally, the selected cell
line (VERO) used as a model in this research plays a role
in producing many of the components that are essential to
the connective tissue, for example, extracellular components,
such as glycosaminoglycans, and fibrous tissue, such as
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collagen. In summary, cell adhesion and spreading are of vital
importance in living biological processes and are involved
in various natural phenomena, such as embryogenesis, the
maintenance of tissue structure, wound healing, immune
response, metastasis, and tissue integration of biomaterials
[30, 36, 38, 42, 43].

4. Conclusions

Three-dimensional interconnected porous structures com-
prised of PVA/BaG were obtained with varying structural
and mechanical properties for different degrees of network
crosslinking. A decrease in the medium pore and intercon-
nection size and a more homogeneous pore size distribution,
with 80% within the range of 100–450 μm, was observed
for larger concentrations of glutaraldehyde. In addition,
an increase in the yield strength and in the deformation
at the yield stress, with an increase in crosslinking, could
be observed, which proved to be more pronounced for
the sample crosslinked with 5.0% GA. The synthesized
organic-inorganic hybrids based on PVA/BaG have presented
different degradation kinetics due to the degree of chem-
ical crosslinking which altered the nanostructure of the
network. Finally, these engineered hybrids have shown a
preliminary cell viability behavior that, when combined with
appropriate mechanical and morphological properties, can
be considered potential biomaterials for tissue engineering
applications.
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Nanohybrid materials have been widely used in the material chemistry research areas. In this paper, we mainly discussed the
hybrid nanostructures used for nanobiosensor applications. It is one of the most promising and rapidly emerging research areas in
nanotechnology field. Design, fabrication, and applications of hybrid nanostructures are reviewed, respectively. Finite difference
time domain (FDTD) methods are applied to design different materials of hybrid nanostructures. Nanosphere lithography (NSL) is
used to fabricate our designed hybrid nanostructures. Moreover, protein A and staphylococcal enterotoixn B (SEB), an enterotoxin,
are detected by our designed hybrid nanostructures. From all the experiment results, we can see that our designed hybrid
nanostructures are one of important nanohybrid materials. They have many potential applications in the nanobiosensor in the
future.

1. Introduction

Localized surface plasmon resonance- (LSPR-) based nano-
biosensors are of great interest in various applications such
as environmental protection [3–5], biotechnology [6–8], and
food safety [8]. It is well known that LSPR can be excited
when the incident photon frequency is resonant with the
collective oscillation of the conduction electrons. It is named
as the LSPR effect. Transmission peaks of LSPR-related
spectra are sensitive to the electric medium on surface of
metal films. The LSPR-based nano-biosensor is a refractive
index-based sensing device which relies on the extraordinary
optical properties of noble metal (e.g., Ag, Au, and Cu, etc.)
nanoparticles [9, 10]. The sensing capability of the LSPR
sensor can be modified by tuning shape, size, and material
composition of the nanoparticles. The nanoparticles are
effective for quantitative detection of chemical and biological
targets [4]. The sensing principle employed in these experi-
ments relies on the high sensitivity of the LSPR spectrum of
the noble metal nanoparticles due to an absorbate-induced
change occurring in the dielectric constant of the surround-
ing environment. The local environment that surrounds
the nanoparticles can be modified by means of binding of

the biological molecular. The extinction spectrum of the
nanosensor can be derived using a spectrophotometer [11].

Many biological and chemical agents such as bacteria,
algae, fungi, viruses, and toxins are capable of extensively
affecting humans and animals [12–15]. Staphylococcus au-
reus enterotoxin B (SEB), a small protein toxin [12, 16], was
selected as a typical small protein toxin in our experiments.
SEB with 28.4 kDa protein toxin is one of a group of five
major serological types of related proteins with molecu-
lar weights ranging from 26 kDa to 29.6 kDa. SEB is an
incapacitating toxin, but it is rarely lethal. Detection and
quantification of SEB in buffer were demonstrated using
the LSPR-based nano-biosensor. Theoretically, the detection
concentration of SEB can reach to nanogramme per milliliter
level. The methods used to detect SEB include enzyme-
linked immunosorbent assays (ELISAs) [17], light address-
able potentiometric sensors (LAPSs) [18], array biosensors
[19], immunomagnetic separation electro-chemilumines-
cence and fluorescence procedures (IMS-ECL and IMS-
FCL) [20] or rapid chromatographic assays (RCA) [21], and
Surface Plasmon Resonance (SPR) sensors [22]. In our pre-
vious research work, we have designed and explored some
nanohybrid materials to detect the different refractive index



2 Journal of Nanomaterials

100 nm

(a)

50 nm

Gold

Glass substrate

Silver

5 nm

100 nm

(b)

Figure 1: (a) Three-dimensional geometrical model of triangular
hybrid Au-Ag nanostructures, (b) cross-section of a single hybrid
Au-Ag triangular nanostructures. From [1, 2].

of chemical materials and the various kinds of biomolecules
[1, 2, 23–27]. In this paper, we reviewed the design,
fabrication, and applications of hybrid nanostructured array.
The paper is divided into the following three parts: (1) finite-
difference and time-domain (FDTD) algorithm was used
to design the hybrid nanostructured array. (2) Nanosphere
lithography was employed to fabricate our designed array. (3)
The functionalized nanostructures are used for detection of
proteins A and SEB.

2. Design Methods for Hybrid Nanostructures

There are many design methods to aid in deciding the param-
eters of the nanostructured array. For example, Mie scatter-
ing theory [28] discrete dipole approximation (DDA) [29],
finite integration technique (FIT) [30], finite difference time
domain (FDTD) [31] method, and the finite element method
[32] are widely used for the design of the nanoparticles.
FDTD is a commercial software to design arbitrary shapes,
sizes and periods of nanostructures. The following parts are
our design model and method. The triangular hybrid Au-Ag
nanostructure array was proposed as a sensitive cell of the
LSPR-based nano-biosensor. Using FDTD algorithm [33],
we designed and calculated the refractive index sensitivity
of the hybrid nanostructures. The corresponding model of
the triangular hybrid Au-Ag nanostructure array is shown in
Figure 1(a). A cross-section of a single particle labeling the
materials of the substrate and particle and their thicknesses
is shown in Figure 1(b).
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Figure 2: FDTD solution calculation results when the refractive
index medium surrounding this hybrid nanostructures are 1.0 and
1.3352, respectively. From [1].

The out-of plane heights of the Ag nanostructures under
the Au layer is 50 nm and the top Au nanostructures is 5 nm
only. The in-plane widths of each nanostructures are 100 nm.
The period of the nanostructure array is 400 nm. In order
to investigate the effectiveness of mediums with different
refractive index surrounding the hybrid nanostructures, we
selected the air (n1 = 1.0) and Protein A (Protein A: PBS
(0.01 M, pH = 7.4) = 1 : 100, n2 = 1.3352) surrounding the
nanostructures. When the refractive index of the mediums
surrounding this hybrid nanostructures is 1.0 and 1.3352,
respectively, the FDTD algorithm-based calculation results
can be obtained, as shown in Figure 2. From the results, we
can calculate the sensitivity of the hybrid Au-Ag triangular
nanostructure array as S = (λmax 1 − λmax 2)/(n2 − n1) =
(551.638 − 484.513)/(1.3352 − 1.0) = 200 nm/RIU. It can
realize a detection of SEB with higher sensitivity.

3. Fabrication of Nanostructures

An NSL technique [34] was employed to create the surface-
confined hybrid Au-Ag triangular nanostructures supported
on a glass substrate (see Figure 3). NSL process begins from
the self-assembly of size-monodisperse nanospheres into a
two-dimensional (2D) colloidal crystal. As the solvent of
the nanosphere solution evaporates, capillary forces draw
the nanospheres together, thereby crystallizing them into a
hexagonally close-packed pattern on the substrate. Following
self-assembly of the nanosphere mask, some silver and gold
metals are deposited onto the nanosphere-coated substrate,
respectively. Metal deposition parameters and vacuum con-
dition are listed as follows: vacuum 2× e− 6 Torr, deposition
rate 0.4 A/sec. After the metals deposition, the nanosphere
mask is removed via sonication in ethanol resulting in
surface-confined nanostructures with triangular footprints.
The nanostructures have out-of plane heights of silver
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Figure 3: SEM image of topography of the triangular hybrid Au-Ag
nanostructures fabricated by NSL. From [1].

nanostructures ∼50 nm and the upper gold nanostructures
∼5 nm in thickness, and ∼100 nm in plane widths of each
nanostructure and ∼400 nm period of the nanostructure
array as measured using JSM-5900 LA scanning electron
microscope (SEM). In order to approve the existence of Au
cap layer, we used EDX to analyse the materials of hybrid
nanostructured array. Figure 4 shows the EDX results for
all the elements for the hybrid nanostructured array. EDX
analysis results are based on the same materials as the hybrid
Au and Ag film. From these results, we can see that there are
Au in the cap layer in the hybrid materials. More details for
NSL fabrication information are listed in [1, 35].

4. Applications of Hybrid Nanostructures

There are many applications for the hybrid nanomaterials.
They are widely used as polymers [36, 37]. Polymers can
be made into various bulk forms and thin films and widely
applied to optical and electronic materials, biomaterials,
catalysis, sensing, coating, and energy storage, and so forth
fields. Here, we only focus on our research groups’ appli-
cations such as protein A and SEB detection based on our
designed nanostructured array.

4.1. Detecting Protein A. The LSPR-based nanobiosensors
are extremely sensitive to variation of refractive index (RI)
within a few hundred nanometers of gold surface. Capture
of the target analyte (Protein A, from Sigma-Aldrich) by the
specific reaction between the metal Au and the Protein A.
Protein A bound to the sensing face changes the apparent
RI due to solution displacement by the analytes of higher
refractive index. To test the detection capability of the hybrid
Au-Ag nano-biosensors, experiments were performed using
solutions of Protein A in PBS buffer (1 : 100, 0.01 M, pH
7.4, from Jinshan Chemical Analyte Pte. Ltd.), and the
refractive index of Protein A (1.3352) was detected by Abbe
refractometer ZWA-J (temperature 20◦C, Δn = ± 0.0002).
All the buffer used in the experiments was prepared using
double glass-distilled water.

Resonant wavelength λmax of the bare hybrid Au-Ag
nanostructures (see Figure 5, black line) was measured to be
575.99 nm. Exposure to 1 : 100 Protein A resolution resulted
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Figure 4: EDX analysis results for hybrid nanostructured array, (a)
spectrum area captured by DEX, (b) EDX elements results of hybrid
materials.
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Figure 6: Schematic illustration of prefunction for the nanostructure surface. From [2].

in λmax = 556.31 nm (see Figure 5, red line), corresponding
to a −19.68 nm shift. It should be noted that Δλmax =
−19.68 nm is smaller than the calculated result of the
FDTD. It attributes the experiment defects caused by the
NSL fabrication technique. The blue shift is caused by the
scattered radiation from the incident radiation (ω) less than
the vibrational frequencies of the molecules (ωvib).

4.2. Detecting SEB. For SEB detection, Our experiments
were carried out using home-made SEB prepared by our
collaborator (Chinese Academy of Chemical Defence). Mon-
oclonal mouse anti-SEB was purchased from Chemicon; 1-
Ethyl-3-(3-dimethylaminopropyl) carbodiimide-HCI (EDC)
and Sulfo-Nhydroxysuccinimide (S-NHS) from Pierce;
ethanolamine from Sigma-Aldrich; dithiodiglycolic acid
from Sigma; and phosphate buffer solution (PBS, 0.01 M,
pH7.4) from Jinshan Chemical analyte Pte. Ltd. The buffer
used in the experiments was prepared using double glass-
distilled water.

Functionalization of the sensor is a multistep process that
prepares the surface for specific detection applications. Prior
to each experiment, the triangular hybrid Au-Ag nanos-
tructure array was cleaned and prefunctionalized according
to the following protocol: (1) the hybrid nanostructures
were cleaned by sonicating the sample in ethanol in 3 min.;
(2) dithiodiglycolic acid (2 mM) aqueous solution was
dropped to the surface of the samples and reacting in 30 min.;
(3) the carboxyl groups on dithiodiglycolic acid were acti-
vated in 30 min. using the same volume of EDC (0.4 M) and
S-NHS (0.1 M); (4) the samples were thoroughly rinsed with

Au

Mouse anti-SEB

SEB

Glass substrate

Ag

EDC/NHS

Figure 7: Schematic diagram of LSPR-sensor. From [2].

0.01 M PBS buffer and then dried by N2 blowing with high-
pressure; (5) monoclonal mouse anti-SEB IgG antibodies
were coupled to the surface of the nanostructures by
dropping 10 μg/mL solution in PBS buffer through chemical
reaction between amidogen beside the alkaline aminophenol
(Arg and Lys) of IgG and the active carboxyl; (6) redundant
active ester groups were enclosed by 1 M ethanolamine
aqueous solution. Finally, the samples were rinsed by 0.01 M
PBS buffer and a hybrid Au-Ag SEB nano-biosensor was
formed. A schematic illustration of the prefunction for the
nanostructures surface and a description (with figure) of the
LSPR-sensor are shown in Figures 6 and 7, respectively.

The LSPR nano-biosensors are extremely sensitive to a
change of refractive index (RI) within the range of a few
hundred nanometers from the Au surface. Capturing of the
target analyte (SEB) by homologous antibody (monoclonal
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Figure 8: Measured spectra of the LSPR-based hybrid Au-Ag nanobiosensor for specific binding detection with detection concentration of
(a) 10 μg/mL SEB, (b) 1 μg/mL SEB, and (c) 100 ng/mL SEB. From [2].

mouse anti-SEB antibody) bound to the sensing surface
varies the RI significantly due to a solution displacement by
the analytes with higher refractive index. To test the detection
capability of the hybrid Au-Ag triangular particle-based
nano-biosensors, experiments were carried out on the basis
of the SEB solutions of various concentrations in PBS buffer.
Three independent experiments were performed for the SEB
solutions in different concentrations of 10 μg/mL, 1 μg/mL,
and 100 ng/mL SEB, respectively. In this study, the LSPR
spectra for the specific binding signals were measured using
the integrated LSPR biosensor (see Figure 8(a)). The LSPR
λmax after monoclonal mouse anti-SEB antibody attachment
(see Figure 8(a), black line) was measured to be 611.66 nm.
Exposure to 10 μg/mL SEB, corresponding peak wavelength
of LSPR λmax = 528.19 nm (see Figure 8(a), red line),
which corresponds to a Δλmax = −83.47 nm peak shift.
Hereinafter, “+” denotes a red-shift and “−” a blue-shift.
When the concentration of the SEB solution is changed to
be 1 μg/mL and 100 ng/mL, the corresponding peak shift-

ing of LSPR is Δλmax = −68.33 nm (see Figure 8(b)), and
Δλmax = −25.62 nm (see Figure 8(c)), respectively. The main
absorbance peak for the anti-SEB drifting from sample to
sample (Figures 8(a)–8(c)) attributes to the changing of
effective refractive index of the surrounding medium due
to binding of SEB and anti-SEB. It should be noted that
Δλmax = −25.62 nm is greatly larger than the resolving power
of the integrated LSPR sensor (spectrum resolving power of
the spectrometer is 1.7 nm). Therefore, it is reasonable to
believe that even the SEB solution in lower concentration
can be detected by the integrated LSPR biosensor. These will
be performed in our next research project. All the extinction
measurements were collected at atmosphere environment. To
further explore detection performance of the SEB sensors,
the concentration of SEB as low as 1 ng/mL was applied
on the biochips. Figure 9 is the measured spectra of the
LSPR-based hybrid Au-Ag nano-biosensor for the specific
binding detection with detection concentration of 1 ng/mL
SEB. It can be seen that the peak wavelength blue shifts
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Figure 9: Measured spectra of the LSPR-based hybrid Au-Ag nanobiosensor for specific binding detection with detection concentration of
1 ng/mL SEB. From [2].

are Δλmax = 539.83 nm − 572.23 nm = −32.4 nm. Actually,
the differences of the resonance peak position are caused by
different refractive index materials around the Ag nanostruc-
tures. The refractive index of materials changed can influence
the resonance peak position. When the concentration of the
SEB changed, the peak shifts will change. The red and blue
shifts are caused by the scattered radiation from the incident
radiation (ω) by an amount that corresponds to vibrational
frequencies of the molecules (ωvib). The frequency emitted
by the photo ωR = ω ± ωvib. If ω > ωvib, it causes red shift; if
ω < ωvib (smaller SEB concentration), it leads to blue shift.

Our Ag-Au composite structures can be verified by
our binding detection results, as shown in Figure 8. If the
structure does not involve Au, dithiodiglycolic acid (see
Figure 6) cannot bind with the nanostructures because it
binds with Au only [38]. Dithiodiglycolic acid derivatives
have a thiol group that reacts with Au atoms. Therefore, the
immobilization process of dithiodiglycolic acid derivatives
on the Au surface occurred spontaneously. The pure Ag
particles bind with –OH– only [11]. The binding detection
spectra cannot be obtained without the hybrid structure with
Au capped on the Ag particles. Compared to conventional
SPR systems, at the same detection level, our presented
LSPR-based biosensor is far simpler than the traditional SPR
systems (e.g., Biacore system, etc.). The LSPR system is cost-
effective, small volume, light weight, and portable because
some subsystems such as temperature control, pressure
control, and precise incident angle control are not necessary.
The important advantages of our approach include that: (1)
it can provide good selectivity and sensitivity without the
labeling process. Our LSPR biosensor assay can detect SEB
at approximately 1 ng/mL rapidly within 1 min; (2) spatial
resolution of our detect approach is a single nanostructure
while SPR sensors require at least a 10 × 10μm area for
sensing experiments; (3) our LSPR nanobiosensor does not
have temperature control, which can reduce the weight

and the volume of the detected spectrometric system; (4)
The detected spectrometric system costs only 1/30 of the
commercialized SPR instruments.

5. Summary

We reviewed the design, fabricate, and applications of
our proposed hybrid Au-Ag triangular nanostructures. The
refractive index sensitivity of hybrid Au-Ag triangular nanos-
tructures is calculated by FDTD method. And we detected
the sensitivity in experiment using protein A. This hybrid
Au-Ag nanostructures are used to detect SEB solution. The
detection sensitivity for SEB is nanogramme per milliliter
level. All the design and experiment results show that
the hybrid nanostructures are useful in the nanobiosensor
research field. It has many potential applications in chemical
material research fields.
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SiO2 nanoparticles have been dispersed selectively in the polystyrene (PS) microdomain of polystyrene-block-polymethylmeth-
acrylate (PS-b-PMMA) block copolymer via the blending of PS-b-PMMA with PS-tethered SiO2. As observed by atomic force
microscopy and scanning electron microscopy, the incorporation of SiO2 particles not only enlarges the PS microdomain but also
reduces the surface energy of the PS microdomain and transforms the morphology from either lamellar layers or cylinders to
islanded bicontinuous microstructures. Blending SiO2 particles with an excessive amount or with a particle size larger than that of
the PS microdomain would pose an extreme constraint on the molecular rearrangement, unstabliize the microdomain separation,
and even make the microdomain separation unobservable. The nanosize and the uniform distribution of the PS microdomain in
the PS-b-PMMA polymer have thus enabled us to achieve a uniform distribution of the inorganic SiO2 particles in the organic
polymeric matrix.

1. Introduction

Block copolymers are known for their microdomain separa-
tion which attains various periodic nanostructures under
proper compositions and conditions [1–8]. In recent years,
nanotemplating studies involving block copolymers have
gained extensive interest. Nanowires such as Co, Ag, and Au
or nanoparticles such as CdSe, Pd, and TiO2 have been
reported either to grow in or to be blended into a specific
microdomain [9–15]. The selective dispersion of nanoparti-
cles in one of the microdomains has great potential in ap-
plications such as photonic crystals with enhanced refractive
index contrast between microdomains [9–11], and nanopo-
rous hybrid membranes after etching one of the microdo-
mains [16–34]. The growth of nanoparticles in one of the
microdomains of a diblock copolymer often requires the
functionalization of that specific microdomain with pre-
cursor complexes followed by an in situ reduction of that
precursor complexes to form nanoparticles. On the other
hand, the blending of nanoparticles into one of the micro-
domains requires the pretreatment of nanoparticles with

various surfactants, such as ionic or nonionic types, or func-
tioning agents containing functional groups compatible with
the targeted microdomain.

Recently, it has been reported that blending a homopoly-
mer hA into a block copolymer A-b-B would result in chan-
ges in the microdomain separation depending upon the tem-
perature, the wt% of homopolymer, the molecular weight
ratio of homopolymer to the corresponding block, and the
overall volume ratio of constituting species [35–38]. Under
proper conditions, homopolymer hA could be solubilized in
the A block either locally or uniformly. These studies have
prompted us to explore another approach to selectively dis-
perse SiO2 nanoparticles in a PS-b-PMMA diblock copoly-
mer. Here, in the current study, we have synthesized two
PS-b-PMMA diblock copolymers with different ratios of PS
to PMMA block lengths, having either an alternating lamel-
lar layers or cylindrical microstructures, as well as a trime-
thoxysilane-terminated homopolystyrene (PS-silane). This
PS-silane was thereafter tethered to SiO2 nanoparticles to
form PS-SiO2 particles, and these PS-SiO2 particles were
then blended quantitatively with PS-b-PMMA to make an
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organic-inorganic nanocomposite material with a targeted
PS/PMMA volume ratios. We envisioned that the compat-
ibility between PS-SiO2 and the PS-b-PMMA would result
in a dispersion of SiO2 nanoparticles exclusively in the PS
microdomain and thus enable a uniform distribution of the
inorganic SiO2 particles in the organic polymeric matrix.

2. Experimental

2.1. Materials. Styrene (S) and methyl methacrylate (MMA)
(both with a purity of 99%) were acquired from Aldrich and
predistilled with CaH2 to remove the inhibitor before use. n-
Butyllithium (n-BuLi) was obtained from Taiwan Synthetic
Rubber Corp. 1,1-Diphenyethylene (DPE) purchased from
Alfa Aesar had a purity of 98% and was diluted in toluene
at a concentration of 0.6M before use. (3-Chloropropyl) tri-
methoxysilane (3-CPTMOS) was acquired from Aldrich at
97% purity. Colloidal nanosized silica (SiO2) of a diameter of

10∼20 nm was supplied by Echo Nano-bio Co., Ltd., Taiwan
as a clear suspension in isopropanol (IPA) with a solid con-
tent of 30%. Other chemicals were purchased from J. T. Baker
and used as received.

2.2. Measurements. The molecular structures of PS-b-
PMMA samples were determined from 1HNMR (Varian-
Unity INOVA-500 MHz) spectra of samples in deuterated
chloroform (CDCl3) at 30◦C. The functional groups of sam-
ples were analyzed with a Shimadzu SSU-8000 FTIR spectro-
photometer. Scanning electron microscope (SEM) images
were obtained on a Hitachi S4800 Type I SEM system for
samples spin-coated on a silicon wafer. The atomic force mi-
croscope (AFM) height-mode micrographs were obtained
from the Quesant Universal SPM Instruments, using as the
AFM tip a silicon nitride-based cantilever coated with a mag-
netic film.



Journal of Nanomaterials 3

Table 1: Molecular characteristics of PS-b-PMMA samples.

Mol% of styrene Mwabsolute of PS Mwabsolute of PS-b-PMMA Vol% of Styrene PDI

Sample(1) 36.67 8655 23037 40.57 1.21

Sample(2) 25.53 17750 67535 28.79 1.26

(The absolute molecular weights of PS and PS-b-PMMA were measured by GPC and 1HNMR, resp.).
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Figure 1: FTIR spectra for PS-silane and PS-SiO2.

2.3. Synthesis and Characterization of PS-b-PMMA. The syn-
thesis of PS-b-PMMA was accomplished via a sequential
anionic polymerization in toluene. The choice of toluene as
the solvent was due to the need of a polar environment for the
polymerization of MMA. The PS-b-PMMA was synthesized
following typical anionic polymerization procedures [39,
40]. A total of 150 mL of toluene, 5 mL styrene monomer,
and 0.2 mL of tetrahydrofuran (THF) (to accelerate the po-
lymerization) were charged into a 250 mL pressure vessel
under a slight nitrogen overpressure. Afterwards styrene was
polymerized at room temperature for 1 hr with the addition
of 0.202 mL n-BuLi as the initiator. The color turned to
reddish orange indicating the presence of living polystyryl-
lithium anions. Next, DPE was added, and the reaction con-
tinued for another 1 hr. Thus, the living PS chain was capped
by the DPE molecule (or a few DPE molecules) so as to pro-
vide the steric hindrance required for the following MMA
polymerization. Thereafter, the reactor temperature was
lower to −78◦C, and 4 mL of MMA monomer was added to
continue the polymerization reaction for 1 hr, forming the
final product PS-b-PMMA. The low polymerization temper-
ature, that is, −78◦C, was necessary in order to minimize the
unwanted side reactions. At the completion of the reaction,
methanol was added to quench the reaction and the vessel
content was poured into a large amount of deionized water
under vigorous stirring to extract residual salts into the aque-
ous phase. The organic phase containing the dissolved PS-
b-PMMA was then separated from the aqueous phase. The

extraction step was repeated three times, and the final organ-
ic phase was poured into methanol for the precipitation of
PS-b-PMMA. The precipitated PS-b-PMMA was then dried
at 40◦C in a vacuum. The control of the block lengths of PS-
b-PMMA has been achieved by the precise control of the feed
amount of styrene and MMA.

2.4. Synthesis and Characterization of PS-Silane. In order to
blend the hydrophilic SiO2 into PS-b-PMMA matrix, PS-
silane was first prepared via Scheme 1.

A total of 100 mL cyclohexane, 0.2 mL THF, and 5 mL
styrene monomer was charged into a 250 mL glass reactor,
followed by the addition of 2 mL n-BuLi. The reaction was
allowed to proceed for 1 hr before termination with 3-
CPTMOS. The PS-silane was precipitated in methanol and
dried. A low molecular weight PS (MW = 2200, PDI = 1.10)
was synthesized by controlling the ratio of n-BuLi to styrene.
At the end of polymerization, 3-CPTMOS was added to
terminate the living PS chain forming the PS-silane.

2.5. Functionalization of SiO2 by Anchoring PS-Silane onto
Nanosilica via the Sol-Gel Reaction to (Making PS-SiO2). The
hydrophilic nanosilica particles contain inherent hydroxyls at
the surface and can hardly react with the hydrophobic PS-
silane. Fortunately, a mixture of dichlorobenzene (DCB) and
IPA at 3 : 2 volume ratio is able to dissolve both of them.
Thus, the sol-gel reaction occurs (with an addition of 0.1 M
HCl to maintain the pH at 3∼ 4) between the nanosilica and
PS-silane in the mixed solvent as in Scheme 2.

In this work, a total of 0.5 g of PS-silane was dissolved in
15 g of DCB followed by the addition of 10 g of IPA and 0.09 g
of 30 wt% SiO2 in IPA solution. The mixture was agitated at
75◦C for 3 mins, and then 2 g of 0.1 M HCl was added. The
sol-gel reaction was allowed to take place for 2 hrs before the
PS-SiO2 was precipitated out in methanol.

2.6. Blending of PS-b-PMMA with PS-SiO2 to Make a Hybrid
Film. PS-b-PMMA and PS-SiO2 were mixed at various
weight ratios in toluene for preparing a solution of 1 wt%
concentration. Afterwards, 9 drops of solution were added
onto the surface of a 2 cm × 2 cm wafer which had been
cleaned with acetone, IPA, and deionized water sequentially
and dried before use. The hybrid film was made after 60 sec
spin coating at 4000 rpm. Thereafter, the wafer was put
together with the film in a vacuum oven at 180◦C for anneal-
ing and self-assembling. After 24 hrs, the temperature was
lowered to 30◦C, and the drying continued for another
24 hrs.
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Figure 2: (a) AFM image of sample(1), and (b) AFM image of sample(1)/PS-SiO2.
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Figure 4: (a) AFM image of sample(2), and (b) AFM image of sample(2)/PS-SiO2 with 5 : 5 volume ratio of PS to PMMA.

3. Results and Discussion

Two, PS-b-PMMA samples have been synthesized in this
work and the polymers are characterized by GPC(SEC) and
1HNMR as shown in Table 1. Based on the measured molec-
ular weights of PS block and PS-b-PMMA, the molecular
weight of PMMA block is calculated. Afterwards, the volume
fraction of PS and PMMA blocks are calculated by dividing
the molecular weights of each block by the well-known
density of corresponding PS and PMMA homopolymer,
ρPS (= 1.05 g/cm3) and ρPMMA (= 1.19 g/cm3).

The synthesized PS-silane has been verified by GPC and
1HNMR to have a molecular weight of 2363 (PDI: 1.10)
which comprises a PS chain length of 2200 and a terminal
3-CPTMOS (molecular weight: 163 after the elimination of
chlorine atom).

The successful completion of the sol-gel reaction between
PS-silane and SiO2 has been verified by the disappearance of
Si-O-C stretches and the generation of Si-O-Si stretches in
the PS-SiO2 spectrum (as shown in Figure 1).

While the sol-gel reaction occurs between PS-silane and
the nanosilica particle, sol-gel reaction can also occur be-
tween nanosilica particles owing to the silanol groups on the
surface of these particles. As a result, it is difficult either to
analyze the number of PS-silane molecules bound to each
nanosilica particle or to achieve a uniform size of the final
PS-SiO2 particles. Nevertheless, despite a few aggregates,
the particle size of PS-SiO2 observed under AFM is largely
within a range of 15 ∼ 40 nm. Blending various amounts of
these PS-SiO2 particles into the aforementioned PS-b-
PMMA samples enables us to make composite materials with
various PS to PMMA ratios, which indirectly affects the mor-
phologies. All samples, either the pristine PS-b-PMMA or the
PS-b-PMMA/PS-SiO2 composites, after being spin-coated as

films on silicon wafer and annealed at 180◦C for 24 hrs, were
examined under AFM. The AFM image of sample(1), having
a nearly 4 : 6 PS/PMMA volume ratio, exhibits phase sepa-
ration of a lamellar type (shown in Figure 2(a)). The size
of each microdomain (either PS or PMMA layer thickness)
is approximately 6–10 nm. In contrast, the composite, com-
prising 0.018 g of PS-SiO2 and 0.1 g of sample(1), has a 5 : 5
volume ratio and displays a markedly different phase mor-
phology (shown in Figure 2(b)).

In these AFM images, the bright yellow layers represent
the PMMA microdomains, the dark brown areas represent
the PS microdomains, and the bright spots represent SiO2

particles. Because the PS-SiO2 particles are compatible with
the PS microdomain of sample(1), they tend to reside in the
PS microdomain. However, because the size of PS-SiO2

particles (15 ∼ 40 nm) is larger than the microdomain size
of sample(1) (6–10 nm), PS-SiO2 particles has enlarged the
PS microdomain and caused a rearrangement of PMMA mi-
crodomains. Because the size of the PMMA microdomain
has been measured as 30 ∼ 70 nm, the incorporation of PS-
SiO2 into the PS microdomain thereby has also enlarged the
size of the PMMA microdomain.

Furthermore, when sample(1) is blended with PS-SiO2

to make a composite with 7 : 3 PS to PMMA volume ratio,
the number of bright spots increases as a result of an increase
in the amount of PS-SiO2 (Figure 3). It is worthy to note that
the phase separation which used to be seen clearly in sam-
ple(1) now disappears. Apparently, the excessive amount of
PS-SiO2 poses an extreme constraint on the molecular re-
arrangement and makes the microdomain separation unob-
servable.

Similar investigations have been conducted on sample
(2). At a nearly 3 : 7 PS to PMMA volume ratio, sample(2)
exhibits a cylindrical morphology for PS microdomain
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Figure 5: SEM micrograph of sample(2)/PS-SiO2 at 5 : 5 PS/PMMA
volume ratio.

oriented in either the vertical or the horizontal direction
(shown in Figure 4(a)). The size of the PS microdomain is
approximately 20–30 nm.

0.1 g of sample(2) has also been blended with 0.039 g of
PS-SiO2, that is, 39% addition, to make a composite sample
with a 5 : 5 PS to PMMA volume ratio. Because the PS mic-
rodomain size is larger than the particle size of PS-SiO2, it
is theoretically easier to have all the PS-SiO2 particles em-
bedded in the PS microdomain during the blending of PS-
SiO2 with PS-b-PMMA. Therefore, it would be difficult to
distinguish the SiO2 particles from the PS microdomains (as
shown in Figure 4(b)). In order to observe the distribution
of PS-SiO2 particles and examine whether there is any mic-
rodomain changes after the blending of PS-SiO2 with PS-
b-PMMA, SEM has been used. The SEM micrograph for a
composite sample with a 5 : 5 PS to PMMA volume ratio is
shown in Figure 5.

Owing to the indistinguishable electron densities of PS
and PMMA, RuO4 has been used for the dyeing of PS mic-
rodomain to facilitate the microscopy analysis [41–43]. It is
clearly seen that all PS-SiO2 particles are selectively residing
in the islanded PS microdomains and the PS microdomains
are enlarged by the incorporation of PS-SiO2 particles (pre-
sumably caused by the molecular chain rearrangement dur-
ing the domain formation). Furthermore, the incorporation
of PS-SiO2 particles also transforms the morphology from
cylinders to islanded bicontinuous microstructures because
of the inherent low surface energy of SiO2.

4. Conclusion

With PS-tethering, SiO2 nanoparticles can be dispersed se-
lectively in the PS microdomain of PS-b-PMMA block co-
polymer. Despite the change in size and morphology of mic-
rodomains, the uniform distribution of the PS microdomain
in the PS-b-PMMA polymer enables us to achieve a uniform
distribution of the inorganic SiO2 particles in the organic
polymeric matrix.
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Nanofluids, the fluid suspensions of nanomaterials, have shown many interesting properties, and the distinctive features offer
unprecedented potential for many applications. This paper summarizes the recent progress on the study of nanofluids, such as the
preparation methods, the evaluation methods for the stability of nanofluids, and the ways to enhance the stability for nanofluids,
the stability mechanisms of nanofluids, and presents the broad range of current and future applications in various fields including
energy and mechanical and biomedical fields. At last, the paper identifies the opportunities for future research.

1. Introduction

Nanofluids are a new class of fluids engineered by dispers-
ing nanometer-sized materials (nanoparticles, nanofibers,
nanotubes, nanowires, nanorods, nanosheet, or droplets)
in base fluids. In other words, nanofluids are nanoscale
colloidal suspensions containing condensed nanomaterials.
They are two-phase systems with one phase (solid phase)
in another (liquid phase). Nanofluids have been found to
possess enhanced thermophysical properties such as thermal
conductivity, thermal diffusivity, viscosity, and convective
heat transfer coefficients compared to those of base fluids like
oil or water. It has demonstrated great potential applications
in many fields.

For a two-phase system, there are some important issues
we have to face. One of the most important issues is the
stability of nanofluids, and it remains a big challenge to
achieve desired stability of nanofluids. In this paper, we will
review the new progress in the methods for preparing stable
nanofluids and summarize the stability mechanisms.

In recent years, nanofluids have attracted more and more
attention. The main driving force for nanofluids research
lies in a wide range of applications. Although some review
articles involving the progress of nanofluid investigation were
published in the past several years [1–6], most of the reviews
are concerned of the experimental and theoretical studies of
the thermophysical properties or the convective heat transfer

of nanofluids. The purpose of this paper will focuses on
the new preparation methods and stability mechanisms,
especially the new application trends for nanofluids in
addition to the heat transfer properties of nanofluids. We will
try to find some challenging issues that need to be solved
for future research based on the review on these aspects of
nanofluids.

2. Preparation Methods for Nanofluids

2.1. Two-Step Method. Two-step method is the most widely
used method for preparing nanofluids. Nanoparticles,
nanofibers, nanotubes, or other nanomaterials used in this
method are first produced as dry powders by chemical
or physical methods. Then, the nanosized powder will
be dispersed into a fluid in the second processing step
with the help of intensive magnetic force agitation, ultra-
sonic agitation, high-shear mixing, homogenizing, and ball
milling. Two-step method is the most economic method
to produce nanofluids in large scale, because nanopowder
synthesis techniques have already been scaled up to industrial
production levels. Due to the high surface area and surface
activity, nanoparticles have the tendency to aggregate. The
important technique to enhance the stability of nanoparticles
in fluids is the use of surfactants. However, the functionality
of the surfactants under high temperature is also a big
concern, especially for high-temperature applications.



2 Journal of Nanomaterials

Due to the difficulty in preparing stable nanofluids by
two-step method, several advanced techniques are developed
to produce nanofluids, including one-step method. In the
following part, we will introduce one-step method in detail.

2.2. One-Step Method. To reduce the agglomeration of
nanoparticles, Eastman et al. developed a one-step phys-
ical vapor condensation method to prepare Cu/ethylene
glycol nanofluids [7]. The one-step process consists of
simultaneously making and dispersing the particles in the
fluid. In this method, the processes of drying, storage,
transportation, and dispersion of nanoparticles are avoided,
so the agglomeration of nanoparticles is minimized, and
the stability of fluids is increased [5]. The one-step pro-
cesses can prepare uniformly dispersed nanoparticles, and
the particles can be stably suspended in the base fluid.
The vacuum-SANSS (submerged arc nanoparticle synthesis
system) is another efficient method to prepare nanofluids
using different dielectric liquids [8, 9]. The different mor-
phologies are mainly influenced and determined by various
thermal conductivity properties of the dielectric liquids.
The nanoparticles prepared exhibit needle-like, polygonal,
square, and circular morphological shapes. The method
avoids the undesired particle aggregation fairly well.

One-step physical method cannot synthesize nanofluids
in large scale, and the cost is also high, so the one-step
chemical method is developing rapidly. Zhu et al. presented
a novel one-step chemical method for preparing copper
nanofluids by reducing CuSO4 · 5H2O with NaH2PO2 ·
H2O in ethylene glycol under microwave irradiation [10].
Well-dispersed and stably suspended copper nanofluids were
obtained. Mineral oil-based nanofluids containing silver
nanoparticles with a narrow-size distribution were also pre-
pared by this method [11]. The particles could be stabilized
by Korantin, which coordinated to the silver particle surfaces
via two oxygen atoms forming a dense layer around the
particles. The silver nanoparticle suspensions were stable for
about 1 month. Stable ethanol-based nanofluids containing
silver nanoparticles could be prepared by microwave-assisted
one-step method [12]. In the method, polyvinylpyrrolidone
(PVP) was employed as the stabilizer of colloidal silver and
reducing agent for silver in solution. The cationic surfactant
octadecylamine (ODA) is also an efficient phase-transfer
agent to synthesize silver colloids [13]. The phase transfer
of the silver nanoparticles arises due to coupling of the
silver nanoparticles with the ODA molecules present in
organic phase via either coordination bond formation or
weak covalent interaction. Phase transfer method has been
developed for preparing homogeneous and stable graphene
oxide colloids. Graphene oxide nanosheets (GONs) were
successfully transferred from water to n-octane after modi-
fication by oleylamine, and the schematic illustration of the
phase transfer process is shown in Figure 1 [14].

However, there are some disadvantages for one-step
method. The most important one is that the residual
reactants are left in the nanofluids due to incomplete reaction
or stabilization. It is difficult to elucidate the nanoparticle
effect without eliminating this impurity effect.

Oleylamine

Nonpolar solvent

Water

Graphene oxide nanosheet

Figure 1: Schematic illustration of the phase transfer process.

2.3. Other Novel Methods. Wei et al. developed a continuous-
flow microfluidic microreactor to synthesize copper nanoflu-
ids. By this method, copper nanofluids can be continuously
synthesized, and their microstructure and properties can be
varied by adjusting parameters such as reactant concentra-
tion, flow rate, and additive. CuO nanofluids with high solid
volume fraction (up to 10 vol%) can be synthesized through
a novel precursor transformation method with the help of
ultrasonic and microwave irradiation [15]. The precursor
Cu(OH)2 is completely transformed to CuO nanoparticle
in water under microwave irradiation. The ammonium
citrate prevents the growth and aggregation of nanoparticles,
resulting in a stable CuO aqueous nanofluid with higher
thermal conductivity than those prepared by other dispersing
methods. Phase-transfer method is also a facile way to
obtain monodisperse noble metal colloids [16]. In a water-
cyclohexane two-phase system, aqueous formaldehyde is
transferred to cyclohexane phase via reaction with dode-
cylamine to form reductive intermediates in cyclohexane.
The intermediates are capable of reducing silver or gold
ions in aqueous solution to form dodecylamine-protected
silver and gold nanoparticles in cyclohexane solution at room
temperature. Feng et al. used the aqueous organic phase-
transfer method for preparing gold, silver, and platinum
nanoparticles on the basis of the decrease of the PVP’s
solubility in water with the temperature increase [17]. Phase-
transfer method is also applied for preparing stable kerosene-
based Fe3O4 nanofluids. Oleic acid is successfully grafted
onto the surface of Fe3O4 nanoparticles by chemisorbed
mode, which lets Fe3O4 nanoparticles have good compat-
ibility with kerosene [18]. The Fe3O4 nanofluids prepared
by phase-transfer method do not show the previously
reported “time dependence of the thermal conductivity char-
acteristic”. The preparation of nanofluids with controllable
microstructure is one of the key issues. It is well known
that the properties of nanofluids strongly depend on the
structure and shape of nanomaterials. The recent research
shows that nanofluids synthesized by chemical solution
method have both higher conductivity enhancement and
better stability than those produced by the other methods
[19]. This method is distinguished from the others by its
controllability. The nanofluid microstructure can be varied
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and manipulated by adjusting synthesis parameters such as
temperature, acidity, ultrasonic and microwave irradiation,
types and concentrations of reactants and additives, and the
order in which the additives are added to the solution.

3. The Stability of Nanofluid

The agglomeration of nanoparticles results in not only
the settlement and clogging of microchannels but also the
decreasing of thermal conductivity of nanofluids. So, the
investigation on stability is also a key issue that influences the
properties of nanofluids for application, and it is necessary
to study and analyze influencing factors to the dispersion
stability of nanofluids. This section will contain (a) the
stability evaluation methods for nanofluids, (b) the ways
to enhance the stability of nanofluids, and (c) the stability
mechanisms of nanofluids.

3.1. The Stability Evaluation Methods for Nanofluids

3.1.1. Sedimentation and Centrifugation Methods. Many
methods have been developed to evaluate the stability of
nanofluids. The simplest method is sedimentation method
[20, 21]. The sediment weight or the sediment volume of
nanoparticles in a nanofluid under an external force field is
an indication of the stability of the characterized nanofluid.
The variation of concentration or particle size of supernatant
particle with sediment time can be obtained by special appa-
ratus [5]. The nanofluids are considered to be stable when
the concentration or particle size of supernatant particles
keeps constant. Sedimentation photograph of nanofluids in
test tubes taken by a camera is also a usual method for
observing the stability of nanofluids [5]. Zhu et al. used
a sedimentation balance method to measure the stability
of the graphite suspension [22]. The tray of sedimentation
balance immerged in the fresh graphite suspension. The
weight of sediment nanoparticles during a certain period was
measured. The suspension fraction of graphite nanoparticles
at a certain time could be calculated. For the sedimentation
method, long period for observation is the defect. Therefore,
centrifugation method is developed to evaluate the stability
of nanofluids. Singh et al. applied the centrifugation method
to observe the stability of silver nanofluids prepared by the
microwave synthesis in ethanol by reduction of Ag NO3 with
PVP as stabilizing agent [12]. It has been found that the
obtained nanofluids are stable for more than 1 month in
the stationary state and more than 10 h under centrifugation
at 3,000 rpm without sedimentation. Excellent stability of
the obtained nanofluid is due to the protective role of PVP,
as it retards the growth and agglomeration of nanoparticles
by steric effect. Li prepared the aqueous polyaniline colloids
and used the centrifugation method to evaluate the stability
of the colloids [23]. Electrostatic repulsive forces between
nanofibers enabled the long-term stability of the colloids.

3.1.2. Zeta Potential Analysis. Zeta potential is electric poten-
tial in the interfacial double layer at the location of the
slipping plane versus a point in the bulk fluid away from

the interface, and it shows the potential difference between
the dispersion medium and the stationary layer of fluid
attached to the dispersed particle. The significance of zeta
potential is that its value can be related to the stability of
colloidal dispersions. So, colloids with high zeta potential
(negative or positive) are electrically stabilized, while colloids
with low zeta potentials tend to coagulate or flocculate. In
general, a value of 25 mV (positive or negative) can be taken
as the arbitrary value that separates low-charged surfaces
from highly charged surfaces. The colloids with zeta potential
from 40 to 60 mV are believed to be good stable, and
those with more than 60 mV have excellent stability. Kim
et al. prepared Au nanofluids with an outstanding stability
even after 1 month although no dispersants were observed
[24]. The stability is due to a large negative zeta potential
of Au nanoparticles in water. The influence of pH and
sodium dodecylbenzene sulfonate (SDBS) on the stability
of two water-based nanofluids was studied [25], and zeta
potential analysis was an important technique to evaluate
the stability. Zhu et al. [26] measured the zeta potential of
Al2O3-H2O nanofluids under different pH values and dif-
ferent SDBS concentration. The Derjaguin-Laudau-Verwey-
Overbeek (DLVO) theory was used to calculate attractive and
repulsive potentials. Cationic gemini surfactant as stabilizer
was used to prepare stable water-based nanofluids containing
MWNTs [27]. Zeta potential measurements were employed
to study the absorption mechanisms of the surfactants on
the MWNT surfaces with the help of Fourier transformation
infrared spectra.

3.1.3. Spectral Absorbency Analysis. Spectral absorbency
analysis is another efficient way to evaluate the stability
of nanofluids. In general, there is a linear relationship
between the absorbency intensity and the concentration of
nanoparticles in fluid. Huang et al. evaluated the dispersion
characteristics of alumina and copper suspensions using
the conventional sedimentation method with the help of
absorbency analysis by using a spectrophotometer after the
suspensions deposited for 24 h [28]. The stability investi-
gation of colloidal FePt nanoparticle systems was done via
spectrophotometer analysis [29]. The sedimentation kinetics
could also be determined by examining the absorbency of
particle in solution [26].

If the nanomaterials dispersed in fluids have charac-
teristic absorption bands in the wavelength 190–1100 nm,
it is an easy and reliable method to evaluate the stability
of nanofluids using UV-vis spectral analysis. The variation
of supernatant particle concentration of nanofluids with
sediment time can be obtained by the measurement of
absorption of nanofluids, because there is a linear relation
between the supernatant nanoparticle concentration and
the absorbance of suspended particles. The outstanding
advantage comparing to other methods is that UV-vis
spectral analysis can present the quantitative concentration
of nanofluids. Hwang et al. [30] studied the stability
of nanofluids with the UV-vis spectrophotometer. It was
believed that the stability of nanofluids was strongly affected
by the characteristics of the suspended particles and the
base fluid such as particle morphology. Moreover, the
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addition of a surfactant could improve the stability of the
suspensions. The relative stability of MWNT nanofluids [27]
could be estimated by measuring the UV-vis absorption of
the MWNT nanofluids at different sediment times. From
the above relation between MWNT concentration and its
UV-vis absorbance value, the concentration of the MWNT
nanofluids at different sediment times could be obtained.
The above three methods can be united to investigate the
stability of nanofluids. For example, Li et al. evaluated the
dispersion behavior of the aqueous copper nanosuspensions
under different pH values, different dispersant type, and
concentration by the method of zeta potential, absorbency,
and sedimentation photographs [21].

3.2. The Ways to Enhance the Stability of Nanofluids

3.2.1. Surfactants Used in Nanofluids. Surfactants used in
nanofluids are also called dispersants. Adding dispersants
in the two-phase systems is an easy and economic method
to enhance the stability of nanofluids. Dispersants can
markedly affect the surface characteristics of a system in
small quantity. Dispersants consists of a hydrophobic tail
portion, usually a long-chain hydrocarbon, and a hydrophilic
polar head group. Dispersants are employed to increase the
contact of two materials, sometimes known as wettability.
In a two-phase system, a dispersant tends to locate at the
interface of the two phases, where it introduces a degree of
continuity between the nanoparticles and fluids. According
to the composition of the head, surfactants are divided into
four classes: nonionic surfactants without charge groups in
its head (include polyethylene oxide, alcohols, and other
polar groups), anionic surfactants with negatively charged
head groups (anionic head groups include long-chain fatty
acids, sulfosuccinates, alkyl sulfates, phosphates, and sul-
fonates), cationic surfactants with positively charged head
groups (cationic surfactants may be protonated long-chain
amines and long-chain quaternary ammonium compounds),
and amphoteric surfactants with zwitterionic head groups
(charge depends on pH. The class of amphoteric surfactants
is represented by betaines and certain lecithins). How to
select suitable dispersants is a key issue. In general, when
the base fluid of nanofluids is polar solvent, we should
select water-soluble surfactants; otherwise, we will select oil-
soluble ones. For nonionic surfactants, we can evaluate the
solubility through the term hydrophilic/lipophilic balance
(HLB) value. The lower the HLB number, the more oil-
soluble the surfactants, and in turn, the higher the HLB
number, the more water-soluble the surfactants is. The HLB
value can be obtained easily by many handbooks. Although
surfactant addition is an effective way to enhance the dis-
persibility of nanoparticles, surfactants might cause several
problems [31]. For example, the addition of surfactants
may contaminate the heat transfer media. Surfactants may
produce foams when heating, while heating and cooling
are routine processes in heat exchange systems. Further-
more, surfactant molecules attaching on the surfaces of
nanoparticles may enlarge the thermal resistance between
the nanoparticles and the base fluid, which may limit the
enhancement of the effective thermal conductivity.

3.2.2. Surface Modification Techniques: Surfactant-Free Meth-
od. Use of functionalized nanoparticles is a promising
approach to achieve long-term stability of nanofluid. It
represents the surfactant-free technique. Yang and Liu pre-
sented a work on the synthesis of functionalized silica (SiO2)
nanoparticles by grafting silanes directly to the surface of
silica nanoparticles in original nanoparticle solutions [32].
One of the unique characteristics of the nanofluids was that
no deposition layer formed on the heated surface after a
pool boiling process. Hwang et al. introduced hydrophilic
functional groups on the surface of the nanotubes by
mechanochemical reaction [30]. The prepared nanofluids,
with no contamination to medium, good fluidity, low
viscosity, high stability, and high thermal conductivity,
would have potential applications as coolants in advanced
thermal systems. A wet mechanochemical reaction was
applied to prepare surfactant-free nanofluids containing
double- and single-walled CNTs. Results from the infrared
spectrum and zeta potential measurements showed that the
hydroxyl groups had been introduced onto the treated CNT
surfaces [33]. The chemical modification to functionalize
the surface of carbon nanotubes is a common method
to enhance the stability of carbon nanotubes in solvents.
Here, we present a review about the surface modification
of carbon nanotubes [34]. Plasma treatment was used to
modify the surface characteristics of diamond nanoparticles
[35]. Through plasma treatment using gas mixtures of
methane and oxygen, various polar groups were imparted on
the surface of the diamond nanoparticles, improving their
dispersion property in water. A stable dispersion of titania
nanoparticles in an organic solvent of diethylene glycol
dimethylether (diglyme) was successfully prepared using a
ball milling process [36]. In order to enhance dispersion
stability of the solution, surface modification of dispersed
titania particles was carried out during the centrifugal
bead mill process. Surface modification was utilized with
silane coupling agents, (3-acryl-oxypropyl) trimethoxysilane
and trimethoxypropylsilane. Zinc oxide nanoparticles could
be modified by polymethacrylic acid (PMAA) in aqueous
system [37]. The hydroxyl groups of nano-ZnO particle
surface could interact with carboxyl groups of PMAA and
form poly (zinc methacrylate) complex on the surface of
nano-ZnO. PMAA enhanced the dispersibility of nano-
ZnO particles in water. The modification did not alter the
crystalline structure of the ZnO nanoparticles.

3.2.3. Stability Mechanisms of Nanofluids. Particles in disper-
sion may adhere together and form aggregates of increasing
size which may settle out due to gravity. Stability means that
the particles do not aggregate at a significant rate. The rate
of aggregation is in general determined by the frequency of
collisions and the probability of cohesion during collision.
Derjaguin, Verway, Landau, and Overbeek (DVLO) devel-
oped a theory which dealt with colloidal stability [38, 39].
DLVO theory suggests that the stability of a particle in
solution is determined by the sum of van der Waals attractive
and electrical double layer repulsive forces that exist between
particles as they approach each other due to the Brownian
motion they are undergoing. If the attractive force is larger
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Table 1: Properties of oxides and their nanofluids.

Thermal conductivity∗

W/(m·K)
Density (g/cm3) Crystalline

Viscosity (Cp) with
5.0 vol. % 30

Thermal conductivity
enhancement of nanofluids (%)

with 5.0 vol. %

MgO 48.4 2.9 Cubic 17.4 40.6

TiO2 8.4 4.1 Anatase 31.2 27.2

ZnO 13.0 5.6 Wurtzite 129.2 26.8

Al2O3 36.0 3.6 γ 28.2 28.2

SiO2 10.4 2.6 noncrystalline 31.5 25.3
∗

Thermal conductivities of the oxides are for the corresponding bulk materials

Steric stabilization Electrostatic stabilization

Figure 2: Types of colloidal stabilization.

than the repulsive force, the two particles will collide, and the
suspension is not stable. If the particles have a sufficient high
repulsion, the suspensions will exist in stable state. For stable
nanofluids or colloids, the repulsive forces between particles
must be dominant. According to the types of repulsion, the
fundamental mechanisms that affect colloidal stability are
divided into two kinds, one is steric repulsion, and another
is electrostatic (charge) repulsion, shown in Figure 2. For
steric stabilization, polymers are always involved into the
suspension system, and they will adsorb onto the particles
surface, producing an additional steric repulsive force. For
example, Zinc oxide nanoparticles modified by PMAA have
good compatibility with polar solvents [37]. Silver nanofluids
are very stable due to the protective role of PVP, as it
retards the growth and agglomeration of nanoparticles by
steric effect. PVP is an efficient agent to improve the
stability of graphite suspension [22]. The steric effect of
polymer dispersant is determined by the concentration of the
dispersant. If the PVP concentration is low, the surface of
the graphite particles is gradually coated by PVP molecules
with the increase of PVP. Kamiya et al. studied the effect
of polymer dispersant structure on electrosteric interaction
and dense alumina suspension behavior [40]. An optimum
hydrophilic to hydrophobic group ratio was obtained from
the maximum repulsive force and minimum viscosity. For
electrostatic stabilization, surface charge will be developed
through one or more of the following mechanisms: (1)
preferential adsorption of ions, (2) dissociation of surface
charged species, (3) isomorphic substitution of ionsm, (4)
accumulation or depletion of electrons at the surface, and (5)
physical adsorption of charged species onto the surface.

4. Application of Nanofluids

4.1. Heat Transfer Intensification. Since the origination of
the nanofluid concept about a decade ago, the potentials
of nanofluids in heat transfer applications have attracted
more and more attention. Up to now, there are some
review papers which present overviews of various aspects of
nanofluids [1, 3–6, 41–46], including preparation and char-
acterization, techniques for the measurements of thermal
conductivity, theory and model, thermophysical properties,
and convective heat transfer. Our group studied the thermal
conductivities of ethylene glycol- (EG-) based nanofluids
containing oxides including MgO, TiO2, ZnO, Al2O3, and
SiO2 nanoparticles [47], and the results (Table 1) demon-
strated that MgO-EG nanofluid was found to have superior
features with the highest thermal conductivity and lowest
viscosity. In this part, we will summarize the applications of
nanofluids in heat transfer enhancement.

4.1.1. Electronic Applications. Due to higher density of chips,
design of electronic components with more compact makes
heat dissipation more difficult. Advanced electronic devices
face thermal management challenges from the high level
of heat generation and the reduction of available surface
area for heat removal. So, the reliable thermal management
system is vital for the smooth operation of the advanced
electronic devices. In general, there are two approaches to
improve the heat removal for electronic equipment. One is
to find an optimum geometry of cooling devices; another
is to increase the heat transfer capacity. Nanofluids with
higher thermal conductivities are predicated convective heat
transfer coefficients compared to those of base fluids. Recent
researches illustrated that nanofluids could increase the heat
transfer coefficient by increasing the thermal conductivity of
a coolant. Jang and Choi designed a new cooler, combined
microchannel heat sink with nanofluids [48]. Higher cooling
performance was obtained when compared to the device
using pure water as working medium. Nanofluids reduced
both the thermal resistance and the temperature difference
between the heated microchannel wall and the coolant.
A combined microchannel heat sink with nanofluids had
the potential as the next-generation cooling devices for
removing ultrahigh heat flux. Nguyen et al. designed a closed
liquid-circuit to investigate the heat transfer enhancement
of a liquid cooling system by replacing the base fluid
(distilled water) with a nanofluid composed of distilled
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water and Al2O3 nanoparticles at various concentrations
[49]. Measured data have clearly shown that the inclusion
of nanoparticles within the distilled water has produced
a considerable enhancement in convective heat transfer
coefficient of the cooling block. With particle loading 4.5
vol%, the enhancement is up to 23% with respect to that of
the base fluid. It has also been observed that an augmentation
of particle concentration has produced a clear decrease of
the junction temperature between the heated component
and the cooling block. Silicon microchannel heat sink per-
formance using nanofluids containing Cu nanoparticles was
analyzed [50]. It was found that nanofluids could enhance
the performance as compared with that using pure water
as the coolant. The enhancement was due to the increase
in thermal conductivity of coolant and the nanoparticle
thermal dispersion effect. The other advantage was that there
was no extra pressure drop, since the nanoparticle was small,
and particle volume fraction was low.

The thermal requirements on the personal computer
become much stricter with the increase in thermal dissipa-
tion of CPU. One of the solutions is the use of heat pipes.
Nanofluids, employed as working medium for conventional
heat pipe, have shown higher thermal performances, having
the potential as a substitute for conventional water in
heat pipe. At a same charge volume, there is a significant
reduction in thermal resistance of heat pipe with nanofluid
containing gold nanoparticles as compared with water [51].
The measured results also show that the thermal resistance
of a vertical meshed heat pipe varies with the size of
gold nanoparticles. The suspended nanoparticles tend to
bombard the vapor bubble during the bubble formation.
Therefore, it is expected that the nucleation size of vapor
bubble is much smaller for fluid with suspended nanopar-
ticles than that without them. This may be the major reason
for reducing the thermal resistance of heat pipe. Chen et al.
studied the effect of a nanofluid on flat heat pipe (FHP)
thermal performance [52], using silver nanofluid as the
working fluid. The temperature difference and the thermal
resistance of the FHP with the silver nanoparticle solution
were lower than those with pure water. The plausible reasons
for enhancement of the thermal performance of the FHP
using the nanofluid can be explained by the critical heat flux
enhancement by higher wettability and the reduction of the
boiling limit. Nanofluid oscillating heat pipe with ultrahigh-
performance was developed by Ma et al. [53]. They com-
bined nanofluids with thermally excited oscillating motion
in an oscillating heat pipe, and heat transport capability
significantly increased. For example, at the input power of
80.0 W, diamond nanofluid could reduce the temperature
difference between the evaporator and the condenser from
40.9 to 24.3◦C. This study would accelerate the development
of a highly efficient cooling device for ultrahigh-heat-flux
electronic systems. The thermal performance investigation
of heat pipe indicated that nanofluids containing silver or
titanium nanoparticles could be used as an efficient cooling
fluid for devices with high energy density. For a silver
nanofluid, the temperature difference decreased 0.56–0.65
compared to water at an input power of 30–50 W [54].
For the heat pipe with titanium nanoparticles at a volume

concentration of 0.10%, the thermal efficiency is 10.60%
higher than that with the based working fluid [55]. These
positive results are promoting the continued research and
development of nanofluids for such applications.

4.1.2. Transportation. Nanofluids have great potentials to
improve automotive and heavy-duty engine cooling rates
by increasing the efficiency, lowering the weight and reduc-
ing the complexity of thermal management systems. The
improved cooling rates for automotive and truck engines
can be used to remove more heat from higher horsepower
engines with the same size of cooling system. Alternatively,
it is beneficial to design more compact cooling system
with smaller and lighter radiators. It is, in turn, beneficial
the high performance and high fuel economy of car and
truck. Ethylene glycol-based nanofluids have attracted much
attention in the application as engine coolant [56–58]
due to the low-pressure operation compared with a 50/50
mixture of ethylene glycol and water, which is the nearly
universally used automotive coolant. The nanofluids has
a high boiling point, and it can be used to increase the
normal coolant operating temperature and then reject more
heat through the existing coolant system [59]. Kole et
al. prepared car engine coolant (Al2O3 nanofluid) using
a standard car engine coolant (HP KOOLGARD) as the
base fluid [60] and studied the thermal conductivity and
viscosity of the coolant. The prepared nanofluid, containing
only 3.5% volume fraction of Al2O3 nanoparticles, displayed
a fairly higher thermal conductivity than the base fluid,
and a maximum enhancement of 10.41% was observed at
room temperature. Tzeng et al. [61] applied nanofluids to
the cooling of automatic transmissions. The experimental
platform was the transmission of a four-wheel drive vehicle.
The used nanofluids were prepared by dispersing CuO
and Al2O3 nanoparticles into engine transmission oil. The
results showed that CuO nanofluids produced the lower
transmission temperatures both at high and low rotating
speeds. From the thermal performance viewpoint, the use of
nanofluid in the transmission has a clear advantage.

The researchers of Argonne National Laboratory have
assessed the applications of nanofluids for transportation
[62]. The use of high-thermal conductive nanofluids in
radiators can lead to a reduction in the frontal area of
the radiator up to 10%. The fuel saving is up to 5%
due to the reduction in aerodynamic drag. It opens the
door for new aerodynamic automotive designs that reduce
emissions by lowering drag. The application of nanofluids
also contributed to a reduction of friction and wear, reducing
parasitic losses, operation of components such as pumps
and compressors, and subsequently leading to more than
6% fuel savings. In fact, nanofluids not only enhance the
efficiency and economic performance of car engine, but also
will greatly influence the structure design of automotives.
For example, the engine radiator cooled by a nanofluid will
be smaller and lighter. It can be placed elsewhere in the
vehicle, allowing for the redesign of a far more aerodynamic
chassis. By reducing the size and changing the location of
the radiator, a reduction in weight and wind resistance could
enable greater fuel efficiency and subsequently lower exhaust
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emissions. Computer simulations from the US department
of energy’s office of vehicle technology showed that nanofluid
coolants could reduce the size of truck radiators by 5%. This
would result in a 2.5% fuel saving at highway speeds.

The practical applications are on the road. In USA, car
manufacturers GM and Ford are running their own research
programs on nanofluid applications. A C8.3 million FP7
project, named NanoHex (Nanofluid Heat Exchange), began
to run. It involved 12 organizations from Europe and Israel
ranging from Universities to SMEs and major companies.
NanoHex is overcoming the technological challenges faced in
development and application of reliable and safe nanofluids
for more sophisticated, energy efficient, and environmentally
friendly products and services [63].

4.1.3. Industrial Cooling Applications. The application of
nanofluids in industrial cooling will result in great energy
savings and emissions reductions. For US industry, the
replacement of cooling and heating water with nanofluids
has the potential to conserve 1 trillion Btu of energy [41, 64].
For the US electric power industry, using nanofluids in
closed loop cooling cycles could save about 10–30 trillion Btu
per year (equivalent to the annual energy consumption of
about 50,000–150,000 households). The associated emissions
reductions would be approximately 5.6 million metric tons
of carbon dioxide, 8,600 metric tons of nitrogen oxides, and
21,000 metric tons of sulfur dioxide [65].

Experiments were performed using a flow-loop appara-
tus to explore the performance of polyalphaolefin nanofluids
containing exfoliated graphite nanoparticle fibers in cooling
[66]. It was observed that the specific heat of nanofluids
was found to be 50% higher for nanofluids compared with
polyalphaolefin, and it increased with temperature. The
thermal diffusivity was found to be 4 times higher for
nanofluids. The convective heat transfer was enhanced by
10% using nanofluids compared with using polyalphaolefin.
Ma et al. proposed the concept of nanoliquid-metal fluid,
aiming to establish an engineering route to make the highest
conductive coolant with about several dozen times larger
thermal conductivity than that of water [45]. The liquid
metal with low melting point is expected to be an idealistic
base fluid for making superconductive solution, which may
lead to the ultimate coolant in a wide variety of heat transfer
enhancement area. The thermal conductivity of the liquid-
metal fluid can be enhanced through the addition of more
conductive nanoparticles.

4.1.4. Heating Buildings and Reducing Pollution. Nanofluids
can be applied in the building heating systems. Kulkarni
et al. evaluated how they perform heating buildings in
cold regions [67]. In cold regions, it is a common practice
to use ethylene or propylene glycol mixed with water in
different proportions as a heat transfer fluid. So, 60 : 40
ethylene glcol/water (by weight) was selected as the base
fluid. The results showed that using nanofluids in heat
exchangers could reduce volumetric and mass flow rates,
resulting in an overall pumping power savings. Nanofluids
necessitate smaller heating systems, which are capable of

delivering the same amount of thermal energy as larger
heating systems but are less expensive. This lowers the initial
equipment cost excluding nanofluid cost. This will also
reduce environmental pollutants, because smaller heating
units use less power, and the heat transfer unit has less liquid
and material waste to discard at the end of its life cycle.

4.1.5. Nuclear Systems Cooling. The Massachusetts Institute
of Technology has established an interdisciplinary center
for nanofluid technology for the nuclear energy industry.
The researchers are exploring the nuclear applications of
nanofluids, specifically the following three [68]: (1) main
reactor coolant for pressurized water reactors (PWRs). It
could enable significant power uprates in current and
future PWRs, thus enhancing their economic performance.
Specifically, the use of nanofluids with at least 32% higher
critical heat flux (CHF) could enable a 20% power density
uprate in current plants without changing the fuel assembly
design and without reducing the margin to CHF; (2) coolant
for the emergency core cooling systems (ECCSs) of both
PWRs and boiling water reactors. The use of a nanofluid in
the ECCS accumulators and safety injection can increase the
peak-cladding-temperature margins (in the nominal-power
core) or maintain them in uprated cores if the nanofluid
has a higher post-CHF heat transfer rate; (3) coolant for in-
vessel retention of the molten core during severe accidents
in high-power-density light water reactors. It can increase
the margin to vessel breach by 40% during severe acci-
dents in high-power density systems such as Westinghouse
APR1000 and the Korean APR1400. While there exist several
significant gaps, including the nanofluid thermal-hydraulic
performance at prototypical reactor conditions and the
compatibility of the nanofluid chemistry with the reactor
materials. Much work should be done to overcome these
gaps before any applications can be implemented in a nuclear
power plant.

4.1.6. Space and Defense. Due to the restriction of space,
energy, and weight in space station and aircraft, there is a
strong demand for high efficient cooling system with smaller
size. You et al. [69] and Vassalo et al. [70] have reported order
of magnitude increases in the critical heat flux in pool boiling
with nanofluids compared to the base fluid alone. Further
research of nanofluids will lead to the development of next
generation of cooling devices that incorporate nanofluids
for ultrahigh-heat-flux electronic systems, presenting the
possibility of raising chip power in electronic components
or simplifying cooling requirements for space applications.
A number of military devices and systems require high-heat
flux cooling to the level of tens of MW/m2. At this level,
the cooling of military devices and system is vital for the
reliable operation. Nanofluids with high critical heat fluxes
have the potential to provide the required cooling in such
applications as well as in other military systems, including
military vehicles, submarines, and high-power laser diodes.
Therefore, nanofluids have wide application in space and
defense fields, where power density is very high and the
components should be smaller and weight less.
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4.2. Mass Transfer Enhancement. Several researches have
studied the mass transfer enhancement of nanofluids. Kim
et al. initially examined the effect of nanoparticles on the
bubble type absorption for NH3/H2O absorption system
[71]. The addition of nanoparticles enhances the absorption
performance up to 3.21 times. Then, they visualized the
bubble behavior during the NH3/H2O absorption process
and studied the effect of nanoparticles and surfactants on
the absorption characteristics [72]. The results show that
the addition of surfactants and nanoparticles improved the
absorption performance up to 5.32 times. The addition of
both surfactants and nanoparticles enhanced significantly
the absorption performance during the ammonia bubble
absorption process. The theoretical investigations of ther-
modiffusion and diffusionthermo on convective instabili-
ties in binary nanofluids for absorption application were
conducted. Mass diffusion is induced by thermal gradient.
Diffusionthermo implies that heat transfer is induced by con-
centration gradient [73]. Ma et al. studied the mass transfer
process of absorption using CNTs-ammonia nanofluids as
the working medium [74, 75]. The absorption rates of the
CNTs-ammonia binary nanofluids were higher than those of
ammonia solution without CNTs. The effective absorption
ratio of the CNTs-ammonia binary nanofluids increased with
the initial concentration of ammonia and the mass fraction
of CNTs. Komati et al. studied CO2 absorption into amine
solutions, and the addition of ferrofluids increased the mass
transfer coefficient in gas/liquid mass transfer [76], and the
enhancement extent depended on the amount of ferrofluid
added. The enhancement in mass transfer coefficient was
92.8% for a volume fraction of the fluid of about 50%
(solid magnetite volume fraction of about 0.39%). The
research about the influence of Al2O3 nanofluid on the falling
film absorption with ammonia water showed that the sorts
of nanoparticles and surfactants in the nanofluid and the
concentration of ammonia in the basefluid were the key
parameters influencing the absorption effect of ammonia
[77].

So far, the mechanism leading to mass transfer enhance-
ment is still unclear. The existing research work on the mass
transfer in nanofluids is not enough. Much experimental
and simulation work should be carried out to clarify some
important influencing factors.

4.3. Energy Applications. For energy applications of nanoflu-
ids, two remarkable properties of nanofluids are utilized, one
is the higher thermal conductivities of nanofluids, enhancing
the heat transfer, another is the absorption properties of
nanofluids.

4.3.1. Energy Storage. The temporal difference of energy
source and energy needs made necessary the development of
storage system. The storage of thermal energy in the form of
sensible and latent heat has become an important aspect of
energy management with the emphasis on efficient use and
conservation of the waste heat and solar energy in industry
and buildings [78]. Latent heat storage is one of the most
efficient ways of storing thermal energy. Wu et al. evaluated

the potential of Al2O3-H2O nanofluids as a new phase change
material (PCM) for the thermal energy storage of cooling
systems. The thermal response test showed the addition of
Al2O3 nanoparticles remarkably decreased the supercooling
degree of water, advanced the beginning freezing time,
and reduced the total freezing time. Only adding 0.2 wt%
Al2O3 nanoparticles, the total freezing time of Al2O3-H2O
nanofluids could be reduced by 20.5%. Liu et al. prepared
a new sort of nanofluid phase change materials (PCMs)
by suspending small amount of TiO2 nanoparticles in
saturated BaCl2 aqueous solution [79]. The nanofluids PCMs
possessed remarkably high thermal conductivities compared
to the base material. The cool storage/supply rate and the
cool storage/supply capacity all increased greatly than those
of BaCl2 aqueous solution without added nanoparticles. The
higher thermal performances of nanofluids PCMs indicate
that they have a potential for substituting conventional
PCMs in cool storage applications. Copper nanoparticles are
efficient additives to improve the heating and cooling rates of
PCMs [80]. For composites with 1 wt % copper nanoparticle,
the heating and cooling times could be reduced by 30.3
and 28.2%, respectively. The latent heats and phase-change
temperatures changed very little after 100 thermal cycles.

4.3.2. Solar Absorption. Solar energy is one of the best
sources of renewable energy with minimal environmental
impact. The conventional direct absorption solar collector
is a well-established technology, and it has been proposed
for a variety of applications such as water heating; however,
the efficiency of these collectors is limited by the absorption
properties of the working fluid, which is very poor for typical
fluids used in solar collectors. Recently, this technology has
been combined with the emerging technologies of nanofluids
and liquid-nanoparticle suspensions to create a new class of
nanofluid-based solar collectors. Otanicar et al. reported the
experimental results on solar collectors based on nanofluids
made from a variety of nanoparticles (CNTs, graphite, and
silver) [81]. The efficiency improvement was up to 5% in
solar thermal collectors by utilizing nanofluids as the absorp-
tion media. In addition, they compared the experimental
data with a numerical model of a solar collector with direct
absorption nanofluids. The experimental and numerical
results demonstrated an initial rapid increase in efficiency
with volume fraction, followed by a leveling off in effi-
ciency as volume fraction continues to increase. Theoretical
investigation on the feasibility of using a nonconcentrating
direct absorption solar collector showed that the presence of
nanoparticles increased the absorption of incident radiation
by more than nine times over that of pure water [82].
Under the similar operating conditions, the efficiency of an
absorption solar collector using nanofluid as the working
fluid was found to be up to 10% higher (on an absolute
basis) than that of a flat-plate collector. Otanicar and
Golden evaluated the overall economic and environmental
impacts of the technology in contrast with conventional solar
collectors using the life-cycle assessment methodology [83].
Results showed that for the current cost of nanoparticles
the nanofluid-based solar collector had a slightly longer
payback period but at the end of its useful life has the
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same economic saving as a conventional solar collector. Sani
et al. investigated the optical and thermal properties of
nanofluids consisting of aqueous suspensions of single-wall
carbon nanohorns [84]. The observed nanoparticle-induced
differences in optical properties appeared promising, leading
to a considerably higher sunlight absorption. Both these
effects, together with the possible chemical functionalization
of carbon nanohorns, make this new kind of nanofluids very
interesting for increasing the overall efficiency of the sunlight
exploiting device.

4.4. Mechanical Applications. Why nanofluids have great
friction reduction properties? Nanoparticles in nanofluids
form a protective film with low hardness and elastic modulus
on the worn surface can be considered as the main reason
that some nanofluids exhibit excellent lubricating properties.

Magnetic fluids are kinds of special nanofluids. Mag-
netic liquid rotary seals operate with no maintenance and
extremely low leakage in a very wide range of applications,
and it utilizing the property magnetic properties of the
magnetic nanoparticles in liquid.

4.4.1. Friction Reduction. Advanced lubricants can improve
productivity through energy saving and reliability of engi-
neered systems. Tribological research heavily emphasizes
reducing friction and wear. Nanoparticles have attracted
much interest in recent years due to their excellent load-
carrying capacity, good extreme pressure and friction reduc-
ing properties. Zhou et al. evaluated the tribological behavior
of Cu nanoparticles in oil on a four-ball machine. The
results showed that Cu nanoparticles as an oil additive had
better friction-reduction and antiwear properties than zinc
dithiophosphate, especially at high applied load. Meanwhile,
the nanoparticles could also strikingly improve the load-
carrying capacity of the base oil [85]. Dispersion of solid
particles was found to play an important role, especially
when a slurry layer was formed. Water-based Al2O3 and
diamond nanofluids were applied in the minimum quantity
lubrication (MQL) grinding process of cast iron. During the
nanofluid MQL grinding, a dense and hard slurry layer was
formed on the wheel surface and could benefit the grinding
performance. Nanofluids showed the benefits of reducing
grinding forces, improving surface roughness, and prevent-
ing workpiece burning. Compared to dry grinding, MQL
grinding could significantly reduce the grinding temperature
[86]. Wear and friction properties of surface modified Cu
nanoparticles, as 50CC oil additive were studied. The higher
the oil temperature applied, the better the tribological
properties of Cu nanoparticles were. It could be inferred that
a thin copper protective film with lower elastic modulus and
hardness was formed on the worn surface, which resulted
in the good tribological performances of Cu nanoparticles,
especially when the oil temperature was higher [87]. Yu
et al. firstly reported that room temperature ionic liquid
multiwalled carbon nanotubes composite was evaluated as
lubricant additive in ionic liquid due to their excellent
dispersibility and that the composite showed good friction-
reduction and antiwear properties in friction process [88].

Wang et al. studied the tribological properties of ionic liquid-
based nanofluids containing functionalized MWNTs under
loads in the range of 200–800 N [89], indicating that the
nanofluids exhibited preferable friction-reduction proper-
ties under 800 N and remarkable antiwear properties with
use of reasonable concentrations. Magnetic nanoparticle
Mn0.78 Zn0.22 Fe2O4 was also an efficient lubricant additive.
When used as a lubricant additive in 46 turbine oil, it could
improve the wear resistance, load-carrying capacity, and
antifriction ability of base oil, and the decreasing percentage
of wear scar diameter was 25.45% compared to the base oil.
This was a typical self-repair phenomenon [90]. Chen et
al. reported on dispersion stability enhancement and self-
repair principle discussion of ultrafine-tungsten disulfide
in green lubricating oil [91]. Ultrafine-tungsten disulfide
particulates could fill and level up the furrows on abrasive
surfaces, repairing abrasive surface well. What is more,
ultrafine-tungsten disulfide particulates could form a WS2

film with low shear stress by adsorbing and depositing
in the hollowness of abrasive surface, making the abrasive
surface be more smooth, and the FeS film formed in
tribochemical reaction could protect the abrasive surface
further, all of which realize the self-repair to abrasive
surface. The tribological properties of liquid paraffin with
SiO2 nanoparticles additive made by a sol-gel method was
investigated by Peng et al. [92]. The optimal concentrations
of SiO2 nanoparticles in liquid paraffin was associated with
better tribological properties than pure paraffin oil, and an
antiwear ability that depended on the particle size, and oleic
acid surface-modified SiO2 nanoparticles with an average
diameter of 58 nm provided better tribological properties
in load-carrying capacity, antiwear and friction-reduction
than pure liquid paraffin. Nanoparticles can easily penetrate
into the rubbing surfaces because of their nanoscale. During
the frictional process, the thin physical tribofilm of the
nanoparticles forms between rubbing surfaces, which cannot
only bear the load, but also separates the rubbing surfaces.
The spherical SiO2 nanoparticles could roll between the
rubbing surfaces in sliding friction, and the originally pure
sliding friction becomes mixed sliding and rolling friction.
Therefore, the friction coefficient declines markedly and then
remains constant.

4.4.2. Magnetic Sealing. Magnetic fluids (ferromagnetic
fluid) are kinds of special nanofluids. They are stable
colloidal suspensions of small magnetic particles such as
magnetite (Fe3O4). The properties of the magnetic nanopar-
ticles, the magnetic component of magnetic nanofluids,
may be tailored by varying their size and adapting their
surface coating in order to meet the requirements of
colloidal stability of magnetic nanofluids with nonpolar and
polar carrier liquids [93]. Comparing with the mechanical
sealing, magnetic sealing offers a cost-effective solution to
environmental and hazardous-gas sealing in a wide variety
of industrial rotation equipment with high-speed capability,
low-friction power losses, and long life and high reliability
[94]. A ring magnet forms part of a magnetic circuit in
which an intense magnetic field is established in the gaps
between the teeth on a magnetically permeable shaft and the
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surface of an opposing pole block. Ferrofluid introduced into
the gaps forms discrete liquid rings capable of supporting
a pressure difference while maintaining zero leakage. The
seals operate without wear as the shaft rotates, because the
mechanical moving parts do not touch. With these unique
characteristics, sealing liquids with magnetic fluids can be
applied in many application areas. It is reported that an
iron particle dispersed magnetic fluids was utilized in the
sealing of a high-rotation pump. The sealing holds pressure
of 618 kPa with a 1800 r/min [95]. Mitamura et al. studied
the application of a magnetic fluid seal to rotary blood
pumps. The developed magnetic fluid seal worked for over
286 days in a continuous flow condition, for 24 days (on-
going) in a pulsatile flow condition and for 24 h (electively
terminated) in blood flow [96]. Ferrocobalt magnetic fluid
was used for oil sealing, and the holding pressure is 25 times
as high as that of a conventional magnetite sealing [97].

4.5. Biomedical Application. For some special kinds of nano-
particles, they have antibacterial activities or drug-delivery
properties, so the nanofluids containing these nanoparticles
will exhibit some relevant properties.

4.5.1. Antibacterial Activity. Organic antibacterial materials
are often less stable particularly at high temperatures or
pressures. As a consequence, inorganic materials such as
metal and metal oxides have attracted lots of attention over
the past decade due to their ability to withstand harsh
process conditions. The antibacterial behaviour of ZnO
nanofluids shows that the ZnO nanofluids have bacteriostatic
activity against [98]. Electrochemical measurements suggest
some direct interaction between ZnO nanoparticles and the
bacteria membrane at high ZnO concentrations. Jalal et
al. prepared ZnO nanoparticles via a green method. The
antibacterial activity of suspensions of ZnO nanoparticles
against Escherichia coli (E. coli) has been evaluated by
estimating the reduction ratio of the bacteria treated with
ZnO. Survival ratio of bacteria decreases with increasing the
concentrations of ZnO nanofluids and time [99]. Further
investigations have clearly demonstrated that ZnO nanopar-
ticles have a wide range of antibacterial effects on a number
of other microorganisms. The antibacterial activity of ZnO
may be dependent on the size and the presence of normal vis-
ible light [100]. Recent research showed that ZnO nanopar-
ticles exhibited impressive antibacterial properties against an
important foodborne pathogen, E. coli O157 : H7, and the
inhibitory effects increased as the concentrations of ZnO
nanoparticles increased. ZnO nanoparticles changed the cell
membrane components including lipids and proteins. ZnO
nanoparticles could distort bacterial cell membrane, leading
to loss of intracellular components, and ultimately the death
of cells, considered as an effective antibacterial agent for
protecting agricultural and food safety [101].

The antibacterial activity research of CuO nanoparticles
showed that they possessed antibacterial activity against
four bacterial strains. The size of nanoparticles was less
than that of the pore size in the bacteria, and thus, they
had a unique property of crossing the cell membrane
without any hindrance. It could be hypothesized that these

nanoparticles formed stable complexes with vital enzymes
inside cells which hampered cellular functioning resulting in
their death [102]. Bulk equivalents of these products showed
no inhibitory activity, indicating that particle size was deter-
minant in activity [103]. Lee et al. reported the antibacterial
efficacy of nanosized silver colloidal solution on the cellulosic
and synthetic fabrics [104]. The antibacterial treatment of
the textile fabrics was easily achieved by padding them with
nanosized silver colloidal solution. The antibacterial efficacy
of the fabrics was maintained after many times laundering.
Silver colloid is an efficient antibacterial agent. The silver
colloid prepared by a one-step synthesis showed high
antimicrobial and bactericidal activity against Gram-positive
and Gram-negative bacteria, including highly multiresistant
strains such as methicillin-resistant staphylococcus aureus.
The antibacterial activity of silver nanoparticles was found
to be dependent on the size of silver particles. A very low
concentration of silver gave antibacterial performance [105].
The aqueous suspensions of fullerenes and nano-TiO2 can
produce reactive oxygen species (ROS). Bacterial (E. coli)
toxicity tests suggested that unlike nano-TiO2 which was
exclusively phototoxic, the antibacterial activity of fullerene
suspensions was linked to ROS production. Nano-TiO2 may
be more efficient for water treatment involving UV or solar
energy, to enhance contaminant oxidation and perhaps for
disinfection. However, fullerol and PVP/C60 may be useful
as water treatment agents targeting specific pollutants or
microorganisms that are more sensitive to either superoxide
or singlet oxygen [106]. Lyon and Alvarez proposed that
C60 suspensions exerted ROS-independent oxidative stress
in bacteria, with evidence of protein oxidation, changes
in cell membrane potential, and interruption of cellular
respiration. This mechanism requires direct contact between
the nanoparticle and the bacterial cell and differs from
previously reported nanomaterial antibacterial mechanisms
that involve ROS generation (metal oxides) or leaching of
toxic elements (nanosilver) [107].

4.5.2. Nanodrug Delivery. Over the last few decades, colloidal
drug delivery systems have been developed in order to
improve the efficiency and the specificity of drug action
[108]. The small-size, customized surface improved solu-
bility, and multifunctionality of nanoparticles opens many
doors and creates new biomedical applications. The novel
properties of nanoparticles offer the ability to interact with
complex cellular functions in new ways [109]. Gold nanopar-
ticles provide nontoxic carriers for drug- and gene-delivery
applications. With these systems, the gold core imparts
stability to the assembly, while the monolayer allows tuning
of surface properties such as charge and hydrophobicity.
Another attractive feature of gold nanoparticles is their
interaction with thiols, providing an effective and selective
means of controlled intracellular release [110]. Nakano et
al. proposed the drug-delivery system using nanomagnetic
fluid [111], which targeted and concentrated drugs using
a ferrofluid cluster composed of magnetic nanoparticles.
The potential of magnetic nanoparticles stems from the
intrinsic properties of their magnetic cores combined with
their drug-loading capability and the biochemical properties
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that can be bestowed on them by means of a suitable coating.
CNT has emerged as a new alternative and efficient tool
for transporting and translocating therapeutic molecules.
CNT can be functionalised with bioactive peptides, proteins,
nucleic acids, and drugs and used to deliver their cargos
to cells and organs. Because functionalised CNT display
low toxicity and are not immunogenic, such systems hold
great potential in the field of nanobiotechnology and
nanomedicine [112, 113]. Pastorin et al. have developed
a novel strategy for the functionalisation of CNTs with
two different molecules using the 1,3-dipolar cycloaddition
of azomethine ylides [114]. The attachment of molecules
that will target specific receptors on tumour cells will help
improve the response to anticancer agents. Liu et al. have
found that prefunctionalized CNTs can adsorb widely used
aromatic molecules by simple mixing, forming “forest-
scrub”-like assemblies on CNTs with PEG extending into
water to impart solubility and aromatic molecules densely
populating CNT sidewalls. The work establishes a novel,
easy-to-make formulation of a SWNT-doxorubicin complex
with extremely high drug loading efficiency [115].

In recent years, graphene based drug delivery systems
have attracted more and more attention. In 2008, Sun et
al. firstly reported the application of nanographene oxide
(NGO) for cellular imaging and drug delivery [116]. They
have developed functionalization chemistry in order to
impart solubility and compatibility of NGO in biological
environments. Simple physicosorption via π-stacking can be
used for loading doxorubicin, a widely used cancer drug onto
NGO functionalized with antibody for selective killing of
cancer cells in vitro. Functional nanoscale graphene oxide is
found to be a novel nanocarrier for the loading and targeted
delivery of anticancer drugs [117]. Controlled loading of
two anticancer drugs onto the folic acid-conjugated NGO
via π-π stacking and hydrophobic interactions demonstrated
that NGO loaded with the two anticancer drugs showed
specific targeting to MCF-7 cells (human breast cancer cells
with folic acid receptors), and remarkably high cytotox-
icity compared to NGO loaded with either doxorubicin
or camptothecin only. The PEGylated (PEG: polyethylene
glycol) nanographene oxide could be used for the delivery
of water-insoluble cancer drugs [118]. PEGylated NGO
readily complexes with a water-insoluble aromatic molecule
SN38, a camptothecin analogue, via noncovalent van der
Waals interaction. The NGO-PEG-SN38 complex exhibits
excellent aqueous solubility and retains the high potency of
free SN38 dissolved in organic solvents. Yang et al. found
GO-Fe3O4 hybrid could be loaded with anticancer drug
doxorubicin hydrochloride with a high loading capacity
[119]. This GO-Fe3O4 hybrid showed superparamagnetic
property and could congregate under acidic conditions and
be redispersed reversibly under basic conditions. This pH-
triggered controlled magnetic behavior makes this material a
promising candidate for controlled targeted drug delivery.

4.6. Other Applications

4.6.1. Intensify Microreactors. The discovery of high en-
hancement of heat transfer in nanofluids can be applicable

to the area of process intensification of chemical reactors
through integration of the functionalities of reaction and
heat transfer in compact multifunctional reactors. Fan et
al. studied a nanofluid based on benign TiO2 material
dispersed in ethylene glycol in an integrated reactor-
heat exchanger [120]. The overall heat transfer coefficient
increase was up to 35% in the steady state continuous
experiments. This resulted in a closer temperature con-
trol in the reaction of selective reduction of an aromatic
aldehyde by molecular hydrogen and very rapid change
in the temperature of reaction under dynamic reaction
control.

4.6.2. Nanofluids as Vehicular Brake Fluids. A vehicle’s kinetic
energy is dispersed through the heat produced during the
process of braking and this is transmitted throughout the
brake fluid in the hydraulic braking system [39], and now,
there is a higher demand for the properties of brake oils.
Copper-oxide and aluminum-oxide based brake nanofluids
were manufactured using the arc-submerged nanoparticle
synthesis system and the plasma charging arc system,
respectively [121, 122]. The two kinds of nanofluids both
have enhanced properties such as a higher boiling point,
higher viscosity, and a higher conductivity than that of
traditional brake fluid. By yielding a higher boiling point,
conductivity, and viscosity, the nanofluid brake oil will
reduce the occurrence of vapor-lock and offer increased
safety while driving.

4.6.3. Nanofluids-Based Microbial Fuel Cell. Microbial fuel
cells (MFC) that utilize the energy found in carbohydrates,
proteins, and other energy-rich natural products to generate
electrical power have a promising future. The excellent
performance of MFC depends on electrodes and electron
mediator. Sharma et al. constructed a novel microbial
fuel cell (MFC) using novel electron mediators and CNT-
based electrodes [123]. The novel mediators are nanofluids
which were prepared by dispersing nanocrystalline platinum
anchored CNTs in water. They compared the performance
of the new E. coli-based MFC to the previously reported
E. coli-based microbial fuel cells with neutral red and
methylene blue electron mediators. The performance of the
MFC using CNT-based nanofluids and CNT-based elec-
trodes has been compared against plain graphite electrode-
based MFC. CNT-based electrodes showed as high as ∼6-
fold increase in the power density compared to graphite
electrodes. The work demonstrates the potential of noble
metal nanoparticles dispersed on CNT-based MFC for the
generation of high energies from even simple bacteria like
E. coli.

4.6.4. Nanofluids with Unique Optical Properties. Optical
filters are used to select different wavelengths of light. The
ferrofluid-based optical filter has tunable properties. The
desired central wavelength region can be tuned by an external
magnetic field. Philip et al. developed a ferrofluid-based
emulsion for selecting different bands of wavelengths in
the UV, visible, and IR regions [124]. The desired range
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of wavelengths, bandwidth, and percentage of reflectivity
could be easily controlled by using suitably tailored ferrofluid
emulsions. Mishra et al. developed nanofluids with selective
visible colors in gold nanoparticles embedded in polymer
molecules of polyvinyl pyrrolidone (PVP) in water [125].
They compared the developments in the apparent visible
colors in forming the Au-PVP nanofluids of 0.05, 0.10,
0.50, and 1.00 wt% Au contents. The surface plasmon bands,
which occurs over 480–700 nm, varies sensitively in its
position as well as the intensity when varying the Au content
0-1 wt%.

5. Conclusions and Future Work

Many interesting properties of nanofluids have been reported
in the past decades. This paper presents an overview of the
recent developments in the study of nanofluids, including
the preparation methods, the evaluation methods for their
stability, the ways to enhance their stability, the stability
mechanisms, and their potential applications in heat transfer
intensification, mass transfer enhancement, energy fields,
mechanical fields, biomedical fields, and so forth.

Although nanofluids have displayed enormously exciting
potential applications, some vital hinders also exist before
commercialization of nanofluids. The following key issues
should receive greater attention in the future. Firstly, further
experimental and theoretical research is required to find the
major factors influencing the performance of nanofluids. Up
to now, there is a lack of agreement between experimental
results from different groups, so it is important to sys-
tematically identify these factors. The detailed and accurate
structure characterizations of the suspensions may be the
key to explain the discrepancy in the experimental data.
Secondly, increase in viscosity by the use of nanofluids is
an important drawback due to the associated increase in
pumping power. The applications for nanofluids with low
viscosity and high conductivity are promising. Enhancing

the compatibility between nanomaterials and the base fluids
through modifying the interface properties of two phases
may be one of the solution routes. Thirdly, the shape of the
additives in nanofluids is very important for the properties;
therefore, the new nanofluid synthesis approaches with
controllable microscope structure will be an interesting
research work. Fourthly, stability of the suspension is
a crucial issue for both scientific research and practical
applications. The stability of nanofluids, especially the long-
term stability, the stability in the practical conditions, and
the stability after thousands of thermal cycles should be
paid more attention. Fifthly, there is a lack of investiga-
tion of the thermal performance of nanofluids at high
temperatures, which may widen the possible application
areas of nanofluids, like in high-temperature solar energy
absorption and high-temperature energy storage. At the
same time, high temperature may accelerate the degradation
of the surfactants used as dispersants in nanofluids and
may produce more foams. These factors should be taken
into account. Finally, the properties of nanofluids strongly
depend on the shape and property of the additive. Xie’s
findings indicated that thermal conductivity enhancement
was adjusted by ball milling and cutting the treated CNTs
suspended in the nanofluids to relatively straight CNTs
with an appropriate length distribution. They proposed the
concept of straightness ratio to explain the facts (Figure 3).
Nanofluid research can be enrichened and extended through
exploring new nanomaterials. For example, the newly dis-
covered 2D monatomic sheet graphene is a promising
candidate material to enhance the thermal conductivity
of the base fluid [126, 127], as shown in Figure 4. The
concept of nanofluids is extended by the use of phase
change materials, which goes well beyond simply increasing
the thermal conductivity of a fluid [128]. It is found that
the indium/polyalphaolefin phase change nanofluid exhibits
simultaneously enhanced thermal conductivity and specific
heat.
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