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Biocompatible nanomaterials are revolutionizing many asp-
ects of preventive and therapeutic healthcare, which are
already playing important roles in developing new medical
devices, prostheses, bioassay technologies, tissue repair and
replacement technologies, drug delivery systems, and diag-
nostic techniques. In recent years, much attention has been
focused on the synthesis and applications of biocompatible
functional nanomaterials, owing to their promising potential
and practical applications in biomedical science, biosensors,
biochip design, drug delivery, cancer diagnosis and therapy,
implantable devices, gene vectors, bionanotechnology, and
tissue engineering.

This special issue is one of the important and keep gro-
wing fields on nanoscience, nanoengineering, and nanote-
chnology. Its to create new functional nanomaterials with a
variety of sizes and morphologies such as ZnAl

2
O
4
films,

hydroxyapatite nanopowder, and calcium crbonate nanopar-
ticles. These nanomaterials have widespread applications in
drug delivery, tissue engineering, dental implant, bone sub-
stitute, sensors, photoluminescence, and mechanical prop-
erties. This themed issue includes some research articles
covering important applications of biocompatible functional
nanomaterials. M. A. Alvarez-Pérez et al. fabricated the thin
nanostructure films of ZnAl

2
O
4
prepared by spray pyrolysis,

which improved the in vitro cell adhesion on the surface
of the as-prepared ceramic film, viability, and cell-material

interactions of osteoblastic cells. Zhu’s group synthesized
rare earth-ions- (Er3+-) doped ZnO nanospheres through a
sonochemical conversion process that displayed enhanced
photoluminescence and upconversion photoluminescence
properties, in comparison with pure ZnO counterparts.
In particular, biocompatible functional nanomaterials have
promising potential applications in biomedical field because
of their excellent biocompatibility. For example, Goerne and
his coworkers have prepared SiO

2
-based nanoparticles in the

mixed solvents (water and alcoxide) by the sol-gel technology
at acidic conditions and applied for the control delivery of
nonsteroidal anti-inflammatory drugs.

Altogether, this issue suggests that the biocompatible
functional nanomaterials have a great potential to be used
in drug delivery, tissue engineering, bone substitutes, bone-
filling materials, sensors, and photoluminescence. It provides
new research and developments of the biocompatible func-
tional nanomaterials performed by the researchers in this
field.

Jiu-Ju Feng
Yan-Yan Song

Xiao-Miao Feng
Nabeen Kumar Shrestha

Nattawadee Wisitruangsakul
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04510 Ciudad de México, DF, Mexico
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Ceramic scaffolds are widely studied in the tissue engineering field due to their potential in medical applications as bone substitutes
or as bone-fillingmaterials.The purpose of this study was to investigate the effect of surfacemorphology of nanostructure thin films
of ZnAl

2
O
4
prepared by spray pyrolysis and bulk pellets of polycrystalline ZnAl

2
O
4
prepared by chemical coprecipitation reaction

on the in vitro cell adhesion, viability, and cell-material interactions of osteoblastic cells. Our result showed that cell attachment
was significantly enhanced from 60 to 80% on the ZnAl

2
O
4
nanostructured material surface when compared with bulk ceramic

surfaces.Moreover, our results showed that the balance ofmorphological properties of the thin filmnanostructure ceramic improves
cell-material interaction with enhanced spreading and filopodia with multiple cellular extensions on the surface of the ceramic and
enhancing cell viability/proliferation in comparison with bulk ceramic surfaces used as control. Altogether, these results suggest
that zinc aluminate nanostructured materials have a great potential to be used in dental implant and bone substitute applications.

1. Introduction

Oxide spinel material is a very large group of structurally
related compounds [1], many of which are of considerable
technological or geological importance [2]. Spinels exhibit a
wide range of electronic andmagnetic properties.Thenormal
spinel is a typical example of a material with the general
formula (X)[Y]

2
O
4
, where X and Y are divalent and trivalent

ions, respectively, and the symbols () and [] refer to the 8
tetrahedral coordinatedA sites and 16 octahedral coordinated
B sites, respectively, within the cubic cell. ZnAl

2
O
4
is an oxide

spinel with a close-packed face centered cubic structure and
Fd3m space group symmetry [3]. Moreover, its band gap of
3.8 eV makes it transparent for light possessing wavelengths

>320 nm; these characteristics allow to use it as a host lattice
for applications in thin film electroluminescent displays,
mechanooptical stress sensors, and stress imaging devices.
On the other hand, this material has good catalytic properties
such as cracking, dehydration, and dehydrogenation [4]. The
spinel zinc aluminates have been widely used as ceramic
and as catalytic material in chemical and petrochemical
industries [5] and more recently as transparent conduc-
tor. Regarding the biological application potentials of this
ZnAl
2
O
4
ceramic material in thin films and in bulk are very

scarce. The search for bone substitute is still a challenge to
researchers. The composition, as well as the topography, of
suchmaterials is of importance for determining the biological
response to such materials [6]. The roughness of materials
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is considered to be important to predict interfacial behavior
at the material-tissue interface and its interaction with the
biological environment. Surface roughness influences cell
bioactivity, being important in several bone formation stages,
including adhesion, proliferation, differentiation, synthesis of
bonematrix, maturation, and calcification of the tissue on the
materials surface [7–10]. Besides, bioactivity or bioinertness
could result in materials with different physical characteristic
that could influence biological behavior [11, 12]. Recently, a
number of studies have been carried out to investigate the Zn-
doped ceramics as biomaterials in bone tissue engineering
[13, 14]. Similar to calcium, zinc has long been recognized as
an essential trace element for the propermaintenance of bone
growth, with over 85% of the total body zinc residing in bone
[15, 16]. Zn has a stimulatory effect on bone formation, and
its deficiency has been associated with retardation and failure
of bone growth in animals [17, 18]. Zn-substituted ceramics
were found that modulate the attachment, proliferation, and
differentiation of osteoblasts and modulate the activity of
bone formation by the cells [19–21]. In this context, the aim of
this study was to investigate the effect of surface morphology
of nanostructured thin films of ZnAl

2
O
4
prepared by spray

pyrolysis and bulk pellets of polycrystalline ZnAl
2
O
4
pre-

pared by chemical coprecipitation reaction on the biological
response of osteoblastic cells in order to evaluate the surface
cell adhesion, spreading, cell viability process at in vitro cell
culture and compare these results with respect to the different
surface morphologies between a nanostructured thin film
and a traditional polycrystalline ceramic surface.

2. Experimental Details

2.1. Synthesis and Characterization of ZnAl
2
O
4
Material. The

ultrasonic spray pyrolysis technique is a well-established pro-
cess for depositing films. Some advantages of this process are
as follow: a high deposition rate, the possibility to coat large
areas, its low cost, its ease of operation, and the quality of the
coatings obtained. Films of zinc aluminate were deposited by
an ultrasonic spray pyrolysis technique described earlier [22].
Basically, this technique consists of an ultrasonic generator
used to produce amist from the spraying solution.Thismist is
carried to a hot substrate placed on a tin bath through a tubing
setupusing humid air as a carrier gas (10 liters/minute).When
the mist of the solution gets in touch with the hot substrate,
the solvents in the solution are vaporized producing a solid
coating on the substrate.The nozzle in this system is localized
approximately 1 cm above the substrate.The spraying solution
consisted of 0.05M zinc acetate and aluminum chloride
in deionized water as solvent. The solution flow rate was
3mL/minute for all cases. The substrate temperature (𝑇

𝑠
)

during deposition was in the range from 300∘C to 550∘C;
the substrates used were Corning 7059 glass slides. The
deposition timewas adjusted (4 to 6minutes) to deposit films
with approximately the same thickness. The thickness of the
films studied was about 5 𝜇m as measured by a Sloan Dektak
IIA profilometer. The chemical composition of the films was
measured with a Leica-Cambridge electron microscope Mo.
Stereoscan 440, equipped with a Beryllium window X-ray

detector, using Energy Dispersive Spectroscopy (EDS). The
standard used for the EDS measurements was the Multi-
element X-ray Reference Standard (Microspec), Serial 0034,
part no. 8160-53. The surface morphology was analyzed by
means of the scanning electron microscopy (SEM) cited
above. The crystalline structure features of the deposited
films were analyzed by X-ray diffraction (XRD), using a
Siemens D-5000 diffractometer with a wavelength radiation
of 1.5406 Å (Cuk

𝛼
).

A very simple chemical precipitation process was used
for the synthesis of zinc aluminate spinel powder. The start
materials were Zn (NO

3
)
2
⋅ 6H
2
O Sigma-Aldrich (98%)

and Al(NO
3
)
3
⋅ 9H
2
O Riedel-de Haën at 0.05M blended

in methanol. This simple process consists of three steps:
(1) precursor material dissolution in a compatible solvent
to form the precursor mixture, (2) solvent evaporation and
solute precipitation, and (3) powder annealing. The initial
mixture was heat treated at 250∘C for 30minutes to evaporate
the solvent. The chemical agglomerates were grounded in an
agate mortar to obtain fine powder, which was compressed
to form a small disk with a dimension of 1.2 cm in diameter
and a thickness of 0.13 cm. The applied pressure for pellets
preparation was 150Kg/cm2. These pellets were annealed
at 𝑇
𝑎
= 600∘C, during 14 hours in air atmosphere.

The crystalline structure of these pellets was analyzed by
X-ray diffraction (XRD) using a Bruker-D8 plusDiffractome-
ter with CuK

𝛼
radiation at 1.5405 Å. Their chemical compo-

sition was measured using Energy Dispersive Spectroscopy
(EDS) with a Cambridge-Leica electron microscope mod.
Stereoscan 440 was equipped with a Beryllium window X-
ray detector, and their surface topography was obtained by
means of the above-mentioned SEMmicroscope.

2.2. Biological Response

2.2.1. Cell Culture. Biological assays were performed using
human osteoblastic cells as reported previously [23]. For cell
culture, human osteoblastic cells were cultured in 75 cm2
cell culture flasks containing a Dulbecco’s Modified Eagle
Media (DMEM), supplemented with 10% fetal bovine serum
(FBS) and antibiotic solution (streptomycin 100 𝜇g/mL and
penicillin 100U/mL, Sigma Chem. Co). The cell cultures
were incubated in a 100% humidified environment at 37∘C in
atmosphere of 95% air and 5%CO

2
. Human osteoblastic cells

on passage 4–6were used for all the experimental procedures.
In order to perform the in vitro cell response assays, all
ZnAl
2
O
4
bulk and 550∘C nanostructured material surfaces

were cleaned with distilled water and sterilized by exposure
to UV light (𝜆 = 254 nm, 300 uW/cm2).

2.2.2. Cell Attachment. Thecell adhesion of humanosteoblas-
tic cells onto ZnAl

2
O
4
bulk and thin film nanostructure

materials was evaluated using the vibrant cell adhesion assay
kit (Molecular Probes). Human osteoblastic cells, cultured
in a 75 cm2 cell culture flask, were washed with phosphate-
buffered saline (PBS) and incubated with calcein AM stock
solution to a final concentration of 5 × 10−6M in serum-free
medium for 30min. After incubation, the cells were washed



Journal of Nanomaterials 3

(a) (b)

(c)

Figure 1: SEM micrographs of surface morphology of ZnAl
2
O
4
films as a function of the 𝑇

𝑠
: (a) 300∘C, (b) 450∘C, and (c) 550∘C. Bar =

100 nm.

with PBS, trypsinized, and the cell pellet was collected and
diluted with DMEM culture medium to obtain the requisite
cell concentration.The human osteoblastic cells at concentra-
tion of 1.5× 103 cells/cm2 were seeded onto ZnAl

2
O
4
bulk and

thin film nanostructured materials and incubated for 4 h and
24 h.The fluorescence was quantified using a fluorescein filter
set with a Wallac Victor3 1420 spectrophotometer (Perkin-
Elmer, Boston, MA, USA). The percentage cell adhesion was
obtained by dividing the corrected (background subtracted)
fluorescence of adherent cells by the total corrected fluores-
cence of control cells and multiplying by 100%. Conventional
polystyrene 24-well culture plates were used as a control.

2.2.3. MTT Assay. Cell viability of human osteoblastic cells
seeded at concentration of 1 × 104 cells/cm2 onto ZnAl

2
O
4

bulk and thin film nanostructured materials was checked
by the MTT assay for 3, 5, and 7 days of culture. This
assay is based on the ability of mitochondrial dehydro-
genases of living cells to oxide a tetrazolium salt (3-[4,
5-dimethylthiazolyl-2-y]-2, 5-diphenyltetrazolium bromide),
to an insoluble blue formazan product. The concentration
of the blue formazan product is directly proportional to the
number of metabolically active cells. The human osteoblastic
cells seeded onto ZnAl

2
O
4
bulk and thin film nanostructure

materials at prescribed time were washed with PBS and
incubated with fresh culturedmedium containing 0.5mg/mL
of MTT for 4 h at 37∘C in the dark. Then, the supernatant

was removed and dimethyl sulfoxide (DMSO) was added to
each well. After 60 minutes of slow shaking, the absorbance
was quantified by spectrophotometry at 570 nm with a plate
reader. The culture medium during experimental time was
changed every other day with fresh media.

2.2.4. Cell Morphology. For cytoskeletal organization of the
human osteoblastic cells cultured onto ZnAl

2
O
4
bulk and

thin film nanostructured materials, the cells were seeded at
concentration of 1 × 103 cells/cm2 and incubated for 24 hours
inDMEMculturedmedium.After 24 hours, the sampleswere
washed with PBS and fixed with 4% paraformaldehyde for
10 minutes at room temperature (RT), permeabilized with
0.2% Triton X-100 for 5 minutes, washed twice with PBS
and incubated with 𝛼-actin antibody diluted 1 : 100 in 0.2%
of bovine serum albumin (BSA)-PBS for 1 h at RT. The cells
were then gentile washed twice with 0.2% BSA-PBS and twice
with PBS. Then, cells were incubated with FITC secondary
antibody diluted 1 : 1000 in PBS for 1 hour. The cells were
gentile washed with PBS and visualized by means of indirect
immunofluorescence (Axiophot, Carl ZeissR, Germany).

2.2.5. Statistical Analysis. Data are presented as mean stan-
dard deviation. Statistical analysis was performed on adhe-
sion andMTT assay results using Student’s 𝑡-test, and 𝑃 value
<0.05 was considered significant.
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Figure 2: X-ray diffraction histograms of ZnAl
2
O
4
thin films as a function of the 𝑇

𝑠
: (a) amorphous = 300∘C, (b) nanostructured = 450∘C,

and (c) nanostructure = 550∘C.

(a) (b)

Figure 3: Surface morphology of the sintered pellets sample of ZnAl
2
O
4
. The surface is smooth, homogeneous (a), and without porous

regions (b). Bar = 10 micron’s.
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3. Results and Discussion

The surface morphology of ZnAl
2
O
4
coatings deposited on

glass substrates is presented in Figure 1. SEM micrographs
show the samples deposited at 300∘C Figure 1(a), 450∘C
Figure 1(b), and 550∘C Figure 1(c). It is possible to observe
rough but continuous coatings with good adherence to the
substrate. This figure shows that the surface morphology
of the layers depends on substrate temperature. Coatings
deposited at 300∘C and 450∘C present some cracks. By
increasing the substrate temperature to (500–550∘C), the
cracks disappear and a relatively more dense material
is reached. These features could be explained because
at higher substrate temperature, the deposited radicals are
characterized by higher surface kinetic energy, which permits
them better accommodation and consequently produces a
better processed and compacted material.

At 𝑇
𝑠
= 550∘C, the thin film shows a nanogranular

morphology with a great quantity of porous regions, which
mimics the surface morphology of the human bone.

The chemical composition of the films deposited at
substrate temperature of 550∘Cwas determined by EDS, with
the atomic percentages of Zn = 13.6, Al = 27.8, O = 57.1,
and Cl = 1.50, which means that we have ZnAl

2
O
4
ceramic

compound of stoichiometric composition doped with 1.50 %
of chlorine.

XRDmeasurements carried out on the ZnAl
2
O
4
coatings

deposited by spray pyrolysis technique are presented in
Figures 2(a), 2(b), and 2(c). These XRD patterns are shown
for ZnAl

2
O
4
at these three different substrate temperatures:

300∘C, 450∘C, and 550∘C. The zinc aluminate coatings
remain in the amorphous state when deposited at substrate
temperatures up to 400∘C (Figure 2(a)); as the substrate
temperature is increased to 450∘C, some peaks corresponding
to hexagonal phase of ZnO (zincite, ICCD Card File no.
36-1451) are observed in Figure 2(b). In case of the sample
deposited at 550∘C Figure 2(c), only a cubic spinel crystalline
phase of ZnAl

2
O
4
(gahnite) was found (ICCD Card File no.

05-0669 [24]). The calculated lattice parameters (𝑎 = 𝑏 = 𝑐 =
8.0859 Å) for the cubic spinel phase in the films deposited at
550∘C are in agreement with the reported values (𝑎 = 𝑏 = 𝑐 =
8.0848 Å) [24]. Furthermore, it promoted the crystal growth
of this material with a preferential (311) orientation normal
to the coatings surface. Considerable peaks broadening can
be observed due to the nanometric dimension of the grains
in the thin film. By using the Debye-Scherrer formula for
the broadening fitting curve XRD program, the particle size
was evaluated.The average particle diameter was around 20±
5 nm, considering that the grains are spheres.

The surface morphology of the polycrystalline ZnAl
2
O
4

pellets sample obtained by chemical coprecipitation process
is presented in Figure 3 and its XRDmeasurements pattern is
shown in Figure 4. It is clear that this type of ceramic shows a
smooth and homogeneous surface morphology without any
observable porous region. Its average grain size is about 8.5 ±
2.0 𝜇m.

The biomaterial surface interaction between scaffolds and
tissue cells is a significant subject for biomaterials science.
Information originating from this interaction is essential
to aid the design and fabrication of new biocompatible
materials [25]. Our results showed that when we culture
osteoblastic cells on ZnAl

2
O
4
nanostructured materials, the

cell morphology had attached and undergone significant
spreading, elongated demonstrating areas, where filopodia
had intimately adapted with multiple cellular extensions
on the surface of the ceramic (Figure 5(b)). In contrast,
osteoblastic cells culture on ZnAl

2
O
4
bulk materials showed

neither or small elongation or extension (Figure 5(a)). These
morphological results could be supported by the results of
cell adhesion values after 4 and 24 h, presented as the cellular
percentage of attached cells in relation to control tissue
cultures plates.The cellular adhesion as the first step to assess
the compatibility of the cell-material interaction surface was
60 to 80% greater on the ZnAl

2
O
4
nanostructured material

surface where it should be noted that the adherent values
at all-time points were consistently higher when comparing
with bulk ceramic surfaces (Figure 6). Statistical analyses
indicated that there were statistically significant differences
in the cell response, where osteoblastic cells attachment
occurred preferred on the rough ceramic surface followed
by the smooth surface ceramic. Moreover, it is important
to remark that increased cellular attachment obtained on
ZnAl
2
O
4
bulk and 550∘C thin film nanostructured materials

is a good indicator that the surface is not toxic to the cells.
We perform the cell viability test assessed by the MTT assay
to confirm it. The results of the MTT assay are presented
as the optical absorbance at 570 nm as shown in Figure 7.
Both ZnAl

2
O
4
nanostructure and bulk ceramics exhibited

excellent biocompatibility. Among the two ceramics, it can be
seen that cell viability is always higher on a nanostructured
material than a bulk material, where we found high levels of
MTT conversion and continue until day 7. This increment is
directly proportional to the increase of metabolic active cells
on the surface of ZnAl

2
O
4
and inversely proportional to the

toxicity effect of the surface topography of thematerial where
significant differences in mean optical density are always
presented as confirmed by Student’s 𝑡-test. This increase in
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(a) (b)

Figure 5: Cytoskeletal organization morphology micrographs of the attachment of osteoblastic cells after 24 h on (a) bulk ZnAl
2
O
4
ceramic

and (b) ZnAl
2
O
4
thin film nanostructured ceramic at 𝑇

𝑠
= 550∘C. Bar = 20mm.
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Figure 6: Quantitative cell adhesion of osteoblastic cells seeded
on ZnAl

2
O
4
(◼) bulk material and (◻) thin films nanostructure

at 𝑇
𝑠
= 550∘C, after 4 and 24 h of culture, expressed as percent of

cell attachment. Asterisk denotes significant differences (𝑃 < 0.05)
between ceramic materials as determined by Student’s t-test.

adhesion and viability by MTT activity of cells could be
favored for the presence of ZnAl

2
O
4
nanoparticle material.

These results are in agreement with the idea that topography
of extracellular microenvironment can influence cellular
responses from attachment and migration to differentiation
and production of new tissue [26–29]. Moreover, it has also
been reported that surface energy is amore influential surface
characteristic on cellular adhesion and proliferation [30, 31].
So the enhanced cellular adhesion and viability on ZnAl

2
O
4

nanostructure ceramic could be due to the positive influence
of the component of the surface energy. However, further
studies are needed with these materials to fully understand
the tissue cell-material interactions.

4. Conclusion
ZnAl
2
O
4
nanostructure and bulk spinel ceramic have been

evaluated for their in vitro biocompatibility to explore their
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Figure 7: Cell viability determined by MTT assay after 3, 5, and
7 days of cell culture on ZnAl

2
O
4
(◼) bulk material and (◻) thin

films nanostructured at 𝑇
𝑠
= 550∘C. Error bars represent mean ± SE,

𝑛 = 3 cultures under each conditions. Asterisk denotes significant
differences (𝑃 < 0.05) between ceramic materials as determined by
Student’s 𝑡-test.

potential to be used in dental implant and bone substitute
applications. The in vitro attachment and morphological
and viability responses of osteoblastic cells suggest that
nanostructured ceramic appears to be the most conducive
to cells compared to the bulk ceramic surface. The results
of these studies could lead to a relatively new generation of
bioceramics with surface characteristics specific to the needs
of individual tissue types as bone or oral cavity.
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Nonsteroidal anti-inflammatory drugs (NSAIDs) are among most commonly prescribed medications worldwide. NSAIDs play an
important role due to their pronounced analgesic potency, anti-inflammatory effects, and lesser side effects compared to opioids.
However, adverse effects including gastrointestinal and cardiovascular effects seriously complicate their prolonged use. In the
present workwe prepare SiO

2
-based nanoparticles with ketorolac, for controlled release proposes.Thenanomaterials were prepared

by the sol-gel technology at acidic conditions and two different water/alcoxide ratios were used. FTIR spectroscopy was performed
in order to characterize the solids and drug-SiO

2
interactions.Thermal analysis and nitrogen adsorption isotherms showed thermal

stability of the drug and confirmed the presence of particles with high surface area. Transmission electron micrographies of the
samples showed the nanosize particles (20 nm) forming aggregates. Drug release profiles were collected by means of UV-Vis
spectroscopy and kinetic analysis was developed. Release data were fitted and 1 : 8 sample showed a sustained release over ten
hours; 90% of the drug was delivered at the end of the time.

1. Introduction

Nanotechnology drug delivery, diagnosis, and drug develop-
ment represent the change in medicine in 21st century. This
field is an area that will produce significant results, in this way
the drug is controlled during days or even weeks, depending
on the disease to treat [1]. Nanoparticulate drug delivery
vehicles can be organic or inorganic solids but biocompatible
and nontoxic. These novel systems allow drug absorption in
a controlled way and with less adverse side effects [2].

Nonsteroidal anti-inflammatory drugs (NSAIDs) are
among most commonly prescribed medications worldwide
[3]. Approximately 20% of people older than 65 years have
been prescribed NSAIDs [4]. In acute pain as headache,

stomach ache, or flu, NSAIDs play an important role due
to their pronounced analgesic potency, anti-inflammatory
effects, and lesser side effects compared to opioids [5, 6].
However, adverse effects including gastrointestinal (GI) and
cardiovascular (CV) seriously complicate their prolonged use
[7].

Ketorolac tromethamine (KT), Figure 1, is a pyrrolizine
carboxylic acid derivative of NSAIDs with potent analgesic
and moderate anti-inflammatory activity, a relatively favor-
able therapeutic agent for the management of moderate to
severe pain [8, 9]. The beneficial effects of KT are probably
due to its ability to block prostaglandin synthesis by prevent-
ing the conversion of arachidonic acid to the endoperoxides
[10].
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Si(OC2H5)4 + H2O
C2H5OH

+ C2H5OHSi(OC2H5)4− (OH)

Scheme 1: Hydrolysis of TEOS.

For instance, weight by weight KT proved to be 50
times more potent than naproxen in analgesia models but
only 3 times more potent in inflammation models [11].
This remarkable dissociation between analgesic and anti-
inflammatory effects provided the basis for the development
of the drug as excellent anti-inflammatory and analgesic.
In clinical settings however ketorolac has been involved as
a contributing cause of increased postoperative bleeding,
renal failure, and gastritis; the severity of these side effects is
probably dose related [12].

For these reasons, many attempts to develop novel for-
mulation strategies to deliver KT had been made. Sinha
and Trehan [13] prepared drug-loaded polycaprolactone and
poly lactic-co-glycolic acid microspheres, Rokhade et al. [14]
developed semi-interpenetrating polymer network micro-
spheres of gelatin and sodium carboxymethyl cellulose, and
recently, Genc and Jalvand [15] produced controlled release
hydrophilic matrix tablets.

The use of mesoporous silica nanoparticles offers a
suitable method to deliver drugs toward specific tissues or
cells depending on drug properties [16]. Sol-gel inorganic
nanoparticles exhibit significantly higher surface area and
porosity [17] which means more available surface to place
molecules of interest. One of the main advantages of sol-gel
process is that materials exhibit special features like highly
hydroxylated surface which has demonstrated to be one facile
method to achieve functionalized surfaces. Additionally, sol-
gel process provides the opportunity to release a great variety
of biomolecules, medicines, or compounds from the oxide
structure, while functionalization or surface modification is
relatively easy.

Sol-gel chemistry uses neutral, acidic, or basic conditions
to achieve hydrolysis and condensation of numerous silane
monomers ≡Si–O and O–Si–OH (Scheme 1) [17–20].

At present, a great deal of emphasis is being placed on the
development of controlled or sustained release forms for the
drug as this would help in achieving the required therapeutic
efficacy and better tolerance. The main goal of this study was
to develop ketorolac silica reservoir (ketorolac-SiO

2
) delivery

system using sol-gel method.

2. Experimental

2.1. Materials. Tetraethoxysilane (TEOS) 98%, was
purchased from Sigma-Aldrich. Ketorolac tromethamine
(C
15
H
13
NO
3
, MW 255.27 g/mol) by Lyomont laboratories

was also purchased, all organic solvents were purchased from
Sigma-Aldrich.

2.2. Preparation of Reservoir. Silica reservoir was made by
sol-gel process at room temperature using two water alkox-
ide molar ratios 1 : 8 and 1 : 4; the same ethanol : alkoxide

ratios were used. Preparation was as follows: appropriated
amounts of water and ethanol were placed and mixed in a
three neck round-bottom flask. Then 18.5mL of TEOS was
dropwise simultaneously but in a different neck with the drug
(6mg/gSiO

2
). The mixture was left under stirring for 14–21

days.Other SiO
2
nanoparticles were prepared under the same

conditions but without analgesic. Then, dried material was
crushed in an agata mortar.

2.3. Characterization. Infrared absorption spectra, of the
nanomaterials were obtained on IRAffinity-1 FTIR system. A
tablet with the different samples (5%wt) was pressed together
with 95% wt of KBr (2000 ton/in2).

Thermograms were carried out using a Simultaneous
Thermal Analyzer STA i-1000. Samples were placed in a
platinum pan and heated at a rate of 10∘C/min, in N

2

atmosphere from room temperature to 800∘C.

2.4. Morphology Study. High-resolution transmission elec-
tron microscopy (TEM) images were obtained using a
TEM microscope, JEOL JEM-2100F, operated at 200 kV and
equipped with an energy dispersive spectroscopic (EDS)
microanalysis system (Oxford). The images were obtained
using a Gatan Orius camera.

2.5. Nitrogen Adsorption Measurements. Nitrogen adsorp-
tion-desorption isotherms were obtained using a Micro-
meritics Belsorp II, Bell Japan Inc The Brunauer-Emmett-
Teller (BET) method was used to calculate specific surface
areas (𝑆BET). Pore volumes and pore size distributions were
obtained using BJH method.

2.6. Controlled Drug Release. A tablet made of each
Ketorolac-SiO

2
nanomaterial (1 : 4 and 1 : 8 ratios) was placed

into a glass with deionized water (50–75mL). Sampling
was performed at different periods of time over a total
of 200 hours. Analysis was performed using ultraviolet
spectroscopy (Cary-1 UV-visible, Varian) by following the
increase in main absorption bands reported for ketorolac.
After measurements, samples were returned to the glass
to maintain constant volume. A calibration curve was
performed and absorbance spectra were collected. In order
to calculate drug concentration Lambert-Beer law was used.
Drug release curves were obtained by plotting cumulative
drug concentration versus time. Determinations were made
by duplicate.

2.7. Applied Methods to Compare Drug Release Profiles.
Ketorolac release kinetics from each nanomaterial was ana-
lyzed by several mathematical models. Depending on these
estimations, suitable mathematical models to describe dis-
solution profiles were determined. The following plots were
made: dissolution % drug release versus time (zero-order
kinetic model); Ln dissolution % drug remaining versus time
(first-order kinetic model); dissolution % drug release versus
square root of time (Higuchi model); cube root of drug %
remaining in matrix versus time (Hixson-Crowell cube root
law); and dissolution % drug release versus time (hyperbola).
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Figure 1: Structure of Ketorolac tromethamine.
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Figure 2: IR spectra of (a) and (b) 1 : 8 ratio; (c) and (d) 1 : 4 ratio SiO
2
based materials.

3. Results and Discussion

3.1. Characterization. Figure 2 shows the most distinctive
infrared absorption bands of silica for both ratios. In the
3500–3200 cm−1 region, the O–H stretching band due to

residual water and Si–OH vibration was observed, this is
typical in sol-gel materials, and the presence of O–H from
methanol groups of the drug contributes to this band.
Presence of adsorbed water is confirmed by the appearance
of a band around 1641 cm−1 in all the samples. The signals
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centered at 455 and 457 cm−1 are related with the Si–O–
Si bond deformation. The band around 1100 cm−1 is split
into two bands at 1165 and 1097 cm−1 for the 1 : 8 material
and at 1161 and 1095 cm−1 for 1 : 4 ratio; these correspond to
stretching vibrations of Si–O–Si bonds. At 804 and 810 cm−1
we observed of Si–O− flexion vibrations for 1 : 8 and 1 : 4
ratios, respectively. Si–OH stretching bands were observed
at 948 and 968 cm−1, these results are similar to those
reported by Gonzáles et al. [18] and Kalampounias [21],
no absorption bands of Ketorolac can be clearly assigned,
since most of the signals due to the bonds of the drug are
overlapped white silica bands. However some features are
slightly distinguished; a more intense band was observed
at 1450 cm−1 for Ketorolac-SiO

2
1 : 8 and at 1454 cm−1 for

Ketorolac-SiO
2
1 : 4. In this region C=C ring antisymmetric

elongation can be detected, this band is less intense in both
silica references due to in those samples there still remains
residual ethanol from the synthesis, so the band we observed
corresponds to O−H deformation.

TGA curves are shown in Figure 3. Weight loss was
very similar for all samples. For 1 : 8 ratio, the first loss was
about 5% for Ketorolac-SiO

2
and ca. 8% for the reference

around from room temperature to 150∘C. This first gradual
loss is associated with residual ethanol of the synthesis, and
dehydratation from both silica and the drug [22]. A second
loss was recorded around 168∘C (ca. 3%) in Ketorola-SiO

2
,

this can be due to decomposition of tromethamine salt [23],
the final gradual loss from 200 to 500∘C is attributable to the
lost of structural OH groups from silica.

When we compared TGA in both water ratios, the
main difference is that silica references initially loss more
weight than those nanomaterials with ketorolac; this can be
explained due to the time of aging in both samples, since
drug-loaded silica required higher time than silica alone.
Regarding to the water ratios, the difference due to the
amount of water is barely noticeable.

3.2. TEM and EDS of Reservoirs. The surface morphology of
the Ketorolac-SiO

2
reservoirs was studied by transmission

electron microscopy. The samples were placed on a cooper
grid with a holey carbon support film. Several areas of the
sample were photographed using the bright field technique
(Figure 4), where the crystalline parts in Bragg orientation
appear dark and the amorphous or not Bragg oriented parts
appear bright [24], with a 200 kV electron beam.

The micrographs showed aggregates formations of SiO
2

in the drug-silica nanomaterial, with particle size of 20–
100 nm approximately; due to electrostatic forces between
these particles, agglomeration occurs, giving rise to nanopar-
ticles collection, similar to previously reported by Uddin et
al. [25]. The images suggest no Ketorolac presence in the
crystalline Silica formations surface, in comparison with the
reference sample.

The EDS was obtained from different large groups of
particles; several hundred nanometers wide showing and
confirming the nanomaterial are silica pure not only in the
surface, but also in the whole structure.The dispersive energy
bands shown are purely from silicon and oxygen without any

Table 1: N2 adsorption parameters.

Sample 𝑆BET (m2/g) 𝑉
𝑃
(cm3/g) 𝑅

𝑝
(nm)

SiO2 1 : 4 485 0.40 1.64
Ketorolac-SiO2 1 : 4 26 0.20 6.95
SiO2 1 : 8 532 0.26 1.64
Ketorolac-SiO2 1 : 8 95 0.60 1.64

peak overlapping (Figure 6) with some peaks, in the case of
the reference, due to the dispersive energy of the Cu grid
(around 1, 8, and 9 keV) where the sample is sustained, and
for that must be ignored.

3.3. Surface Analysis Using Nitrogen Adsorption-Desorption.
N
2
adsorption-desorption isotherms of the reservoirs mea-

sured at 77K are shown in Figure 7; it can be clearly noticed
that introducing Ketorolac modifies obtained isotherm. In
both cases (1 : 8 and 1 : 4) ketorolac-SiO

2
materials showed

lower adsorption, because drug molecules fill the pores,
blocking available space to nitrogen molecules to measure
real surface area; this is confirmed by 𝑆BET values (Table 1).
Isotherm of the sample ketorolac-SiO

2
1 : 8 showed a type

III according to IUPAC classification. In this case, ketoro-
lac molecules showed weak interaction with nitrogen; thus
adsorption of high amount of N

2
is not achieved and no

significant hysteresis was observed.The 1 : 4 ketorolac sample
showed similar behavior although with a slight hysteresis,
however as in reference sample, adsorbed volume is lower
than 1 : 8 material, which means that when a larger ratio of
water is used, higher porosity is obtained. In the references
samples, isotherms are type IV. Microporosity of the samples
can be confirmed by TEM images (Figures 4(g) and 5(d)).

Pore size distributions showed a wide distribution for
references; nevertheless we must consider the influence of
adsorbed drug in pore occlusion, while in references we
clearly observe a sharp peak around 2 nm. These results are
comparable with those reported by Guo et al. [26].

The BET surface area values observed in both references
were between 620–800 and both ketorolac-SiO

2
samples

exhibited less area values, confirming the presence of drug
inside and over the surface of the material. Pore size distribu-
tion (PSD) was estimated from desorption branch using BJH
method (Figure 8). In pure silica, when we used 1 : 8 ratio,
a narrow distribution centered around 1.6 nm is observed,
while in 1 : 4 ratio material, bimodal behavior with a second
peak at 2.7 nm occurs. Incorporation of drug causes pore
occlusion limiting adsorptive access and reducingN

2
adsorp-

tion. In ketorolac SiO
2
1 : 8, a wide but small distribution

from 14 to 22 nm (inset) can be observed, in the other sample
(1 : 4) a minimal volume was adsorbed. These results are
in agreement with observations made from corresponding
isotherms.

3.4. In Vitro Drug Release. Several mathematical models are
used to evaluate the kinetics of drug release from pharma-
cological formulations. The model that best fits the obtained
data is selected based on the correlation coefficient (r) value.
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Figure 3: TGA curves of (a) 1 : 8 and (b) 1 : 4 samples.
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Figure 4: TEM images of ketorolac-SiO
2
1 : 8 in the first four images and of reference-SiO

2
1 : 8 in the next four images.

Several attempts have beenmade in order to avoid adverse
side effects from oral administration of ketorolac, as the work
of Genc and Jalvand [15] where they used hydrophilic matrix
and achieved a slow release during 7 hours, another example
is the use of microcapsules most of them made of Eudragit
[27], and release the drug for no longer than 10 hours. Release
profile of both Ketorolac-SiO

2
samples is different from each

other (Figure 9). The cumulative % drug release from 1 : 4
was two times faster than 1 : 8 sample (Figure 10). This is
probably due to more drugmolecules being surface adsorbed

in ketorolac SiO
2
1 : 4, and these are weakly bonded to the

silica surface, releasing them more easily, and hence release
time is shorter. For ketorolac SiO

2
1 : 8 we observed that 90%

of the drug was released after 200 hr. (Figure 9(a)).
In order to fit data to mathematical models, we applied

five dissolution-diffusion kinetic models (zero-order, first-
order, Higuchi, Hixon-Crowell and hyperbola) and calcu-
lated the corresponding kinetic parameters and linear corre-
lation coefficients (𝑅

2
), these values are showed in Tables 2

and 3.
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Figure 6: EDS spectra of Ketorolac SiO
2
1 : 8 (a) and Reference SiO

2
1 : 8 (b).

In general, the zero-order-first-order, Higuchi, and
Hixon-Crowel models are not suitable to explain the con-
trolled drug release data obtained in this study. The plots
do not fit linear relationships and also have low correlation
coefficients (𝑅

2
< 0.8). The hyperbola model fits the release

data much better, with linear correlation coefficients of 𝑅
2
>

0.9 for both reservoirs; the rate of drug release shows a
hyperbole not dependent on the concentration.

The difference in drug release is not only attributed to
the presence of nanosized pores. The presence of a small
amount of mesopores in the 1 : 4 material (in pure SiO

2
)

implies that drug molecules can be occluded more easily in
wider pores and release occurs faster than in micropores
contributing to higher release rate. Also, during synthesis,
considerable amount of adsorbed drug on particle surface
might contribute to drug release in the initial phase.
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Table 2: Linearization coefficients obtained from in vitro release of Ketorolac from SiO2.

Reservoir Zero-order First-order Higuchi Hixon-crowel Hyperbola
𝑄
𝑡
= 𝑄
0
+ 𝐾
0
𝑡 𝑄

𝑡
= ln𝑄

0
− 𝐾
1
𝑡 𝑄

𝑡
= 𝑘
𝐻
𝑡
1/2

𝑊
1/3

0
−𝑊
1/3

𝑡
= 𝐾
𝑠
𝑡 𝑎 ∗ 𝑥/(𝑏 + 𝑥)

Ketorolac SiO2 1 : 8 0.4183 0.6809 0.5980 0.5712 0.9651
Ketorolac SiO2 1 : 4 0.7496 0.9664 0.8644 0.8919 0.9516
𝑄𝑡: amount of drug released in time t.
𝑄0: initial amount of drug in the tablet.
𝐾0,𝐾1, 𝑘𝐻,𝐾𝑠: release rate constants.
b: shape parameter.
a: scale parameter.
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2
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Figure 9: In vitro release profile of ketorolac from SiO
2
1 : 8 reservoir

(a) first 8 hours and (b) full time.

4. Conclusion

The development of new pharmaceutical formulations to
enhance the therapeutic effect of conventional drugs is a
rising area. Most micro- and nanomaterial used for this
purposes are organic polymers; however since most of them
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Table 3: Drug release rates calculated for the differentmathematical
models.

Mathematical model Ketorolac SiO2 1 : 4 Ketorolac SiO2 1 : 8
Zero-order [%/h] 30.51 0.09563
First-order [h] 3.057 0.00677
Higuchi [%] 72.97 1.69
Hixon-Crowell [h−1] 0.5364 0.0081
Hyperbola [%/h] 176.62 88.01

are commercially available, less control over their physical
and chemical properties can be achieved. In order to bypass
their limitations, alternative nanostructured materials like
silica can be used. We synthesized silica nanoparticles with
ketorolac for drug release.The best molar ratio was 1 : 8, since
80%of the drug is released at the 10 hourswith a slower rate in
the following hours reaching the 90% at the end of the time.
Although 1 : 4 material released much faster, the behavior of
1 : 8material wasmore homogeneous. Both systems represent
an alternative to deliver ketorolac in a more controlled way.
Sol-gel process is a potential method to obtain designed
materials with suitable characteristics to host a great variety
of molecules.
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For bone tissue regeneration, composite scaffolds containing biodegradable polymers and nanosized osteoconductive bioceramics
have been regarded as promising biomimetic systems. Polymer blends of poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) and
poly(L-lactic acid) (PLLA) can be used as the polymer matrix to control the degradation rate. In order to render the scaffolds
osteoconductive, nano-sized hydroxyapatite (nHA) particles can be incorporated into the polymer matrix. In the first part of this
study, a factorial design approach to investigate the influence of materials on the initial compressive mechanical properties of the
scaffolds was studied. In the second part, the protein adsorption behavior and the attachment and morphology of osteoblast-like
cells (Saos-2) of the scaffolds in vitro were also studied. It was observed that nHA incorporated PHBV/PLLA composite scaffolds
adsorbed more bovine serum albumin (BSA) protein than PHBV or PHBV/PLLA scaffolds. In vitro studies also revealed that the
attachment of human osteoblastic cells (SaOS-2) was significantly higher in nHA incorporated PHBV/PLLA composite scaffolds.
From the SEM micrographs of nHA incorporated PHBV/PLLA composite scaffolds seeded with SaOS-2 cells after a 7-day cell
culture period, it was observed that the cells were well expanded and spread in all directions on the scaffolds.

1. Introduction

In scaffold-based tissue engineering (TE), scaffolds play
several important roles. Scaffold material and scaffold
fabrication techniques should be selected carefully as the
scaffold properties are crucial to determine the success of
a TE approach [1, 2]. One of the basic requirements for
polymer-based scaffolds is that the scaffolds should have
controllable porous architecture that can allow cell migra-
tion, attachment, and growth, leading to tissue regeneration.
The degradation product(s) of scaffolds should be non-
toxic and easily taken up or excreted via metabolic path-
ways. Scaffolds should have sufficient mechanical strength
to maintain structural integrity during culture. Some of
the commonly used biodegradable polymers that are used
as scaffold materials include poly(glycolic acid) (PGA),

poly(l-lactic acid) (PLLA), and their copolymer poly(lactic
acid-co-glycolic acid) (PLGA) [2]. Poly(hydroxybutyrate-co-
hydroxyvalerate) (PHBV), which is a natural, biodegradable
polymer, possesses good biocompatibility, also being used to
made into TE scaffolds. The in vivo degradation product of
PHBV is a normal constituent of human blood [2]. PHBV
has been investigated for tissue engineering application [3–
5]. Due to the slow degradation rate, PHBV can be blended
with PLLA in order to control degradation rate and time
[6, 7]. Hydroxyapatite (HA) being the mineral component
of living bones has gained much recognition as a scaffolding
material [8, 9]. Nanosized HA (nHA) and biodegradable
polymer blends containing biocomposite scaffolds can offer
a promising strategy for bone tissue regeneration.

The freeze-drying technique has been used for construct-
ing TE scaffolds due to its usefulness to create highly porous
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scaffolds and controlled pore sizes [10, 11] although there
are many techniques available to fabricate tissue engineering
scaffolds. If freeze-drying technique is used, a number of
factors are concerned for the ultimate morphology and
properties of the scaffolds. It is possible to achieve highly
organized three-dimensional structures if the parameters are
selected and employed properly. In the first part of the
study, the factorial design was used to investigate the material
parameters to fabricate TE scaffolds based on PHBV and
PLLA polymers and nHA.

Protein adsorption on the substrate is of importance in
evaluating a TE scaffold as cell adhesion and survival could
be modulated by adsorption capacity on the substrate [12].
Within seconds of implantation, protein adsorption onto
the foreign surface occurs when biomaterials are implanted
into animals or humans. By rapid protein adsorption, it
is meant that the arriving cells at the biomaterial surface
interact with the adsorbed protein layer instead of the
material itself. The response between implanted biomaterial
and the body depends on the initial protein adsorption
onto a biomaterial surface. Thus adsorption of protein
plays a key role. The three primary plasma proteins are
albumin, immunoglobulin, and fibrinogen. Among these
three proteins, albumin is the predominant plasma protein
which makes up 60–70% of plasma. It was reported that
albumin could “passivate” the surface of biomaterial and
reduced the acute inflammatory response to the biomaterial.
It was reported that osteoblast adhesion was significantly
greater on nanophase alumina, titania and HA which was
due to enhanced adsorption of protein vibronectin by
the bioceramics [12]. Protein adsorption of cerium oxide
nanoparticles as a function of zeta potential was studied
and it was reported that electrostatic interactions played an
important role in protein adsorption of nanoparticles [13].
The adhesion of protein on low density polyethylene (LDPE)
was studied and it was described that the surface wettability
and contact time had significant effects on protein adhesion
to the surface of biomaterials. In the second part of this
study, the protein adsorption behavior by the scaffolds and
the response of osteoblast attachment and morphology was
also investigated for the composite scaffolds.

In the present study, a two-level fractional factorial
design was formulated to determine the compressive proper-
ties of the scaffolds in vitro and then the scaffolds were used
for protein (bovine serum albumin, BSA) adsorption study.
The attachment and morphology of osteoblast-like cells
(Saos-2) when cultured on the scaffolds were also studied.

2. Materials and Methods

2.1. Materials. PHBV (6% of 3-hydroxyvalerate) was pur-
chased from Sigma-Aldrich and PLLA with an inherent
viscosity 1.6 dL g−1 and 1.9 dL g−1 (Medisorb 100L 1A) was
purchased from Lakeshore Biomaterials (Birmingham, AL).
The nHA nanoparticles used for composite scaffolds were
produced in-house through a nanoemulsion process [14]. All
chemicals used in this investigation were analytical grade.

2.2. Methods

2.2.1. Factorial Design. To overcome the limitations of
one-factor-at-a-time method, a factorial design study was
performed to investigate the effects of material parameters to
produce tissue engineering scaffolds. Five processing param-
eters as variables were tested in a two-level fractional factorial
design [15] and compressive properties were determined
from compressive stress-strain curves. The variables in the
experimental design were (1) the polymer concentration,
(2) water phase fraction, (3) blend composition of PLLA in
PHBV, (4) the amount of HA as filler, and (5) molecular
weight of PLLA.

2.2.2. Scaffold Fabrication. For scaffold fabrication, polymer
was weighed accurately and poured into a centrifuge tube.
Then an accurately measured amount of chloroform was
added to the tube to make a solution with a desired polymer
concentration. After obtaining the homogeneous polymer
solution, the water phase (aqueous acetic acid solution
or ultra pure water) was added to make an emulsion.
The emulsion was homogenized by using a homogenizer
(Ultra-Turrax, T-25; IKA-WERKE). Polymer or HA/polymer
composite scaffolds were made via freeze-drying technique
[5, 16].

In order to solidify the emulsion, the beaker containing
the emulsion was rapidly transferred into a deep freezer at a
preset temperature for overnight. The frozen emulsion was
then placed into a freeze-drying vessel (LABCONCO-Freeze
dry system, USA). To remove the solvent and the water phase
completely, the samples were freeze-dried for at least 46 hrs.
The polymer and composite scaffolds were subsequently
obtained. The scaffolds were stored in a vacuum dessiccator
at room temperature for storage.

2.2.3. Characterization and In Vitro Mechanical Properties
of the Scaffolds. The porous structures of PHBV scaffolds
were studied through scanning electron microscopy (SEM;
Stereoscan 440, Cambridge, UK). The pore diameters
were calculated using SEM micrographs. Using an Instron
mechanical tester (Instron 5848, USA) with a 100 N load cell
and at a crosshead speed of 0.5 mm/min, the compressive
mechanical properties of PHBV and PHBV-based composite
scaffolds were obtained for dry cylindrical samples with
height of 5 mm and diameter of 10 mm at room temperature
The compressive yield strength and compressive modulus
was calculated from the initial linear region of stress-strain
curves.

2.2.4. Protein Adsorption Study. Experiments of protein
adsorption on scaffolds (100/0 PHBV/PLLA, 50/50 PHBV/-
PLLA, and 10% HA in 50/50 PHBV/PLLA) were performed
by incubating scaffold samples at 37◦C in PBS containing
bovine serum albumin (BSA) for predetermined periods
of time. The samples were pretreated by ethanol and
washed by PBS before incubation. A commercial protein
assay kit, Micro BCA (Thermo Scientific, Pierce, Rockford,
IL, USA) using BSA standards, was used to quantify the



Journal of Nanomaterials 3

concentration of protein in BSA/PBS solutions containing
scaffold samples and the control (without scaffold samples),
respectively, under the same incubation conditions. The
amount of adsorbed proteins was determined by subtracting
the amount of protein which was left in the BSA/PBS solution
from the amount of protein in the control.

2.2.5. Cell Culture and Cell Seeding. Human osteoblast cells
(Saos-2) were cultured with Dulbecco’s modified Eagle
medium (DMEM, Gibco, UK). The medium was supple-
mented with L-glutamine, 1% streptomycin, 0.04% fungi
zone, and 10% fetal calf serum (FCS) at 37◦C in a 5% (v/v)
CO2 incubator. The cells were detached using 0.25% (w/v)
trypsin-ethylenediamietetraacetic acid (EDTA) (Invitrogen,
USA) when the cells reached about 80% confluence and
subcultured for subsequent use. Scaffold samples were cut to
the correct height (1.5 mm) and diameter (10 mm) and were
prewetted in ethanol for 24 h and then washed with PBS.
Then they were sterilized by 60Co γ-irradiation. 2.2 × 105

cells/well in the wells of a 24-well plate were then seeded
separately onto scaffold samples as well as onto a tissue
culture polystyrene (TCPS) as control. Then the culture wells
were filled with 1 mL of culture medium. The cell-scaffold
constructs were maintained until 1, 7, or 14 days postseeding.

2.2.6. Cell Attachment and Morphology. The cells were
cultured for 3 h and 24 h in order to examine the cell
attachment to the scaffolds and TCPS; Triplicate samples
were used for each time. The culture medium was removed
after each time point and then the wells were gently washed
with PBS to remove unattached cells. The adherent cells
were enzymatically released from the specimens with the
aid of 0.25% trypsin-EDTA. In order to count the cells,
a haemocytometer (Tiefe Depth Profounder, Marienfeld,
Germany) was used.

The viability and the morphology of cells around
the scaffold specimen on the bottom of the cell culture
plate was observed through an optical microscope (Leica
MZFLIII, Germany) equipped with a digital camera. For
scanning electron microscopy (SEM), cells were grown and
prepared for SEM by fixing with 2.5% glutaraldehyde in
cacodylate buffer and dehydrated with ethanol. Then the
samples were dried in a critical point dryer using liquid
carbon dioxide as the transition fluid. The samples were
sliced, sputter coated, and analyzed with a SEM (Hitachi
S3400N).

2.2.7. Statistical Analysis. All quantitative data of this study
were obtained from triplicate samples and were presented as
mean ± standard deviation (SD). To test the significance, an
unpaired Student’s t test (two tail) was applied. A value of
P < 0.05 was considered to be statistically significant.

3. Results and Discussion

3.1. Factorial Design Study. Tables 1 and 2 show the low and
high levels of the variables which are represented by “+”
and “−” and the combinations of the variables in total of

Table 1: Low levels (−) and high levels (+) of variables in the
fractional factorial design.

Levels

Factors − +

(A) Polymer concentration (%) 7.5 10

(B) Water phase fraction 0.5 0.66

(C) Composition of PLLA in PHBV 50/50 75/25

(D) Amount of HA (%) 5 10

(E) Molecular weight of PLLA (dL g−1) 1.6 1.9

eight runs. The results of factorial design on compressive
properties are given in Table 3. For the composite scaffolds,
the effects of the five variables in the fractional factorial
design on the compressive strength and modulus with their
standard errors are given in Table 4. Figure 1 is the typical
compressive stress-strain curves of a scaffold specimens
cut from one scaffolds. The compressive stress-strain curve
had three distinct regions: linear elasticity, long plateau,
and densification region. The compressive modulus and
compressive yield strengths were calculated from initial
linear region. It can be demonstrated that the positive
number indicates that the particular variable has an effect to
increase the modulus as it goes from its low level to high level
and a negative number indicates that the variables causes the
modulus to decrease as the variable goes from its low level
to its high level. As it is important to have some methods for
interpreting the effects whether they are certainly real and
whether they might be explained readily by chance variation,
a rough rule is that effects greater than 2 or 3 times their
standard error cannot be explained by chance alone [15].

In Table 4, the main effects which are not due to noise
are given in italic form. It can be seen from Table 4 that the
polymer concentration, amount of HA, and the molecular
weight of PLLA had the effects to increase the compressive
modulus and yield strength as they go from low levels to high
levels. On the other hand, the ratio of water phase and blend
composition have the effects to decrease the compressive
modulus and yield strength when they go from low to high
levels.

Yaszemski et al. investigated the effects of several com-
posite material formulations and conducted a factorial
study to calculate initial mechanical properties in vitro and
studied the association with histological characteristics of
the resulting material in vivo [17]. It was also reported
that the synthesis of polymer allowed alterations of the
composition as well as of the physical properties to effect
resulting composites. It was also studied and reported that
the polymer molecular weight, presence of a leachable salt,
and amount of cross linking monomer had strong effects
on the final strength and modulus of the composite, which
were on the order of 5 MPA, an appropriate magnitude
for a temporary trabecular bone substitute [18]. In this
study, the effects of five processing parameters were studied
for the determination of the effects of these processing
parameters on the compressive properties. It was possible
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Table 2: Eight-run experimental design for studying the effects of the five factors.

Run number
Polymer

concentration (A)
Water phase

composition (B)
Blend composition
PLLA/PHBV (C)

Amount of HA (D)
PLLA molecular

weight (E)

1 + − − − −
2 + − + + −
3 + − − + +

4 − + + + −
5 − + − − −
6 + + + − +

7 − + − + +

8 − − + − +

Table 3: Compressive yield strength and compressive modulus of
scaffolds.

Run
number

Compressive yield strength∗ (MPa) Modulus∗ (MPa)

1 0.25± 0.07 4.0± 1.2
2 0.50± 0.04 11.0± 3.4
3 0.80± 0.06 12.0± 4.1
4 0.20± 0.01 1.0± 0.3
5 0.11± 0.01 1.2± 0.4
6 0.32± 0.08 0.8± 0.2
7 0.23± 0.04 10.0± 3.1
8 0.34± 0.05 2.0± 0.8
∗mean ± standard deviation.

to produce scaffolds by altering the combinations of these
parameters. Polymer concentration and amount of HA had
the maximum effects on the scaffold compressive properties.
It was observed that the scaffolds produced from these
processing parameters which had highest effects on the
compressive properties would facilitate bone formation in
vitro [5].

3.2. Scaffold Properties. For the second part of the study,
based on the parameters and main effects as given in
Table 1 and Table 4, three types of scaffolds fabricated
from 10% (w/v) polymer concentration, 0.5 water phase
fraction, 100/0 PHBV/PLLA, 50/50 PLLA/PHBV and 10%
HA incorporated 50/50 PHBV/PLLA scaffolds were chosen
for protein adsorption and in vitro cell culture study. SEM
micrographs of these three types of scaffolds are given in
Figures 2(a), 2(b), and 2(c). It was observed that the scaffolds
exhibited a large pore size distribution (from several μm to
300 μm) and had interconnected pores. It was also observed
that the HA nano particles were homogeneously distributed
in the 10% HA incorporated 50/50 PHBV/PLLA composite
scaffolds described elsewhere [5].

3.3. Protein Adsorption. Figure 3(a) shows the physical
appearance of the scaffolds. All the scaffolds were three-
dimensional in structure and physically manageable. UV-
visible spectroscopy measurements were carried out for
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Figure 1: Typical compressive curves of the scaffold specimens cut
from one scaffolds fabricated from combination of run 3 of Table 3.

known concentrations of BSA at the absorbance of 562 nm.
Noncoated polymer and composite scaffolds of different
composition were incubated for 3 hrs, 22 hrs and 42 hrs
in BSA/PBS solution in order to assess protein adsorption
behavior. After 22 hrs, protein adsorption of all the scaffolds
reached equilibrium as there was no significant change
observed from 22 hrs to 42 hrs (Figure 3(b)). Figure 4 shows
the effect of polymer blend composition and incorporated
nHA on the protein adsorption capacity of composite
scaffolds. The amount of adsorbed protein was calculated
from the standard curve. After 22 hr, of immersion in
BSA/PBS solution, 50/50 PHBV/PLLA scaffold adsorbed
more BSA proteins than 100/0 PHBV/PLLA scaffold and 10%
nHA incorporated 50/50 PHBV/PLLA composite scaffolds
adsorbed more BSA proteins than plain PHBV scaffold.

Protein adsorption is of importance to evaluate a scaffold
for the tissue engineering application. It was observed from
this part of the study that composite scaffolds containing
nanosized HA could adsorb more protein than pure PHBV
or PHBV/PLLA blend scaffolds. Incorporation of HA can
alter the pore surface morphology of the scaffolds and may
made them more suitable for increased protein adsorption.
As HA has better affinity towards protein adsorption,
particles exposed on the pore walls in the composite scaffolds
had increased capacity of protein adsorption.

Andrade et al. and Sun et al. studied the principles
of protein adsorption extensively and summarized that the



Journal of Nanomaterials 5

(a) (b)

(c)

Figure 2: Microstructures examined by SEM of three types of scaffolds: (a) 100/0 PHBV scaffold, (b) 50/50 PHBV/PLLA scaffold, and (c)
10% HA in 50/50 PHBV/PLLA scaffold.
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Figure 3: (a) General appearance of the scaffolds and (b) protein adsorption of different scaffolds at 3 hrs, 22, hrs and 42 hrs (data are
expressed as mean ± SD; n = 3).
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Table 4: Calculated main effects of the variables on compressive strength and modulus.

Main effects Effect on compressive yield strength (MPa)∗ Effect on modulus (MPa)∗

(A) Polymer concentration +0.25± 0.03 +3.4± 1.12
(B) Water phase composition −0.26± 0.03 −4.0± 1.12
(C) Ratio of PHBV/PLLA −0.01± 0.03 −3.1± 1.12
(D) The amount of HA +0.18± 0.03 +6.5± 1.12
(E) Molecular weight of PLLA +0.16± 0.03 +1.9± 1.12
∗mean ± standard error.
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Figure 4: Protein adsorption of different scaffolds: (1) PHBV
scaffolds, (2) 50/50 blend scaffolds, and (3) 10% HA in 50/50 blend
scaffolds; (Data are expressed as mean ± SD; n = 3).

arrival of protein at the interface is driven solely by diffusion
process which is dependent on bulk concentration and
diffusion coefficient [18, 19]. It was also demonstrated that
the particular surface chemistry of the protein also controls
the adsorption. When protein adsorption takes place on
neutral hydrophilic surfaces, it will be relatively weak; on the
other hand, adsorption of proteins on hydrophobic surfaces
tends to be very strong and irreversible. When adsorption
takes place on charged surfaces, it tends to be a strong
function of the charge character of the protein, the pH
of the medium, and ionic strength. In this study, protein
adsorption onto the scaffolds was reported. In order to
study the mechanisms whether the protein is adsorbed on
the scaffolds strongly or moderately, protein release study is
needed.

3.4. Cell Morphology and Attachment. Both optical micro-
scopy (Figure 5) and SEM (Figure 6) were used to examine
the state and morphology of Saos-2 cells. Figure 5 shows the
state and morphology of Saos-2 cells after biocompatibility
test for 3 days. It was observed that the cell population and
cell morphology of all specimens of PHBV scaffolds, 50/50
PHBV/PLLA scaffolds, and 10% HA in 50/50 PHBV/PLLA
scaffolds were comparable to the control. This can indicate
that the cell viability remained high after being in contact
with all three types of scaffolds.

Using SEM analysis, the morphology of Saos-2 cells on
the surface of the scaffolds specimens was also studied. Cells
were appeared with clear substrate attachments and cellular
processes. After culturing for 1 day, flat cells were observed
by SEM to be well attached on all three types of scaffolds.
At day 7 of Saos-2 cultures on all types of scaffolds, SEM
analysis verified that the Saos-2 cells were well proliferated.
The cells were more elongated as well as very well attached
and spread on the surface of the scaffolds. The difference in
morphology observed among the cells grown on three types
of scaffolds was not obvious. The cells were found anchored
to the surface by discrete filopodia on the composite scaffolds
(Figure 6).

In this study, all three types of scaffolds were evaluated
for cell attachment (Figure 7). It was observed that after
24 hours, the number of cells attached to HA incorpo-
rated composite scaffolds was significantly different (P <
0.05) than that of 100/0 PHBV/PLLA scaffolds or 50/50
PHBV/PLLA blend scaffolds. On the other hand, the number
of Saos-2 cells attached on the PHBV/PLLA scaffold was
apparently higher than PHBV scaffolds. The difference was
not statistically significant.

In our previous studies [5–7], we reported the fabri-
cation, in vitro degradation and biological evaluation of
PHBV-based scaffolds using emulsion freezing/freeze-drying
process. In the present paper, a factorial design approach
was used to systematically investigate the influence of
different material parameters on the compressive mechan-
ical properties of the PHBV-based scaffolds. Besides the
other requirements, the scaffolds should possess appropriate
mechanical properties. In order to control the compressive
stress and compressive modulus of the polymer and com-
posite scaffolds, careful analysis was possible using factorial
design approach. The protein adsorption and osteoblast
(Saos-2) cell response were also studied in order to evaluate
the scaffolds for bone tissue engineering application. Suc-
cessful control of compressive properties is important for
constructing composite scaffolds for bone tissue engineering
applications.

4. Conclusions

A factorial design study was performed to assess the
main effects of different material parameters on the com-
pressive properties of the scaffolds. Polymer concentra-
tion and the amount of HA had the strongest effect to
increase the compressive modulus and yield strength. 100/0
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(a) PHBV Scaffold (b) 50/50 PHBV/PLLA Scaffold

(c) 10% HA in PHBV/PLLA Scaffold (d) Control

Figure 5: Optical microscopic image of state and morphology of Saos-2 cells in contact with scaffold specimens, (the dark area in (a), (b),
(c) is the test specimen (d) control). (Magnification ×10).

(a) (b)

Figure 6: SEM micrographs of 10% HA in 50/50 PHBV/PLLA composite scaffold after 7-day culture with Saos-2 cells (a, b).

PHBV/PLLA scaffolds, 50/50 PHBV/PLLA scaffolds, and
10% HA incorporated 50/50 composite scaffolds showed
satisfactory adsorption of BSA protein. Adsorption of pro-
tein of all the scaffolds reached equilibrium after 22 hrs.
The HA incorporated composite scaffolds exhibited more
affinity towards protein adsorption than pure other two
types of scaffolds. The attachment of Saos-2 cells was

also significantly higher in 10% HA incorporated 50/50
composite scaffolds.
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A microwave, solvothermal synthesis of hydroxyapatite (HAp) nanopowder with a programmed material resorption rate was
developed. The aqueous reaction solution was heated by a microwave radiation field with high energy density. The measurements
included powder X-ray diffraction (PXRD) and the density, specific surface area (SSA), and chemical composition as specified
by the inductively coupled plasma optical emission spectrometry technique (ICP-OES). The morphology and structure were
investigated using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). A degradation test in
accordance with norm ISO 10993-4 was conducted. The developed method enables control of the average grain size and
chemical composition of the obtained HAp nanoparticles by regulating the microwave radiation time. As a consequence, it allows
programming of the material degradation rate and makes possible an adjustment of the material activity in a human body to meet
individual resorption rate needs. The authors synthesized a pure, fully crystalline hexagonal hydroxyapatite nanopowder with a
specific surface area from 60 to almost 240 m2/g, a Ca/P molar ratio in the range of 1.57–1.67, and an average grain size from 6 nm
to over 30 nm. A 28-day degradation test indicated that the material solubility ranged from 4 to 20 mg/dm3.

1. Introduction

The number of cases of bone defects requiring replacement
has increased rapidly in recent years [1, 2]. Nevertheless,
there is no solution presently available that overcomes the
disadvantages and disabilities of current medical practices.
Techniques are needed to repair large bone defects and to
return patients to their previous quality of life. A primary
difficulty is the lack of a proper material which enables the
creation of bone scaffolds with the appropriate mechanical
strength and a controllable resorption rate. Currently, auto-
grafts are the clinical gold standard for bone replacement
therapy. Autografts provide the primary factors for effective
bone regeneration, but they also impose a significant cost and
risk [3–5].

One potential solution marketed as filler for small bone
gaps and defects is a bioactive ceramic made of micro- and
sub-microhydroxyapatite. Due to their strong similarity to
the mineral phase of native bone, called apatite, bioactive
ceramics display appropriate levels of osteoconductivity
and biocompatibility [6, 7]. Additionally, the interaction
of osteogenic cells with this material leads to good bone
bonding and bone regeneration [8]. Although micro- or
sub-microhydroxyapatite powder is suitable for recovering
small bone gaps, in more complicated cases it has sev-
eral drawbacks like the lack of possibility to control the
material resorption rate [9, 10]. These disadvantages may
be reduced or eliminated by replacing the micropowder
by a hydroxyapatite nanopowder. The latter has grains
much smaller than 100 nm, possibly giving it unexpected
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properties that are necessary to achieve a proper bioactivity
and biodegradability levels. These nanoparticles have a
significantly greater surface-to-volume ratio than powders
with larger grains; thus, they have increased surface energy
[11, 12]. Consequently, the surface energy-related features
such as the solubility may be controlled. According to the
Ostwald-Freudlich equation [13], the material solubility
increases with increased specific surface area. A decrease
in the HAp particle size to a few nanometers should
significantly increase the material solubility [13]. The ability
to regulate the particle size thus enables the control of
the material degradation rate. Additionally, as the literature
shows [14], osteoblast adhesion is strongly driven by the
material surface area and topography. A decrease in the
particle size increases the osteoblast adhesion as it is directly
related [14] to the greater surface area.

A second important feature which influences the HAp
bioactivity is its stoichiometry. Bone mineral has a Ca/P
molar ratio near 1.50, which is close to the tricalcium phos-
phate (TCP) stoichiometry, but structurally and chemically it
is similar to the stoichiometric HAp with a Ca/P molar ratio
equal to 1.67 [15]. The ion exchange or degradation rate is
strongly dependent on the bioactive ceramic stoichiometry.
With calcium deficiency increase, the number of crystalline
structure defects caused by calcium ions vacancies increases
which is reducing material stability and in consequence
increasing its solubility [15, 16].

The literature presents various methods for hydroxya-
patite nanoparticle synthesis; these include processes con-
ducted by mills [17, 18], hydrothermal syntheses conducted
in a typical vessel with conventional heating [19, 20], sol-
gel methods [21, 22], and even synthesis by emulsion [23,
24]. In most cases, the synthesized powder is stoichiometric
hydroxyapatite, and in many cases it includes additional
phases and substances such as byproducts or unreacted
substrates. Usually the powder’s degradation rate is too low
to adjust to bone scaffolding needs and it is not possible
to program its solubility in advance, which is necessary
for bone implant development to overcome the previously
described barriers. Microwave heating is a potential solution,
as it may result in a product that fulfills the previously
described requirements. It has been used as a source of
energy [25–27], but to our best knowledge, never in a closed
system with an energy density equal to or above 5 W/mL.
Microwave radiation is able to evenly and rapidly heat an
entire volume of a vessel almost without a temperature
gradient in the heated materials [28, 29]. Additionally, it
enables the necessary control of the reaction parameters,
so there is the possibility of obtaining a fully crystalline,
nonequilibrium structure with a programmed grain-size
distribution [30, 31].

The purpose of this work was to develop a microwave
solvothermal synthesis method (MSS) based on high energy
density microwave radiation [32] which results in pure,
nonstoichiometric hydroxyapatite nanoparticles with a pro-
grammed particle size, that is, able to regulate the degra-
dation rate of bone scaffolds. The novelty of the presented
method lies in its extremely short synthesis time, ranging
from 90 seconds to 10 minutes, which is made possible by the

implementation of a microwave reactor with a high energy
density reaching 5 W/mL. This paper presents the chemical,
physical, and biological properties of the obtained material,
including its chemical composition, structure, morphology,
and solubility.

2. Experimental Methods

2.1. Material Preparation. The hydroxyapatite nanocrystals
were obtained by the following method, described in detail
in [33]. The starting materials used for the HAp synthesis
were calcium hydroxide (Ca(OH)2, CHEMPUR, pure) and
phosphoric acid (H3PO4, 85% solution, CHEMPUR, pure
for analysis); the reactants were used in a molar ratio
Ca/P of 1.67. To form a reaction solution, phosphoric acid
was added dropwise to the calcium solution at a rate of
0.01 mL every 3 seconds, and the solution was intensively
stirred at room temperature. After 30 minutes of additional
stirring, the reaction solution was transferred into a capped
Teflon vessel and heated using microwave radiation. The
microwave reactor was produced by ERTEC (Wroclaw,
Poland) and was operated at 2.45 GHz and at a power density
adjusted to approximately 5 W/mL. The time, temperature,
pressure, and microwave power were computer-controlled.
The synthesis conditions encompassed pressures ranging
from 1 to 32 MPa and times ranging from 1.5 min to 10 min.
After the synthesis, the obtained powder was washed by
anhydrous ethanol and dried in an air flow at a temperature
of 30◦C for 16 h. Herein, this resulting material is referred
to as “GoHAP” with the addition of the reaction time (e.g.,
GoHAP 1.5 min).

The hydroxyapatite nanopowder NanoXIM201 (FLU-
IDINOVA, ENGENHARIA DE FLUIDOS, SA TECMAIA-
Parque de Ciência e Tecnologia da Maia Rua Eng◦ Frederico
Ulrich, 2650 4470-605 Moreira da Maia, Portugal) was used
as a reference material in the degradation test and in the
PXRD analysis. To the authors’ knowledge, this commercially
available hydroxyapatite powder had the lowest available
particle size on the market. Its characteristics were a density
of 2.93 g/dm3, an SSA of 120 m2/g, an average particle
diameter calculated from SSA of 17 nm, and a Ca/P molar
ratio declared by the producer and confirmed by the authors
of 1.66. Figure 1 presents SEM micrograph of NanoXIM201
nanopowder.

Additionally, an XRD analysis using a plate from a pig’s
shank bone was used as a reference for natural apatite.

2.2. Material Characterization. The density measurements
were performed using a helium pycnometer (Micromeritics
AccuPyc, model 1330) using an in-house procedure [34].
The specific surface area (SSA) of the powders was measured
by the Brunauer-Emmett-Teller (BET) method (Micromerit-
ics AccuPyc, model Gemini 2360). The average diameter of
the particles was calculated based on the specific surface area
and density, assuming that all of the particles were spherical
and identical [34].

The phase composition of the reaction products was
analyzed by powder X-ray diffraction (Panalytical X’Pert
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100 nm

Figure 1: SEM micrograph of NanoXIM201 nanopowder produced
by the Fluidinova Company.

PRO diffractometer, Cu Ka1 radiation). The patterns were
collected at room temperature in the 2 theta range 10–150◦

and with a step of 0.03◦. The pattern analysis was performed
by whole pattern fitting (the Rietveld method) using the
DDM software suite [35]. The particle size was determined
by the Scherrer equation.

The morphology of the nanopowder samples was
examined with SEM (ZEISS LEO 1530) and TEM (JEOL
JEM2000EX). The TEM investigations, high-resolution TEM
(HRTEM), and selected area electron diffraction (SAED)
were conducted at 200 kV. The specimens for the TEM
observations were prepared by dropping the methanol
particle dispersion, created by an ultrasonic technique, on
a carbon film supported on a 300 mesh copper grid.
Additionally, TEM studies were used to determine the
nanoparticle size distribution. The grain size histograms
were obtained by considering a region of a sample having
about 250 nanocrystals and approximating the shape of each
nanocrystal by a sphere. The obtained histograms were fitted
to either normal or log-normal distributions (Chi-square test
and Person’s coefficient).

The chemical composition of the powders was deter-
mined by inductively coupled plasma optical emission
spectrometry (ICP-OES), with induction in argon plasma
(Jobin-Yvon, model 138 Ultrace).

The determination of material solubility was performed
according to norm ISO 10993-14: biological evaluation
of medical devices—identification and quantification of
degradation products from ceramics. The material was tested
in the form of a 6 mm disk (each disk was around 35 mg
and was created from the nanopowder using a laboratory
hydraulic press under 5 MPa pressure) and was placed
in 200 mL of buffer solution (TRIS-HCl buffer with pH
7.4 ± 0.1). A simulation solution test, lasting 28 days, was
conducted without buffer solution exchange during the
entire test. During the degradation test the samples were
incubated at 37.0◦C. Along with the degradation of the
samples, the calcium ion concentration value was measured
three times per week with an ion selective electrode (Schott
ProLab 2000 GLP equipped with ion electrode type CA60).
Additionally, the material solubility was determined by the
gravimetric method.

3. Results and Discussion

With the shortest reaction of 1.5 min of microwave radiation,
the obtained GoHAP had a density equal to 2.91 g/cm3,
which is 4% lesser than the value given in the literature
for hydroxyapatite, 3.05 g/cm3 [36]. It was observed that
with nanoparticles, there was a reduction in the material
density probably caused by the high contribution of surface
layers, which are less densely packed than the bulk [37]. The
material’s specific surface area was 236 ± 5 m2/g, and the
average particle diameter calculated based on SSA was 9 nm.
Longer microwave radiation slowly increased the material
density and significantly decreased the specific surface area
(Figure 2); details are presented in Table 1. For the 2.5-
minute reaction, the specific surface area of GoHAP was
reduced by over 60 m2/g to 174 m2/g, and the density
increased to 2.94 g/cm3 comparing to the 1.5 min reaction.
The average particle size calculated based on the specific sur-
face area increased to 12 nm. With 5 minutes of microwave
radiation, the SSA decreased to under 100 m2/g. The density
increased by 0.02 g/cm3 to 2.96 g/cm3; the average particle
size exceeded 20 nm. Within extension of the reaction time
over 5 minutes, there was a decrease in the specific surface
area to 81 m2/g for the 7.5-minute reaction and 63 m2/g for
the 10-minute reaction. Consequently, the density became
3.00 g/cm3 and the particle size became 25 nm for the 7.5-
minute reaction. For the 10-minute reaction, the resulting
particles had an average size of 32 nm and a density of
3.03 g/cm3, which was almost equal to the literature values
for hydroxyapatite [36].

The ICP-OES analysis indicated that for 1.5 min reaction,
the Ca/P molar ratio was equal to 1.57, which is close to
the molar ratios of the natural bone calcium and phosphor
elements [36]. Longer microwave heating increased the Ca/P
molar ratio to values close to stoichiometric HAp (Figure 3);
with 2.5 minutes of reaction the Ca/P molar ratio changed
to 1.65 which is a value frequently indicated in papers
presenting HAp synthesis [17–24]. After 5.0 minutes of
reaction, the ratio was equal to 1.66, and further radiation
led to fully stoichiometric hydroxyapatite. In all cases the
obtained powder included 0.20–0.22 wt% magnesium ions.

The XRD analysis was conducted on GoHAP powders
obtained from 1.5-, 2.5-, 5.0-, and 10.0-minute reactions
and using a plate from a pig’s shank bone as a reference
for natural apatite (Figure 4). The results confirmed that
the GoHAP powders were a pure well-crystalline hexagonal
hydroxyapatite with nanosized particles. No indication of the
presence of other crystalline phases or any amorphous com-
ponent was found. The lattice parameters for the GoHAP
powders are presented in Table 2, and the pig bone results
were a = 9.42(5) Å and c = 6.87(7) Å. Other crystal structure
parameters could not be derived with satisfying precision
due to the considerable anisotropy size and the very small
absolute crystal size. However, it was apparent that the crys-
tals obtained in the reaction with 10 minutes of microwave
radiation were approximately 10 times larger than the
crystals of GoHAP obtained from the 1.5 minute reaction.

The morphology investigation was conducted with SEM
and TEM techniques. Figure 5 shows SEM micrographs
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Figure 2: Effect of the microwave radiation time on the specific
surface area.
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Figure 4: XRD patterns of HAp particles in pig bone and GoHAP
powders synthesized with microwave radiation times of 1.5, 2.5, 5.0,
and 10.0 minutes.

Table 1: Effect of the microwave radiation time on the material
specific surface area, the density, the grain size calculated on the
basis of SSA measurements, and the Ca/P ratio established by the
ICP-OES measurements.

Radiation time SSA Density Grain size
Ca/P

(min) (m2/g) (g/cm3) (nm)

1.5 236 2.91 9 1.57

2.5 174 2.94 12 1.65

5.0 99 2.96 21 1.66

7.5 81 3.00 25 1.67

10.0 63 3.03 32 1.67

Table 2: Effect of the microwave radiation time on the lattice
parameters determined by the XRD analysis.

Radiation time Lattice parameter a Lattice parameter c

(min) (±0.001 Å) (±0.0007 Å)

1.5 9.433 6.8745

2.5 9.439 6.8775

5.0 9.429 6.8772

7.5 9.425 6.8767

10.0 9.423 6.8777

of GoHAP nanoparticles for reaction times of 1.5 min,
2.5 min, 5.0 min, and 10.0 min. Figure 5(a) presents the
strong homogeneity of GoHAP obtained from the 1.5 min
reaction and confirms that the average particle size of the
synthesized hydroxyapatite was less than 10 nm. The powder
obtained with 1 minute longer reaction (2.5 minutes)
had a larger average particle size as observed on a SEM
micrograph (Figure 5(b)). Instead of being homogeneous as
with the powder from the shortest reaction time, this powder
appeared in the form of agglomerates with diverse sizes.
Further microwave heating (5.0- and 7.5-minute reactions)
increased the size of both the single particles and their
agglomerates. The nanopowder presented in Figure 5(c) was
obtained from the 5-minute reaction. Compared to GoHAP
synthesized in the shortest reaction, its morphology was
highly diverse, and several times the larger particles were
grouped in agglomerates with sub-micro- and microsizes.
Finally, the reaction with 10 minutes of microwave radiation
led to a significant increase in the single particle size and
decreased the powder agglomeration degree (Figure 5(d)).
The GoHAP powder after the longest reaction time was in
form of large, slightly agglomerated particles with an average
grain size close to 50 nm.

A TEM examination showed that for all microwave
radiation times, the obtained hydroxyapatite had the space
group P.P63/m of a hexagonal crystal structure with the
parameters a = 9.424(4) Å and c = 6.879(4) Å [38]. An
increase in the reaction time did not have any visible impact
on the phase composition and lattice parameters. In all
cases the result was pure hexagonal hydroxyapatite without
phase impurities. Figure 6 shows the SAED with identified
planes for hydroxyapatite synthesized during the 1.5-minute
reaction; in the remaining cases SAED was identical. No
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other phases have been found in tested samples. The average
grain size for GoHAP synthesized during the 1.5-minute
reaction was 5.6 nm (Figure 7). After increasing the reaction
time to 2.5 minutes, the average grain size barely changed;
it was 5.8 nm but studies indicated that the particles were
in the form of large, stable agglomerates. Further microwave
heating caused an increase in the particle size and a decrease
in the sample homogeneity. Figure 8 shows an image taken
in the dark field of particles obtained from the 7.5-minute
reaction, with a morphology ranging from spherical to

almost needle-like shapes. The average grain size after the
7.5-minute reaction was 26.2 nm. Reactions longer than 7.5
minutes increased the grain size to over 30 nm.

A degradation test was conducted for GoHAP obtained
during reactions with microwave radiation times of 1.5,
2.5, 5.0, and 10.0 minutes. Commercially available HAp
nanopowder, NanoXIM, was used as a reference material.
The initial pH of the test solution was 7.47, the conductivity
was 6.82 mS/cm, and the calcium ion concentration was
0.479 μmol/dm3. The results of the calcium ion concentra-
tion changes are shown in Figure 9. These results showed
that in each day the GoHAP obtained from the shortest
reaction (1.5 minutes) had the highest rate of degradation.
Along with an increase in the microwave radiation time
for the GoHAP synthesis there was decrease in the material
solubility, until finally, in the case of GoHAP obtained from
the longest (10 minutes) reaction, the achieved solubility
value was close to the NanoXIM results. After 21 days of
tests, the calcium ion concentration in the sample with
NanoXIM remained nearly constant and achieved a value of
40.37 μm/dm3 by the end of test, which can be recalculated
based on weight solubility to 4.0 mg/dm3. After three weeks
of tests, the GoHAP obtained in 1.5 min reaction had twice
as much solubility as NanoXIM, and, furthermore, in the
fourth week there was an acceleration of solubility which
led to a concentration of 199.6 μmol/dm3 calcium ions by
the end of the test, equal to 20.0 mg/dm3. The GoHAP
obtained with microwave radiation times longer than 1.5
minutes achieved solubility values in the range between
the NanoXIM and GoHAP 1.5 min solubility, decreasing
as a function of microwave radiation time. In the case of
GoHAP obtained with the 2.5-minute reaction, the final
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Figure 9: Calcium ion concentration changes for GoHAP syn-
thesized with microwave radiation times of 1.5, 2.5, 5.0, and 10.0
minutes, and for the commercial nanopowder, NanoXIM used as a
reference material.

calcium ion concentration was 125.7 μmol/dm3 which is
equal to 12.6 mg/dm3 solubility. The GoHAP obtained with
the 5-minute reaction achieved 67.4 μmol/dm3 calcium ion
concentration equal to 6.8 mg/dm3 solubility, and that from
the longest (10 minutes) microwave reaction had 4.6 mg/dm3

solubility (45.8 μmol/dm3 calcium ion concentration).
The degradation test was additionally followed by deter-

mining the weight loss after 28 days of tests. During the
test, NanoXIM lost 4% of its original weight, resulting in
7.0 mg/dm3 of solubility, and GoHAP obtained with 1.5-
minute reaction time lost over 22% of its initial weight, equal
to 38.5 mg/dm3. GoHAP from the 2.5-minute reaction had a
solubility of 25.6 mg/dm3, from the 5-minute reaction had
solubility of 14.1 g/dm3, and from the 10 min reaction had
solubility of 8.7 mg/dm3, as determined from weight loss
measurements. The solubility measured by the gravimetric
method was in all cases approximately twice as large as
the solubility measured by changes in the calcium ion
concentration, probably due to nanopowder dispersion. The
samples of GoHAP synthesized in 1.5 min reaction were
deeply cracked on whole sample surface, but the test disk still
was keeping its original shape, when the NanoXIM sample
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was cracked only in few places and was very weak. In case
of the rest GoHAP samples, the density and depth of cracks
were decreasing with powder reaction time increase—the
GoHAP obtained in 10-minute reaction presented similar
cracking to the NanoXIM disk, but it was much more stable
during the mechanical operations, like disk transport, and so
forth.

Such a high solubility rate should ensure a short degrada-
tion time of future scaffold. In degradation time longer than
28 days of conducted ISO test, GoHAP samples should keep
or even accelerate their degradation rate, but in case of the
real bone implants, the scaffolds degradation rate for time
perspective longer than 28 days will depend on many other
factors like new tissue formation process, and so forth, so that
for long-time periods it should be checked by in vivo tests.

The degradation test showed that the developed method
has the potential to adjust the material solubility according
to the individual case needs in range from 4 to 20 mg/dm3,
according to the ISO 10993-14 norm. The synthesis of this
material with a programmable degradation rate was possible
due to the implementation of a unique microwave heating
technology (MSS) with very high energy density, which
enables precise control of the material grain size growth.
Compared to conventional heating, microwaves transmit
energy directly to the entire volume almost without causing
temperature gradients in the reaction vessel. The microwave
radiation time may be regulated with 1 s precision, which
enables precise grain size growth control.

The rapid microwave heating process leads to overheat-
ing of the reaction solution. From the overheated solution, a
fine dispersion of nano-HAp precipitates starts to crystallise.
Most likely, for short crystalisation times, kinetic processes
dominate its growth, and nonstoichiometric crystallites grow
with an nonequilibrium structure. Our experimental data
show that this is the case for extremely short reaction times
of 1.5 minutes. With increase of microwave radiation time
the precipitates structure approaches the equilibrium one,
and a fully stoichiometric structure is achieved for radiation
times longer than 5 minutes (Figure 2). In consequence,
precise microwave radiation time regulation allows to control
hydroxyapatite stoichiometry and grain size growth. Fur-
thermore the solution is rapidly cooled, so no secondary
grain growth takes place [29, 39]. As it was described in the
introduction section a material solubility depend on material
specific surface area—the material solubility increases with
material grain size decrease [13] and its nonstoichiometry
[15, 16]. The decrease of Ca/P molar ratio was increasing
calcium ion concentration in tested solution due to increase
of crystalline defects in the hydroxyapatite structure. The
higher calcium deficiency is, the more defected crystalline
structure will be, which is decreasing material stability and
in consequence increases its solubility.

Precise grain size growth control which determines
material specific surface area, together with material stoi-
chiometry control both available via microwave radiation
time regulation made the programming of hydroxyapatite
solubility possible. The microwave solvothermal synthesis
(MSS) with the high energy density allowed obtaining
GoHAP powder with unique features which is a promising

material for resorbable ceramic bone implants fabrication
[40].

4. Conclusions

A fully crystalline hydroxyapatite nanopowder with pro-
grammed solubility rate was successfully synthesized by a
novel MSS method using high-density microwave radiation
as a heating mechanism. The material degradation rate was
regulated by the amount of applied microwave radiation,
which determined the particle size and stoichiometry of
the obtained hydroxyapatite nanopowder and consequently
enabled the material solubility to be programmed. The
obtained nanopowder has unique properties. It is a pure
crystalline, hexagonal hydroxyapatite nanopowder with a
specific surface area ranging from 60 to almost 240 m2/g and
a Ca/P molar ratio in the range of 1.57–1.67; these values are
fully regulated by the applied microwave radiation time. The
average particle size estimated by the TEM investigation was
regulated between 6 nm to over 30 nm. As the degradation
study demonstrated, the developed method was able to
control the material solubility in conditions simulating the
human body in the range from 4 mg/dm3—which is close to
NanoXIM, a commercial HAp nanopowder—to 20 mg/dm3.
The presented material has the potential to significantly
improve the properties of ceramic bone scaffolds by allowing
the implant degradation rate to be adjusted to individual
situations.
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Biocompatibility of sintered calcium phosphate pellets with [Ca]/[P] = 1.50 was determined in this study. Calcium pyrophosphate
(CPP) phase formed on the sintered pellets immersed in a normal saline solution for 14 d at 37◦C. The intensities of hydroxyapatite
(HA) reflections in the X-ray diffraction (XRD) patterns of the pellets were retrieved to as-sintered state. The pellet surface
morphology shows that CPP crystallites were clearly present and make an amorphous calcium phosphate (ACP) to discriminate
against become to the area of slice join together. In addition, the intensities of the CPP reflections in the XRD patterns were the
highest when the pellets were immersed for 28 d. When the CPP powders were extracted from the pellets after immersion in the
solution for 14 d, the viability of 3T3 cells remained above 90% for culture times from 1 to 4 d. The pellet surface morphology
observed using optical microscopy showed that the cells did not adhere to the bottom of the sintered pellets when cultured for 4 d;
however, some CPP phase precipitates were formed, as confirmed by XRD. In consequence, the results suggest that the sintered
HA powders are good materials for use in biomedical applications because of their good biocompatibility.

1. Introduction

Among calcium phosphate-based ceramics, hydroxyapatite
(HA, Ca10(PO4)6(OH)2) and β-tricalcium phosphate (β-
TCP, β-Ca3(PO4)2) are the most commonly used as bio-
resorbable materials and tissue-engineering scaffolds [1–3]
because these ceramics are biocompatible, nontoxic, and
resorbable, and because they exhibit excellent osteocon-
ductive ability. HA has widely been used as bone cement
and implant material for direct bone-to-bone grafts [4–
6]. Nevertheless, natural bone is a nanocomposite com-
bination consisting of an organic fraction and a mineral
fraction containing a small amount of apatite crystals and
nonstoichiometric calcium phosphate, which jointly confer
mechanical resistance [7]. Therefore, applications of HA are
currently limited to powders, coatings, porous bodies, and
non-load-bearing implants owing to process difficulties and

to the poor mechanical properties of conventional HA also
reported by Suchanek and Yoshimura [8].

Prepared nanosized HA has received much attention
in recent years for simulating natural structures [9–11].
Nanoscale-engineered HA would exhibit amazing functional
properties owing to its small crystallite size, large surface
area to volume ratio, and ultrafine structure similar to that
of biological apatite, which would have a great effect on
the interaction of cells implanted in the body. In addition,
the nanoscale particle size and morphology of HA can
control the sinterability, solubility, mechanical reliability,
and osteoconductivity of HA [12, 13]. It is important
to investigate methods of fabricating HA powders at low
temperature such as sol-gel [14, 15], salt hydrolysis [16–18],
electrochemical deposition [19–23], microemulsion [24],
microwave irradiation [25], and hydrothermal reaction [26].
Using wet chemical methods to prepare HA powders usually
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results in fine-grained microstructures, even submicron- to
nanocrystallites, which are better accepted by the host tissue.

Although HA powders have previously been fabricated
using calcium hydrogen phosphate dihydrate (CaHPO4·
2H2O, DCPD) and calcium carbonate (CaCO3) as
starting materials with hydrolysis [12], calcium-deficient
HA (d-HA, Ca10−x(HPO4)x(PO4)6−x(OH)2·nH2O, for
0 ≤ x ≤ 1) was formed, and there was significant lattice
disparity between Ca20Na2x(P2O7)1−x(PO4)12+2x and
Ca10−xNax(PO4)6−x(CO3)1+x at calcination temperatures
from 600 to 1000◦C. The arrangements of phosphate in
the structure give two different channels for calcium atoms
under two different environments [26]. The phosphate or
hydroxyl groups can be substituted with carbonate species
[27]. When the d-HA powders are sintered above 800◦C,
on the other hand, a small amount of rhenanite (CaNaPO4)
phase is formed with the HA. The sintered HA must
first be put through the immersion test to determine the
biocompatibility of sintered calcium phosphate prepared in
a ratio of [Ca]/[P] = 1.50.

In the present study, variations in the surfaces of sintered
calcium phosphate pellets prepared in a ratio of [Ca]/[P] =
1.50 and immersed in a normal saline solution at 37◦C were
observed and the biocompatibility of calcium phosphate
powders and the sintered pellets were investigated. The main
purposes of this work were to: (i) understand the surface
transition behavior of the sintered calcium phosphate pellet
prepared in a ratio of [Ca]/[P] = 1.50 and immersed in a
normal saline solution for various of time, (ii) study the
mechanism of dissolution and changes in the properties
of sintered the calcium phosphate pellet after it has been
immersed in culture medium for various time, (iii) deter-
mine the biocompatibility of calcium phosphate powders
prepared in a ratio of [Ca]/[P]= 1.50, and (iv) study the
biocompatibility of the sintered calcium phosphate pellet
prepared in the ratio of [Ca]/[P] = 1.50.

2. Experimental Procedure

2.1. Sample Preparation. In the present study, calcium hydro-
gen phosphate dihydrate (CaHPO4· 2H2O, DCPD, purity
≥98%, Riedel-de Häen, Germany) and calcium carbonate
(CaCO3, purity ≥98.5%, Riedel-de Häen, Germany) were
used as the starting materials. First, either 0.1 M DCPD was
mixed with CaCO3 in a ratio of [Ca]/[P] = 1.50 or pure
DCPD was poured into a 500 mL NaOH solution (pH =
13, purity ≥99%, Showa Co., Japan). The mixtures were
blended separately in a high-speed agitator at 75◦C for 1 h.
After hydrolysis, the reactions were stopped by cooling the
reaction mixtures in ice water. The precipitate products were
filtered and then rinsed in deionized water. The products
were subsequently dried at 60◦C and sieved with a 300 mesh
until further use.

The synthesized powder prepared in a ratio of [Ca]/[P]
= 1.50 was used as received without any binders added. Each
sample consisted of 0.25 g of synthesized powder uniaxially
cool-pressed at 23 MPa to form a 10 mm φ pellet. The pellets
were then sintered by heating them from 25 to 800◦C at a rate

of 2◦C/min for 4 h in air. After all the samples were sintered,
they were removed from the furnace and were cooled in air.

2.2. Sample Characterization. X-ray diffraction (XRD) anal-
ysis on the crystalline phase of the as-dried and sintered sam-
ples was performed before and after they were immersed in
normal saline solution at 37◦C for various amounts of time.
The analysis was performed using an X-ray diffractometer
(Rigaku D-Max/III, Tokyo, Japan) with monochromatic Cu-

Kα radiation (λ = 1.5405
′

Å) and a Ni filter. The operation
voltage and current were 30 kV and 20 mA at a scanning
rate (2θ) of 1◦/min.

The surface morphology of the sintered pellets was
observed using scanning electron microscopy (SEM, Model
XL 40 FE-SEM, Philips, Eindhoven, Netherlands). After the
sintered pellets had been immersed in the normal saline
solution at 37◦C for various times, they were freeze dried at
−55◦C in vacuum and were then coated with gold.

The Ca2+ concentration was detected using inductively
coupled plasma-mass spectrometry (ICP-MS). An ELAN
6100 DRC II ICP-MS (Perkin-Elmer, Concord, ON, Canada)
was used for these experiments. Samples were introduced
using a pneumatic nebulizer with a Scott spray chamber.
The operating conditions of ICP-MS were optimized by
continuously introducing saline solution after the immersed
calcium phosphate samples containing unknown Ca2+ con-
centrations). The unused saline was treated as the blank
and was added to the standard solution used to produce a
calibration curve. The solution flow rate was maintained at
about 1.5 mL·min−1.

2.3. Determination of Biocompatibility with 3T3 Cells. The
calcium phosphate powder pellets prepared in a ratio of
[Ca]/[P] = 1.50 were sterilized and immersed in a culture
medium for 4, 7, 14, or 21 d at 37◦C. The resulting media
were then used to culture 3T3 fibroblasts. About 1 × 104

3T3 cells in 100 μL of immersion medium were seeded
into each well of a 96-well culture plate and were cultured
for 1, 2, 3, or 4 d. Cell viability was determined using
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. In addition, the sintered pellet of calcium
phosphate prepared in the ratio of [Ca]/[P] = 1.50 was
placed into an 80 mm dish and immersed in 75% alcohol for
sterilization. After 24 h , the residual alcohol on the sintered
pellet was removed by washing the pellet with the culture
medium. The washed sintered pellet was then immersed in
the culture medium. About 1 × 104 3T3 cells were seeded
onto the sintered pellet and were incubated in a 5% CO2

atmosphere for 4 d at 37◦C so that the cells could adhere to
the pellet. The morphology of the cells adhered to sintered
pellet was observed with an optical microscope and scanning
electron microscopy.

3. Results and Discussion

3.1. Transition on Surface of Sintered Calcium Phosphate Pellet
Prepared in a Ratio of [Ca]/[P] = 1.50 and Immersed in
Normal Saline Solution. Figure 1 shows the XRD patterns for
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Figure 1: XRD patterns for sintered calcium phosphate pellets
prepared in ratio of [Ca]/[P] = 1.50 and immersed in normal saline
solution at 37◦C for various lengths of time (�: Ca2P2O7). (a) 0 d,
(b) 2 d, (c) 4 d, (d) 7 d, (e) 14 d, (f) 28 d, and (g) 42 d.

the synthesized calcium phosphate powder pellets prepared
in a ratio of [Ca]/[P] = 1.50 after the pellets had been sintered
at 800◦C for 4 h and immersed in a normal saline solution at
37◦C for various lengths of time. Figure 1(a) shows the XRD
pattern for the as-sintered sample. The pattern indicates that
the pellet was composed of HA and rhenanite (NaCaPO4)
as the major and minor phases, respectively, and that no
other phase(s) were detected. NaCaPO4 had formed because
of Na+ ions interstitial to the apatite structure. The XRD
pattern for the sample that had been immersed for 2 d is
shown in Figure 1(b). Bragg’s angle of all reflection peaks
for HA had obviously shifted to high-angle sites. Although
the degree of splitting of the (112) and (200) reflections
of HA decreased, their intensity of the reflections did not
change and no other phases had formed. Figure 1(c) shows
the XRD pattern for the sintered calcium phosphate pellet
prepared in a ratio of [Ca]/[P] = 1.50 and immersed for
4 d. The pattern reveals a new weaker reflection peak at
2θ ≈ 29.3◦. Nevertheless, all reflection peaks associated
with HA have obviously shifted to higher angle sites, and
the intensities of all the HA reflection peaks are slightly
decreased. These phenomena occur because new substances
form layers covering up previous ones on the surface of
the pellet. The XRD pattern for the HA-sintered pellet
immersed for 7 d is shown in Figure 1(d). Although the
angles of the HA reflection peaks had returned to their
original sites, the intensities of the HA reflection peaks were
significantly decreased due to the intensity of the reflection
peak associated with the new phase as well gradually obvious
but the phase does not identify. Figure 1(e) shows the XRD
pattern for the calcium phosphate pellet prepared in a ratio
of [Ca]/[P] = 1.50 and immersed for 14 d. The pattern reveals
that a new phase, calcium pyrophosphate (Ca2P2O7; CPP,
JCPDS card no. 73-0440), had formed on the surface of
the pellet, and the intensities of the HA reflection peaks
also returned to the same level as those of the as-sintered
pellets because amorphous calcium phosphate (ACP) had

been used as the precursor substance for CPP, resulting in
the intensities of the HA reflection peaks decreasing and
angle of peak-site shifting. However, no new reflection peaks
appeared. The CPP crystals formed on the surface of the
sintered calcium phosphate pellet immersed for 14 d then
the sites of the HA reflection peaks returned to their original
sites as in the pattern for the as-sintered pellet. Figure 1(f)
shows the XRD pattern for the sintered calcium phosphate
pellet prepared in a ratio of [Ca]/[P] = 1.50 and immersed in
a normal saline solution at 37◦C for 28 d. The intensities of
CPP reflection peaks in this pattern were the highest because
the increased thickness of the CPP crystallization layer led to
further decrease in the intensity of the HA reflection peaks.
The XRD patterns for the pellets immersed for 42 d are
shown in Figure 1(g). Except for the successive decreases in
the intensities of the HA reflection peaks, the intensities of
CPP reflections also decrease.

3.2. Surface Morphologies of Immersed Sintered Calcium
Phosphate Pellets Prepared in a Ratio of [Ca]/[P] = 1.50.
The SEM images of the surface morphologies of the calcium
phosphate powder synthesized in a ratio of [Ca]/[P] =
1.50, sintered at 800◦C for 4 h , and immersed in a normal
saline solution at 37◦C for various lengths of time are
shown in Figure 2. The surface morphology of the pellet
immersed for 2 d is shown in Figure 2(a). A few of the
HA grain boundaries appear blurred because the surface of
the sintered sample is covered by an unknown substance.
Figure 2(b) shows SEM image of the surface morphology
of the sintered calcium phosphate sample immersed for 4 d.
Amorphous substances were layered on the sample surface.
The surface morphology of the sintered calcium phosphate
sample immersed for 7 d is shown in Figure 2(c). A minute
amount of irregular aggregated phase precipitate exists in
addition to the amorphous substances on the surface. From
the result shown in Figure 1(d), these amorphous substances
and irregular aggregated phase precipitate correspond to
the precursors of CPP and CPP crystallites, respectively.
Figure 2(d) shows the SEM image of the surface morphology
of the sintered calcium phosphate sample immersed in
normal saline solution at 37◦C for 14 d. The CPP crystallites
were clearly observed and made the amorphous substance
to discriminate against become to the area of slice join
together. This phenomenon also caused the intensity of the
HA reflection peaks to increases. The surface morphology of
the sintered calcium phosphate pellet immersed for 28 d is
shown in Figure 2(e). Although amorphous substances are
not observed on the surface, the whole HA surface is covered
by CPP, leading to a decrease in the intensities of HA the
reflection peaks. Figure 2(f) shows the surface morphology
of the sintered calcium phosphate sample immersed in a
normal saline solution at 37◦C for 42 d. The CPP has formed
a linked flat-plane structure over the entire HA surface.

3.3. Variations in Postimmersion Concentration of Ca2+ Ions
and Rate of Weight Loss of Sintered Calcium Phosphate Pellet
Prepared in a Ratio of [Ca]/[P] = 1.50. In general, the
Ca2+ ions in solution play the role of inducing phosphate
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Figure 2: SEM images of microstructures on surface of sintered calcium phosphate pellets prepared in ratio of [Ca]/[P] = 1.50 and immersed
in normal saline solution at 37◦C for various lengths of time: (a) 2 d, (b) 4 d, (c) 7 d, (d) 14 d, (f) 28 d, and (f) 42 d.
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Figure 3: Concentration of Ca2+ ions and rate of weight loss
of sintered calcium phosphate pellets immersed in normal saline
solution at 37◦C for various lengths of time.

precipitation. However, because of the presence of phos-
phorous (P) in the solution, the pH can change, possibly
forming various ions such as H2PO4

−, HPO4
2−, and PO4

3−.
Therefore, during immersion, except test the self change of
HA sintered sample, variation in the solution composition is
a significant contributor to the transformation of the sintered
calcium phosphate samples. From the change in the Ca2+

concentration in the immersion solution measured using
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Figure 4: Surface hardness of sintered calcium phosphate pellets
and pH of normal saline solutions in which pellets had been
immersed at 37◦C for various lengths of time.

ICP-MS and the difference in the weight for sintered calcium
phosphate sample measured before and after immersion, the
variation in the sintered calcium phosphate samples during
immersion can be investigated.

Figure 3 shows the variation in the concentration of Ca2+

ions and rate of weight loss per unit of surface area of sintered
calcium phosphate samples prepared in the ratio of [Ca]/[P]
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Figure 5: Viability of 3T3 cells cultured for various lengths of time in solutions of calcium phosphate powder extracted from pellets prepared
in ratio of [Ca]/[P] = 1.50.

= 1.50 and immersed in a normal saline solution at 37◦C
for various lengths of time. The concentration of Ca2+ ions
in the solution increased from 0 to 181 ppm, and the rate
of weight loss per unit of surface area was 1.34%/cm2 for
the sample immersed for 2 d. This result indicates that the
unstable calcium phosphate degraded and was released into
the solution. When the immersion time increased to 14 d, the
concentration of Ca2+ ions in the solution rapidly decreased
and the rate of weight loss per unit of surface area decreased
because the calcium phosphate product had reformed on
the surface of the sintered calcium phosphate from the Ca2+

ions in the solution. This result is consistent with the XRD
result and SEM observation for the amorphous substance
precipitates. The concentration of Ca2+ ions in the solution
gradually increased when the immersion time was longer
than 14 d because the amorphous substance dissolved into
the normal saline solution, and the CPP reformed. When the
sintered calcium phosphate pellet was immersed for 42 d, the
concentration of Ca2+ ions in the solution and the rate of
weight loss of the sintered calcium phosphate pellet reached
equilibrium. This result suggests that the equilibrium of

the precipitation-dissolution reactions for ACP and CPP had
approached completion.

3.4. The Variation in Pre- and Postimmersion Surface Hardness
and pH of Immersion Solution after Sintered Calcium Phos-
phate Pellets Had Been Immersed for Various Lengths of Time.
The variation in surface hardness and the pH of immersion
solution for sintered calcium phosphate samples immersed
for various amounts of time are shown in Figure 4. The mini-
mum HV was 132.1 for the sample immersed for 2 d, suggest-
ing that the ACP formed on the surface of the sintered cal-
cium phosphate pellet prepared in a ratio of [Ca]/[P] = 1.50.
The hardness values subsequently increased rapidly with
increasing immersion time because of the CPP precipitate
but could not reach the level of the pre-immersion sintered
calcium phosphate sample. The surface hardness approached
a stable value for the sample immersed for 14 d, and the sam-
ple surface exhibited a gradual tendency toward steady state.

Figure 4 also shows that the pH of the normal saline
solution increases during the initial stage of immersion
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because of the ACP precipitating and dissolving into the
solution. The maximum pH of the normal saline solution
reached 11.7 when the sintered calcium phosphate sample
prepared in a ratio of [Ca]/[P] = 1.50 had been immersed
for 4 d. Then the pH of the solution decreased for samples
immersed longer than 4 days because CPP had formed,
leading to a decrease in the concentrations of calcium
and phosphor ions in the normal saline solution. For the
sample immersed for 28 d, the pH of the solution increased,
revealing that the calcium and phosphor ions were rereleased
into the normal saline solution.

3.5. Biocompatibility of Calcium Phosphate Powder Pellets
Prepared in the Ratio of [Ca]/[P] = 1.50 with regard to 3T3
Cells. The viability of 3T3 cells cultured for various lengths
of time in solutions of calcium phosphate extracted from
the pellets immersed for various lengths of time is shown in
Figure 5. Figure 5(a) shows that the viability of the of 3T3
cells cultured in the solution of calcium phosphate extracted
from the pellet immersed for 4 d is greater than 90% when
the cells were cultured for 1 d. The high 3T3 cell viability
is attributed to the addition of CaCO3 to increase [Ca]/[P]
ratio to one that was similar to that of stoichiometric HA
[18]. This caused carbonate-substituted hydroxyapatite
(CHA) to form, leading to increased biocompatibility. When
the 3T3 cells were cultured for 4 d, their viability was still
about 40%.

The viability of 3T3 cells cultured for various lengths
of time in solutions of calcium phosphate extracted from
the pellet immersed for 7 d are shown in Figure 5(b). It
seems that the viability of 3T3 cells cultured in solutions
prepared from calcium phosphate powders prepared in
[Ca]/[P]=1.50 extracted from HA is greater than 70% for
each culture time. Figure 5(c) shows the viability of 3T3 cells
cultured in a solution prepared from HA powders prepared
in [Ca]/[P]=1.50 extracted from the pellet immersed for
14 d. The viability remains above 90% for culture times from
1 to 4 d because the Ca2+ ions released from the test samples
prevented the pH of the solution from decreasing, thereby
increasing cell viability. When the HA powders prepared
in [Ca]/[P]=1.50 after being immersed for 21 d, the cell
viability of the extraction of HA powders for various culture
times are shown in Figure 5(d). From Figure 5, the difference
between the viability 3T3 cells cultured in solutions prepared
from calcium phosphate extracted from HA powders with
[Ca]/[P] = 1.5 and the viability of those cultured in solutions
prepared from calcium phosphate extracted from HA
powders with [Ca]/[P] = 1.0 decreases increasing immersion
time of the pellets (data not shown). The results shown in
Figure 5 also indicate that the HA powders with [Ca]/[P]
= 1.5 exhibit higher biocompatibility because the [Ca]/[P]
ratio approaches that of stoichiometric HA. Figure 6 shows
the XRD pattern generated after cell culture for the precipi-
tate from the HA-sintered pellet synthesized from DCPD and
CaCO3 prepared in a ratio of [Ca]/[P] = 1.50. The reflection
peaks in the XRD pattern correspond to the CPP phase.

The morphologies of the 3T3 cells cultured on HA-
sintered pellets prepared from DCPD and added CaCO3 in
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Figure 6: Post-cell-culture XRD pattern for precipitates of sintered
calcium phosphate pellets prepared in ratio of [Ca]/[P] = 1.50.

the ratio of [Ca]/[P] = 1.50 are shown in Figure 7. Figure 7(a)
shows optical microscopy (OM) image of the morphology
of the cell adhesion on the bottom of the HA-sintered pellet
after culturing for 4 d. Although the cells did not adhere to
the bottom of the pellet, some precipitates had formed. The
precipitates were identified as CPP, as shown in Figure 6.
Figure 7(b) shows the enlarged view of Figure 7(a). The
CPP precipitates consist of nonuniform polygons. The OM
image of the morphology of the surrounding area on the
sintered HA pellet is shown in Figure 7(c). The cell synapses
were extended, and the cells exhibited interknit growth. This
result may suggest that the release of ions during immersion
of the sintered pellet had not affected the extended process
of the normal mitosis of cells. Figure 7(d) shows the SEM
image of the enlarged view of Figure 7(c). Some precipitates
are surrounding the cells. From the preceding results and
discussion, HA powders synthesized using DCPD and
CaCO3 as the starting materials in a ratio of [Ca]/[P] = 1.50
with hydrolysis can be good biomedical materials because
they exhibit good biocompatibility.

4. Conclusions

The biocompatibility of HA-sintered pellets prepared in a
ratio of [Ca]/[P] = 1.5 and powders prepared with various
ratios of [Ca]/[P] were investigated using XRD, OM, SEM,
ICP-MS, a pH meter, an immersion test, and a cell culture.
When the HA-sintered pellet was immersed in a normal
saline solution at 37◦C for 4 d, XRD pattern exhibited a
new weaker reflection peak at 2θ ≈ 29.3◦, and all the
reflection peaks associated with HA shifted to higher-angle
sites; however, the intensities of all the HA reflection peaks
slightly decreased. The CPP phase was formed on the surface
of the pellets after the pellets had been immersed in the
normal saline solution for 42 d. The SEM image of the
surface morphology showed that amorphous precursors of
CPP and irregular aggregated CPP crystallites had formed
after the pellets had been immersed in the normal saline
solution for 14 d. The CPP formed a linked flat-plane
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Figure 7: Morphologies of cells cultured on sintered calcium phosphate pellets prepared in ratio of [Ca]/[P] = 1.50: (a) OM image of
precipitates, (b) SEM image of precipitates, (c) OM image of cell growth, and (d) SEM image of cell growth.

structure over the entire HA surface after the pellet had been
immersed in a normal saline solution at 37◦C for 42 d. In
addition, when the pellet had been immersed in the normal
saline solution for 42 d, the concentration of Ca2+ ions in the
solution, and the rate of weight loss of the HA-sintered pellet
reached an equilibrium because the precipitation-dissolution
reactions for ACP and CPP had approached completion.
The minimum surface hardness of HA was 132.1 because
the ACP had formed on the HA-sintered sample immersed
for only 2 d. The surface hardness then rapidly increased
because of the CPP precipitate but could not reach to the
level of hardness of sintered HA pellet before immersion.
The maximum pH of the normal saline solution was 11.7
when the HA-sintered pellet had been immersed for 4 d.
The viability of 3T3 cells remained above 90% for culture
duration from 1 to 4 d with extracts of HA powders having
[Ca]/[P] = 1.50 after the pellets had been immersed in a
normal saline solution for 14 d. The HA-sintered pellet was
prepared in a ratio of [Ca]/[P] = 1.50 after the cells had
cultured for 4 d. Although the cells did not adhere on the
bottom of the pellet, some CPP precipitate had formed. The
morphology of the surrounding area on the HA-sintered
pellet after the cells had cultured for 4 d shows that the cell

synapses were extended and that the cells exhibited interknit
growth. Therefore, we suggest that HA powders synthesized
using CPP and CaCO3 in the ratio [Ca]/[P] = 1.50 with
hydrolysis can be good biomedical materials because they
exhibit good biocompatibility.
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This study used nonwoven manufacture and electrospinning to create wound dressings with solid mechanical properties and
hemostasis function. 10% Polyvinyl alcohol (PVA) and 5% Bletilla striata (BS) were blended into the PVA/BS solution, which
can be made into nanomaterial with high specific surface area by electrospinning. The PVA/BS solution was electrospun onto the
dressing matrix made of polyester (PET) and absorbent cotton (AC), forming the PVA/BS composite dressings. According to the
experiment results, when the volume ratio of PVA to BS was 9 : 1, the resulting dressings had optimal fiber formation, the finest
average diameter, and the lowest toxicity.

1. Introduction

Wound dressings are divided into gauze dressing, synthetic
dressing, and biological dressing. Gauze dressings are com-
posed of cellulose fibers or fur, such as gauze, cotton pad, or
wool. This type of dressings is used to cover the wounds for
a temporal protection and needs to be changed periodically.
As various polymer materials have been developed as a result
of chemical industry advances, there are many products for
wounds; however, they are only good for skin-layer wounds,
not for deep and large wounds [1–3].

In addition, sponge-form and spray-form synthetic
dressings are available in the market; the design of syn-
thetic dressings is further improved to be double-layer and
multilayer, the former of which is composed of durable
outer layer and adhesive and resilient inner layer. As all
the aforementioned dressings do not significantly help large

and deep burns, biological dressings with better quality and
functionality are thus developed. An ideal dressing has to be
able to keep wounds moist, to prevent the wounds from the
second injury, to absorb the oozed blood and tissue fluid, to
accelerate wound healing, as well as to have good resilience,
tear strength, abrasion, and biocompatibility [4–8].

Electrospinning was first developed in 1900, when people
placed melted sealing wax in an electric field, and solid
fibers were jetted from the high-voltage end and accumulated
on collector, forming membranes. Zeleny [9] explored the
behavior of fluid droplets from a metal capillary under
static electricity, and Formals (1934) published a complete
electrospinning manufacturing that can successfully produce
polymer filaments and that obtained the patent of electro-
spinning in US [10–12]. Fibers made by electrospinning are
much finer than those by conventional spinning, yielding
a diameter varying from tens to thousands of nanometers.
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The most desired functionality of electrospinning is to
have nano fibers with considerable specific surface area,
which could be largely applied in biomedicine, such as
wound dressing, and tissue engineering scaffolding, tissue
engineering vascular graft [13–16].

Polyvinyl alcohol (PVA), made from the hydrolyzed
polyvinyl acetate, is primarily composed of hydrophobic
acetyl group (–CH3COO) and hydrophilic hydroxyl group
(–OH). The side chain of molecular chain of PVA has
a great amount of hydroxyl groups, imparting PVA great
hydrophile. In addition, PVA also has good biocompatibility,
nontoxicity, formability, and chemical and heat stability
[17, 18]. Bletilla striata (BS), a traditional Chinese medicine,
is good for wound healing, hemostasis, detumescence, and
granulation. It also helps to recover cuts, abrasion, toxin
of wound tumescence, pulmonary hemorrhage, and gastric
ulcer. Current studies have found that BS has glysan, volatile
oil, and starch, which activate platelets, shorten time for
thrombin generation, and suppress activity protease. There-
fore, it shortens thrombin time, restricts fibrinolysis, and
forms artificial thrombus so as to yield hemostasia [19–22].

Wounds, burns, surgical wounds, or acute wounds that
have excessive bleeding demand an efficient wound dressings.
In this study, PVA and BS solutions were first mixed with
various volume ratios and then electrospun onto a PET/AC
matrix, forming a hemostasic composite dressing. As PVA is
able to complement BS for fiber formation, electrospinning
is able to make polymer solution into micrometer fibers,
and even nanometer fibers. The PVA/BS nano fibers differ
from the previous PVA nano fibers in having the addition
of Bletilla striata, which has functions of hemostasis and
detumenscence. When electrospun into nano fibers, Bletilla
striata has a high specific surface area; this increases the
contact area between it and wounds, leading to an efficient
treatment. The PVA/BS composite dressings thus had good
mechanical properties, hemostasia, and biocompatibility. In
addition, high specific surface area of the constituent PVA/BS
nano fibers largely increased the contact area between BS
and the wound, facilitating the hemostasia and healing.
The PVA/BS nano fibers could be used as carrier for drug
delivery, tissue engineering, tissue repair substitutes and
wound dressing material.

2. Experiment

2.1. Material. PVA was purchased from Nihon Shiyaku
Industries, Japan. BS was purchased from Fu Tan Pharma-
ceutical Co., Ltd., Taiwan. Deionized water was offered by
Feng Chia University, Taiwan. L929 fibroblasts were supplied
by Institute of Life Sciences, Taiwan.

2.2. Electrospinning. In the first stage, PVA powder and BS
powder were respectively, dissolved with deionized water,
formulating 10 wt% PVA solution and 5 wt% BS solution.
Two solutions were then mixed with volume ratios of 10 : 0,
9 : 1, 8 : 2, 7 : 3, 6 : 4, 5 : 5, or 0 : 10 and then measured for
viscosity. Afterward, these solutions were made into films
and membrane by heating and electrospinning, respectively.

σs1σsg

σ1g

Figure 1: Illustration of contact angle.

The electrospinning machine was offered by the Labora-
tory of Fiber Application and Manufacturing, Feng Chia
University, Taiwan. The settings of electrospinning were
as follows: the voltage was 12 kV, the distance between
the collector and needle was 12 cm, the syringe flow was
0.75 mL/h. The films were evaluated in terms of contact angle
while the membranes were observed by a scanning electron
microscopy (SEM), according to which the optimal volume
ratio of PVA to BS was thus determined.

In the second stage, the optimal volume ratio of PVA
to BS was obtained from the first stage, the voltage of
electrospinning was constant (12 kV), the distance between
collector and needle varied from 8, 10, 12, 15 to 20 cm, and
the syringe flow varied from 0.50, 0.75, to 1.00 mL/h. The
resulting PVA/BS membranes were then observed by an SEM
to determine the electrospinning parameters.

2.3. Preparation of Composite Dressings. The optimum para-
meters of fiber formation were used to in electrospinning
process: PVA/BS mixture solution was electrospun on the
optimal dressing matrix from the preliminary study [23],
forming the PVA/BS composite wound dressings. The result-
ing samples were then evaluated in terms of tear strength,
tensile strength, flexibility, and air permeability to determine
the dressings’ mechanical properties and comfort on users’
skin.

2.4. Tests

2.4.1. Contact Angle Evaluation. Contact angle was based on
Young’s formula [24] proposed in 1805 as below:

σlg Cos θ = σsg − σsl, (1)

where σlg was the interfacial tension between liquid and gas,
σsg was the interfacial tension between solid and gas, σsl was
the interfacial tension between solid and liquid, and θ was
the contact angle, all of which were exemplified in Figure 1.
PVA/BS solutions with various volume ratios were made
into films and then evaluated by a contact angle meter
(Kyowa Interface Science Co., Ltd., Japan). The number of
test samples was six.

2.4.2. Observation of Scanning Electron Microscopy. PVA/BS
solutions with various volume ratios were, respectively,
electrospun into membranes, gilt, and then observed by a
scanning electron microscopy (SEM, S3000N, Hitachi Ltd.,
Japan).
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Figure 2: Sample of tear strength test.

2.4.3. Cell Biocompatibility Test. In in vitro test, PVA/BS
membranes were tested for cell biocompatibility, as specified
in ASTM F813-83. The membranes of 1 cm × 1 cm were
placed in a dish, where the L929 fibroblasts and medium were
both infused. After cell culture, samples were observed for
the cell growth.

2.4.4. Tensile Strength Test. This test was conducted accord-
ing to CNS 12915, using a universal strength tester (HT-
9101, Hung Ta Instrument Co., Ltd., Taiwan). Ten composite
dressings of 150 mm × 25.4 mm were each taken along
machine direction (MD) or cross machine direction (CD).
The yields of values were averaged for definitive mean and
standard deviation.

2.4.5. Tear Strength Test. A universal strength tester (HT-
9101, Hung Ta Instrument Co., Ltd., Taiwan, ROC) evaluated
the tear strength of the composite dressings, as specified in
CNS 12915. Figure 2 illustrates the sample size. Ten samples,
each taken along the CD or MD, were evaluated for the
definitive mean and standard deviation.

2.4.6. Air Permeability Test. This test was performed as
specified in ASTM D737, using an air permeability tester
(FX 3300, Textest AG, Switzerland). The composite dressings
were tested thirty times at different locations, and the values
were then averaged for definitive mean.

2.4.7. Flexibility Test. A flexometer (Hung Ta Instrument
Co., Ltd., ROC) was used to test the composite dressings,
according to CNS 12915. Six samples of 150 mm × 25.4 mm,
each taken along the MD and CD, were tested for definitive
mean and standard deviation.

3. Results and Discussion

3.1. Contact Angle of Films Made by PVA/BS Solutions
with Various Volume Ratios by Heating. Figure 3 shows the
contact angles of PVA/BS films made with various volume
ratios. With an increase in BS content, the contact angle of
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Figure 3: Contact angles as related to various PVA/BS volume ratios
of the resulting films.

Table 1: Mean of fiber diameter and viscosity of the PVA/BS
solution as related to various BS contents.

BS content
(%)

Mean of fiber
diameter

(Nm)

Viscosity of
PVA/BS solution

(cp)

0 181 ± 41 450.0

10 179 ± 28 378.0

20 177 ± 35 321.4

30 164 ± 41 230.7

40 212 ± 34 155.2

50 256 ± 38 69.1

100 N/A 41.7

PVA/BS films decreased. This decrease was due to the fact
that the molecular chains of PVA had a greater amount of
chemicals found in the hydrophilic group (–OH) and some
found in the hydrophobic group (–COOCH3); the major
component of BS was carbohydrate, which was composed of
carbon molecules and a great amount of certain hydrophilic
chemicals (–OH and –H). Therefore, an increase in BS
content raised the amounts of hydrophilic groups in PVA/BS
films, resulting in a greater hydrophile. This study shows that
PVA/BS films were hydrophilic as the size of contact angle
between the material and water was small.

3.2. SEM of Nanomembranes Made of PVA/BS Solutions with
Various Volume Ratios by Electrospinning. Figure 4 shows
the nano fibers made of PVA/BS solutions with volume
ratios of 10 : 1 (pure PVA), 9 : 1, 8 : 2, 7 : 3, 6 : 4, and 5 : 5, by
electrospinning. It was observed that when the BS content
was increased, the electrospun fibers of PVA/BS solution
exhibited distinct beads.

Table 1 reports the influence of various BS contents
on the mean of fiber diameter and the viscosity of the
PVA/BS solution. The mean of fiber diameter first decreased
with an increase in the BS content, starting from 0, up
to 10, 20, and 30%; when BS content exceeded 30%, the
mean of fiber diameter then increased and was greater
than that with 0% of BS content. An increase in BS
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Figure 4: SEM images (×5000) of nano fibers made of PVA/BS solution with volume ratios of (a) pure PVA, (b) 9 : 1, (c) 8 : 2, (d) 7 : 3, (e)
6 : 4, and (f) 5 : 5, by electrospinning. Scale bar: 10 μm.

content also decreased the viscosity of PVA/BS solution. Pure
BS solution possessed a low viscosity, the greater the
amount of BS content, the lower the viscosity of PVA/BS
solution. The viscosity of PVA/BS solution was proportional
to the mean of fiber diameter, namely, the mean of fiber
diameter decreased with a decrease in the viscosity of PVA/BS
solution.

According to Figure 4, beads started to occur when BS
content was 20%, indicating that the viscosity of PVA/BS
solution was lower than the critical value of polymer viscosity
required by electrospinning. In this study, the critical value of
desired viscosity fell within 378.2∼321.4 cp. The optimal
volume ratio of PVA/BS solution was 9 : 1, with which the
resulting fibers exhibited no beads, resulting in the optimal
fiber formation.

3.3. SEM of the PVA/BS Nano Fibers Made by Various
Electric Fields and Syringe Flows. Table 2 reports the effect of
various electric fields and syringe flows on the mean of fiber
diameter of the electrospun fibers made of PVA/BS solution
of 9 : 1, which was obtained from Section 3.2. The electric
field varied from 0.6, 0.8, 1.0, 1.2 to 1.4 kV/cm while the
syringe flow varied from 0.50, 0.75 to 1.00 mL/h. According
to Table 2, five combinations of electric fields and syringe
flows, which created a smaller mean of fiber diameter,
were selected. Figure 5 shows the SEM images of the
resulting PVA/BS fibers with the chosen five combinations

Table 2: Mean of fiber diameter as related to various electric fields
and syringe flows.

Electric field
(kV/cm)

Syringe flow
(mL/h)

Mean of fiber diameter
(Nm)

0.6 0.50 206 ± 46

0.8 0.50 170 ± 29

1.0 0.50 222 ± 34

1.2 0.50 247 ± 39

1.4 0.50 186 ± 35

0.6 0.75 195 ± 30

0.8 0.75 249 ± 43

1.0 0.75 179 ± 28

1.2 0.75 239 ± 40

1.4 0.75 220 ± 36

0.6 1.00 193 ± 37

0.8 1.00 192 ± 41

1.0 1.00 227 ± 38

1.2 1.00 243 ± 36

1.4 1.00 199 ± 45

of 0.6 kV/cm-1.0 mL/h, 0.8 kV/cm-0.5 mL/h, 0.8 kV/cm-
1.00 mL/h, 1 kV/cm-0.75 mL/h, and 1.4 kV/cm-0.5 mL/h.
There was variation in the mean of fiber diameter because
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Figure 5: SEM images (×5000) of electrospun fibers made of PVA/BS solution (9 : 1) with various combinations of electric field and syringe
flow of (a) 0.6 kV/cm-1.0 mL/h, (b) 0.8 kV/cm-0.5 mL/h, (c) 0.8 kV/cm-1.00 mL/h, (d) 1 kV/cm-0.75 mL/h, and (e) 1.4 kV/cm-0.5 mL/h.
Scale bar: 10 μm.

(a) (b)

Figure 6: Optical microscope images of cell growth of (a) control group (pure L929 fibroblasts cultured in medium), and (b) L929 fibroblasts
cultured with a PVA/BS nanomembrane in medium.

when the charge was varied, the polymer solution was
turned into different shapes, called Taylor cones, on the tip
of the syringe as a result of an imbalance of surface tension
of polymer solution (repulsion force) and electric field force
(pulling force). This influenced the generated drops, fiber
diameter, fiber morphology, and the strength of currents.

With the five given combinations of electric fields and
syringe flows, the resulting Taylor cones did not create
beads, showing that these Taylors cones, formed during
electrospinning, were all suitable for fiber formation. In
addition, variation in electric fields generated currents with
various strengths during currents’ transmission in polymer

solution, forming PVA/BS nano fibers with various diame-
ters. The optimal combination was thus determined to be
an electric field of 0.8 kV/cm and a syringe flow of 0.5 mL/h,
which produced the smallest mean of fiber diameter
(170± 29 nm); the amount of fibers was also greater than the
other groups.

3.4. Cell Biocompatibility Test. Figure 6 shows the images of
cell growth magnified 40 times: (a) is the control group (pure
L929 fibroblasts cultured in medium), and (b) is L929 fibrob-
lasts cultured with a PVA/BS nanomembrane in medium.
Comparing Figures 6(a) and 6(b), the cell amount did not
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Table 3: Comparison of mechanical properties of PVA/BS compos-
ite dressings and PET/AC matrices.

PVA/BS PET/AC
composite dressings matrices

CD MD CD MD

Maximum tear strength (N) 106.7 79.8 103.6 76

Standard deviation 5.32 2.88 4.4 1.62

Maximum tensile strength (N) 130.7 38.1 123.9 36.8

Standard deviation 6.71 0.49 4.71 2.44

Flexibility (cm) 12.2 10.9 8.5 7.1

Standard deviation 0.65 0.45 0.16 0.33

Table 4: Comparison of air permeability of PVA/BS composite
dressings and PET/AC matrices.

PVA/BS composite
dressings

PET/AC
matrices

Air permeability (cm3/s/cm2) 57.4 106.05

Standard deviation 9.39 4.55

decrease largely when cells were cultured with a PVA/BS
nanomembrane, indicating the resulting nanomembrane did
not negatively interfere with cell growth. In other words,
PVA/BS nanomembranes had a minor toxicity, resulting in
only a minor cell loss after implantation of the nanomem-
branes.

3.5. Mechanical Properties of PVA/BS Composite Dressings and
PET/AC Matrices. Tables 3 and 4 compare the tear strength,
tensile strength, flexibility, and air permeability of PVA/BS
composite dressings and PET/AC matrices. According to
Table 3, after PVA/BS solution was electrospun to PET/AC
matrices, the resulting composite dressings displayed greater
mechanical properties. This was because electrospinning
transformed the solution into a nanofibrous net, the nano
fibers of which had a smaller diameter than that of PET/AC
fibers. The nano fibers fell in and then filled the voids
of PET/AC matrices. In addition, nano fibers also had
a larger specific surface area, enlarging the contact area
between the PVA/BS nano fibers and PET/AC fibers and,
thus, raising the friction between fibers. An increase in
friction contributed to a greater resistance for fibers to move.
Therefore, to electrospin PVA/BS solution onto the PET/AC
matrices indirectly imparted greater mechanical properties
to the resulting PVA/BS composite dressings.

In contrast, the air permeability of the resulting PVA/BS
composite dressings was lower than that of PET/AC matrices.
Due to the aforementioned explanation about the distri-
bution of nano fibers during electrospinning, the voids in
PET/AC matrices were clogged by nano fibers, decreasing the
air volume that passed through the voids per unit time, and
the air permeability. However, the air permeability of PVA/BS
composite dressings was still satisfactory.

4. Conclusion

This study proposed a PVA/BS composite dressing, which
was made by electrospinning the PVA/BS solution onto
the PET/AC matrices. The fiber formation and physical
properties of the resulting materials as related to various
parameters were explored. When PVA/BS solution had a
volume ratio of 9 : 1, the critical value of the solution viscosity
fell between 378.2∼321.4 cp, creating no beads between
the resulting PVA/BS nano fibers and thus providing the
optimal fiber formation. With a constant volume ratio of
9 : 1, PVA/BS solution could be electrospun into nano fibers
with the smallest mean of fiber diameter (170± 29 nm) when
the electric field was 0.8 kV/cm and the syringe flow was
0.5 mL/h. In the cell biocompatibility test, PVA/BS nano-
membranes had minor toxicity, which caused only insignifi-
cant cell loss. In comparison with PET/AC matrices, PVA/BS
composite dressings were composed of nano fibers, which
had a much smaller diameter and high specific surface area,
and thus exhibited greater tensile and tear strength, flexibil-
ity, and a lower air permeability.
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Er3+-doped ZnO nanospheres have been synthesized via a sonochemical conversion process. The formation mechanism of these
nanocrystals is connected with the sonochemical effect of ultrasound irradiation. The as-prepared Er3+ doped ZnO nanospheres
show enhanced photoluminescence and upconversion photoluminescence properties compared with pure ZnO.

1. Introduction

ZnO semiconductors, with a direct wide bandgap of 3.37 eV
and aesthetic nanoscale morphologies, have been intensively
studied due to their multifunctional characteristics for a
diverse range of applications in optical, electronic, optoelec-
tronic, piezoelectric, photocatalytic, and power devices [1].
In the past decade, ZnO has been explored for new device
applications when extra functionalities are intentionally
introduced through proper doping or alloying with impurity
ions despite the considerable challenges. It is worth noting
that much effort has also been made through doping rare
earth (RE) ions (e.g., Er3+ and Eu3+) into the ZnO host,
which undergoes upconversion (UC) luminescence and/or
energy transfer, in realizing new optoelectronic and photonic
device applications such as solid-state full-colour displays,
infrared detectors, solar cells, biological fluorescent labels,
and all-solid compact lasers [2]. The Er3+-doped semicon-
ductors are the potential optoelectronic materials [3] due
to the Er intra-4f shell transition with a photoemission at
a wavelength of 1.54 μm, which lies in the minimum loss
region of silica-based optical fibers [4].

Up to now, physical doping methods such as ion
implantation [5], laser ablation [6], magnetron sputtering
[7], and high temperature calcinations [8] have mainly
been used to introduce Er into ZnO substrate, while most

researches focused on the formation of films. Some chem-
ical doping methods, such as sol-gel [9], colloidal [10],
and hydrothermal processes [11], have also been reported
to prepare Er3+-doped ZnO nanocrystals. However, most
products were nanoparticles. Only a few groups reported
the morphology-controlled synthesis, such as Er3+-doped
ZnO nanowires fabricated using Er-ion implantation [5],
flower-like structures prepared by a wet chemical reaction
[12], and prickly sphere-like, column-like, prism-like, and
grain-like structures prepared via hydrothermal process [13].
Therefore, it is still a challenge to prepare Er3+-doped
nanocrystals with special morphology through a fast and
convenient method.

Here, a facile sonochemical route has been used to
prepare Er3+-doped ZnO nanospheres. Under the irradiation
of ultrasound, it only took 30 min of reaction time to
effectively dope Er3+ into ZnO host. The photoluminescence
and upconversion photoluminescence properties of the as-
prepared Er3+-doped ZnO nanospheres were investigated,
and the results showed enhanced emission due to effective
doping.

2. Experimental

2.1. Materials. All the reagents used were of analyti-
cal purity and were used without further purification.
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Zn(NO3)2·6H2O, Er(NO3)3·5H2O, PEG-20000, and tri-
ethanolamine (TEA) were purchased from Beijing Chemical
Reagents Ltd. Co. of China.

2.2. Synthesis. Typically, Zn(NO3)2·6H2O (0.005 mol) was
dissolved in H2O (100 mL), and then specific amount of
Er(NO3)3·5H2O (2, 5, 10% doping, resp.), PEG-20000 (1 g)
and TEA (2 mL) were introduced sequentially with stirring
to form a clear solution. The transparent mixture solu-
tion was exposed to high-intensity ultrasound irradiation
under ambient air for 30 min. Ultrasound irradiation was
generated with a high-intensity ultrasonic probe (Xinzhi
Co., China, JY92-2D, 0.6 cm diameter; Ti-horn, 20 kHz,
60 W cm−2) immersed directly in the reaction solution. A
white precipitate was centrifuged, washed with distilled water
and absolute ethanol in sequence, and finally dried in air.
The final products were collected for characterizations and
further preparations.

2.3. Characterization. The X-ray powder diffraction (XRD)
analysis was performed on a Philips X’-pert X-ray diffrac-
tometer at a scanning rate of 4◦ min−1 in the 2θ range
from 10◦ to 80◦, with graphite-monochromatized Cu-
Kα radiation (λ = 0.15418 nm). The scanning electron
micrographs (SEM) were taken on a LEO-1530VP field-
emission scanning electron microscope. Transmission elec-
tron microscopy (TEM) was carried out on a JEOLJEM
200CX transmission electron microscope, using an accelerat-
ing voltage of 200 kV. High-resolution transmission electron
micrographs (HRTEM) were obtained by employing a JEOL-
2010 high-resolution transmission electron microscope with
an accelerating voltage of 200 kV. Photoluminescence spectra
(PL) were measured on a Shimadzu RF-5301PC fluorescence
spectrometer under the excitation of 325 nm at room
temperature. The upconversion (UC) photoluminescence
spectra were recorded on a spectrometer (Zolix, China)
equipped with a 980 nm laser diode as the excitation source.

3. Results and Discussion

3.1. Characterization of the Final Products. Figure 1 shows
the XRD pattern of the as-prepared products. Evidently, all
of the diffraction peaks in the XRD pattern are well assigned
to hexagonal wurtzite ZnO as reported in JCPDS card no.
36-1451, and no impurity phase related to Er3+ could be
found. The diffraction peaks shift to lower angel slightly
with the Er-doping concentration increasing from 2–10%,
indicating that the lattice parameter gets larger when Er3+

are incorporated into ZnO lattice, which is consistent with
the fact that the radii of Er3+ (R = 0.89 Å) are bigger than
that of Zn2+ (R = 0.74 Å).

The as-prepared Er3+-doped ZnO samples appeared as
uniform solid nanospheres with diameter of ca. 400 nm, as
shown in Figures 2(a) and 2(b). The HRTEM image recorded
on the surface of ZnO : Er nanospheres (Figure 2(c)) shows
lattice fringes with interplanar spacing of 0.25 nm for the
(101) faces of hexagonal ZnO.
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Figure 1: XRD patterns of Er3+-doped ZnO nanocrystals with Er
doping concentrations of (a) 2%, (b) 5%, and (c) 10%.

3.2. Possible Sonochemical Formation Mechanism. In recent
years, ultrasonic irradiation has been extensively used in
the synthesis of nanomaterials. The effects of high-intensity
ultrasound result primarily from acoustic cavitation are [14]:
the formation, growth, and implosive collapse of bubbles
in liquids. During the acoustic cavitation process, very high
temperatures (>5000 K), pressures (>20 MPa), and cooling
rates (>1010 K s−1) can be achieved upon the collapse of the
bubble, which provides a unique platform for the growth
of nanostructures including 0D nanoparticles [15], 1D
nanorods [16], to 2D nanoplates [17], and even mesoporous
[18] or hollow structures [19]. Nanocomposites [20] and
doped nanomaterials [21] have also been prepared through
sonochemical methods.

In the present case, Zn(NO3)2·6H2O was used as
precursor, TEA as complexing and precipitating agent and
PEG as capping agent. TEA has the chemical formula
N(CH2CH2OH)3, which acts generally as a weak base due
to the single lone pair of electrons on nitrogen atom
and accordingly could coordinate to zinc ions forming
[Zn(TEA)4]2+ complex [22]. Under ultrasonic irradiation,
the complex would dissociate and a part of TEA molecules
would hydrolyze to build up an alkaline environment, which
leads to the controlled release of free zinc ions and hydroxide
ions ((1) and (2)). The released Zn2+ ion and OH− ion
would combine and transform to ZnO under sonochemical
conditions ((3) and (4)). As a popular shape modifier,
PEG was used here to control the morphology of formed
ZnO nanoparticles and also showed effective role to make
uniform ZnO nanospheres. Therefore, the mechanism of the
formation of ZnO nanospheres is probably related to the
coordination of Zn2+ and TEA to form Zn-TEA complex,
the dissociation of the complex under sonication and PEG-
modified formation of ZnO nanospheres. The probable
reaction process in aqueous solution can be summarized as
follows:

[Zn(TEA)4]2+ complex −→ Zn2+ + 4TEA, (1)
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Figure 2: (a) SEM, (b) TEM, and (c) HRTEM images of the as-prepared Er3+-doped ZnO nanospheres with Er doping concentration of 2%.

TEA + H2O←→ [TEA]+ + OH−, (2)

Zn2+ + 2OH− −→ Zn(OH)2, (3)

Zn(OH)2 −→ ZnO + H2O. (4)

High-intensity ultrasonic irradiation also played an
important role. The transient high temperature and high
pressure field produced during ultrasonic irradiation pro-
vides a favorable environment for the growth of nanocrystals.
Cavitations and shock waves created by ultrasound can
accelerate solid particles to high velocities leading to inter-
particle collisions and inducing effective fusion at the point
of collision [23]. We consider that the high temperature, high
pressure, and shock waves caused by ultrasound induced
the effective doping of Er3+ into ZnO host. The energy
generated during collision can induce the crystallization
of the amorphous particles, responsible for the further
crystallization process. It only took 30 min of reaction time to
conduct effective doping under ultrasonic irradiation, while
rather long reaction time (e.g., 8–12 hours) is needed in
hydrothermal and other synthetic routes.

3.3. Photoluminescence Properties. Figure 3 shows the room-
temperature photoluminescence spectra of pure and Er3+-
doped ZnO with different Er3+ doping concentrations using
the same excitation line at 325 nm. All samples show a strong
and broad green emission around 540 nm which can be

attributed to deep-level emission (DLE) caused by defects
and impurities [24]. The emission intensity of ZnO : Er is
increased enormously as compared with that of undoped
ZnO. The integral emission intensity of ZnO : Er with
10% Er3+ doping concentration is 3 times higher than that of
the undoped ZnO, which indicates an unusual improvement
on the light yield by Er doping.

The PL spectra of the ZnO : Er crystal with Er3+ doping
concentration varying from 2% to 10% (Figures 3(b)–
3(d)) show that the emission intensity enhanced with the
increasing doping concentration. The heavily doped product
appeared to have an extremely high PL intensity in the
present case, which might be related to the interaction
between ZnO and Er. Previous studies reported that the
intentionally doped impurities could provide a significant
contribution to DLE, for example, by providing donor-
acceptor pairs in ZnO [24]. The majority of Er in ZnO is
likely to be associated with rare earths occupying substitu-
tional Zn sites [25], and the local lattice is modified because
of the different oxidation states and ionic sizes of Er and Zn
ions [26]. The incorporation of Er ions in the ZnO lattice
is therefore expected to increase the deep-level states and
resulted in an increase in DLE. Energy transfer might also
occur between excitons and Er3+ ions [27]; however, we did
not observe Er3+ emission peaks in the visible region. It
might be possible that the weak emission peaks of Er3+ ions
were embedded in the trace of a strong DLE.
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Figure 3: The PL spectra of (a) the pure ZnO and Er3+-doped ZnO
nanospheres with different Er doping concentrations of (b) 2%, (c)
5%, and (d) 10%.

3.4. Upconversion Luminescence Properties. Upon excitation
with a 980 nm semiconductor laser diodes (SLD) at room
temperature, the blue, green, and red upconversion emis-
sions of Er3+ ions in the ZnO nanocrystals were observed,
which suggests that the Er3+ ions have been incorporated
inside the crystalline ZnO grains. The upconversion lumi-
nescence spectra for the pure ZnO and Er3+-doped ZnO
nanospheres with different Er doping concentrations are
shown in Figure 4, where four emission bands at approxi-
mately 409 nm, 525, 545, and 659 nm are assigned to 2H9/2

to 4I15/2, 2H11/2 to 4I15/2, 4S3/2 to 4I15/2, and 4F9/2 to 4I15/2

transitions, respectively [2].
Obviously, the upconversion luminescence intensity of

Er3+-doped ZnO is much higher than that of pure ZnO,
which indicate the effective doping could enhance the
upconversion emission. It is found that with the Er doping
concentration increasing from 2% to 5%, the integral upcon-
version luminescence intensity enhanced. However, with the
Er-doping concentration varying from 5% to 10%, the green
emission decreased slightly while the red emission enhanced,
which is similar with the literature [28]. Therefore, the
upconversion light output could be tuned by adjusting the
dopant concentration. Further detailed investigation is still
going on.

4. Conclusion

Er3+-doped ZnO nanospheres have been synthesized via a
facile sonochemical route. Ultrasonic irradiation played an
important role in the formation of ZnO nanospheres and
resulted in the effective doping. The photoluminescence
intensity of Er3+-doped nanocrystals enhanced with the
increasing Er doping concentrations. Higher upconver-
sion photoluminescence emissions of the Er3+-doped ZnO
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Figure 4: Upconversion spectra of (a) the pure ZnO and Er3+-
doped ZnO nanospheres with different doping concentrations of
(b) 2%, (c) 5%, and (d) 10% excited by 980 nm laser at room
temperature.

nanocrystals were observed, which suggests that the Er3+ ions
have been incorporated inside the crystalline ZnO grains.
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A simple and low-cost method for the synthesis of calcium carbonate nanoparticles from cockle shells was described. Poly-
morphically, the synthesized nanoparticles were aragonites which are biocompatible and thus frequently used in the repair of
fractured bone and development of advanced drug delivery systems, tissue scaffolds and anticarcinogenic drugs. The rod-shaped
and pure aragonite particles of 30 ± 5 nm in diameter were reproducibly synthesized when micron-sized cockle shells powders
were mechanically stirred for 90 min at room temperature in presence of a nontoxic and nonhazardous biomineralization catalyst,
dodecyl dimethyl betaine (BS-12). The findings were verified using a combination of analytical techniques such as variable pressure
scanning electron microscopy (VPSEM), transmission electron microscopy (TEM), Fourier transmission infrared spectroscopy
(FT-IR), X-ray diffraction spectroscopy (XRD), and energy dispersive X-ray analyser (EDX). The reproducibility and low cost of
the method suggested that it could be used in industry for the large scale synthesis of aragonite nanoparticles from cockle shells, a
low cost and easily available natural resource.

1. Introduction

Calcium carbonate (CaCO3), which is one of the most abun-
dant minerals in nature, exists in three polymorphs: calcite,
aragonite, and vaterite [1]. Among these three polymorphs,
aragonite has got enormous research attention because of
its biocompatible properties [2–5]. It is denser than calcite
and can be integrated, resolved, and replaced by bone [4, 6].
Aragonite is also a potential biomaterial for the development

of anticancer drugs, advanced drug delivery systems [7], and
scaffolds for bone repair and tissue engineering [4]. Because
of the presence of many attractive and useful properties
in aragonite polymorphs, enormous research attention has
been paid in the development of methodology for the con-
trolled and facile synthesis of aragonite nanoparticles (ANPs)
with convenient sizes and shapes [2, 3, 5]. Two fundamental
routes for the bottom up synthesize of ANPs are docu-
mented: (1) the solution route in which aqueous CaCl2 and
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(NH4)2CO3 or CaCl2 and Na2CO3 or Ca(NO3)2 and Na2CO3

[2, 3, 8–12] are combined in equimolar ratios through a
double decomposition reaction and (2) the carbonation
route in which CO2 gas is bubbled through an aqueous slurry
of Ca(OH)2 at a specified temperature in presence of organic
substrates such as polyacrylamide [5]. However, none of
these routes can produce pure aragonite nanoparticles of
suitable sizes and shapes. They are often mixed with calcite
[3] or calcite and vaterite [2] and thus may not be suitable for
a specialized biomedical application. Although carbonation
methods are viewed to be eco-environmentally friendly, they
need stringent temperature control, purified raw materials,
and laborious gas (CO2 or mixture of CO2 and N2) bubbling
steps which incur additional cost, time, and skills [5, 13].
These methods also add organic impurities to the final
products [13].

The synthesis of ANPs from its natural reservoirs such
as cockle shells or sea shells using a top-down approach is
greatly promising. In our last report [4], we have shown that
cockle shells and its powders are rich and naturally purified
source of aragonite polymorphs of calcium carbonate. In
this paper, we developed an easy-to-perform, environmen-
tally friendly, and low-cost method that involved a simple
mechanical stirring of cockle shell powder in presence of BS-
12 as a biomineralization catalyst. The method synthesized
the smallest size ANPs so far reported in literatures [2–
5]. The beauty of the method was that it did not add any
impurities to the final products but produced very small-
sized rod-shaped ANPs in a reproducible fashion, a criteria
which is strongly desired in industrial synthesis.

2. Experimental

Approximately 250 gm of cockle shells (Anadara granosa)
were washed and scrubbed to remove dirt, boiled for 10
minutes and then cooled at room temperature. The shells
were then washed thoroughly with distilled water and dried
in an oven (Memmert UM500, Germany) for seven days
at 50◦C. The cockle shells were finely grounded using a
blender (Blendor, HCB 550, USA). The powders were sieved
using a stainless laboratory test sieve with an aperture size of
90 μm (Endecott Ltd., London, England) to obtain micron-
sized (10–90 μm in diameter) powders [4]. Dodecyl dimethyl
betaine (RN+(CH3)2CH2COO-)(BS-12) was obtained from
Sigma-Aldrich (Steinheim, Germany). The water used was
HPLC-grade of resistance >18 MΩ obtained from a Milli-
RO6 plus Milli-Q-Water System (Organex).

For the synthesis of calcium carbonate nanoparticles, 5
grams of micron-sized cockle shells powders were taken into
two separate 250-mL conical flasks. To each of the conical
flasks, 50 mL distilled water was added to form a slurry.
Two millilitres of BS-12 (as obtained from Sigma-Aldrich)
was added into the second flask. The sample of the first
conical flask was used as a control. After the addition of BS-
12, the mixtures were vigorously stirred for 90 min at room
temperature using a mechanical hot plate stirrer at the rate
of 1000 rpm. The obtained samples were separated from the
mother liquid using a double ring filter paper of size 18.0 cm
(Filtres Fioroni, China). The final products were dried for 1

day in an oven (Memmert UM500) at 100◦C and packed in a
polyethylene plastic bag (JP Packaging) for further use.

The surface morphologies of the produced nanoparticles
were studied using a variable pressure scanning electron
microscope (VPSEM, LEO 1455, Germany) after coating the
powder with gold. The elemental analyses were performed
using an energy dispersive X-ray analyser (EDX, model 7353,
England), directly connected to the VPSEM. The crystal
shapes and sizes were determined using a TEM (Hitachi H-
7100, Japan). For TEM study, the produced nanoparticles
powder of cockle shells were mixed with absolute alcohol
under sonication for 30 min, and the colloidal solution
was dropped on to a carbon-covered copper grid, placed
on a filter paper, and dried at room temperature for 1 h.
The purity and crystalline properties of the powders were
investigated by an X-ray powder diffractometer (Shimadzu
XRD-6000, Japan) operated at CuKα (λ = 1.540562 Å). The
chemical analyses were done using a Fourier transform
infrared (FT-IR) spectrophotometer (Model 100, Perkin
Elmer, 710 Bridgeport Avenue, Shelton, CI USA) over a range
of 280 to 4000 cm−1 at a resolution of 2 cm−1 and at scan
speed of 64/s.

3. Results and Discussion

The surface morphologies as obtained from VPSEM cockle
shells powder before (Figure 1(a)) and after adding BS-12
(Figure 1(b)) are shown in Figure 1. While the rod-shaped
aragonite crystals clearly appeared in the cockle shells powder
before adding BS-12 (Figure 1(a)), the larger clumps of
smaller and agglomerated calcium carbonate crystals were
observed after treatment with BS-12 (Figure 1(b)). The SEM
studies thus suggested that BS-12 probably catalyzed the
breakdown of larger particles into the smaller ones through
the enhancement of inter particle adhesiveness.

To visualize the calcium carbonate particles more clearly,
transmission electron micrographs were studied. The TEM
images of cockle shells powder before (Figure 2(a)) and
after adding 2 mL of BS-12 (Figure 2(b)) are shown in
Figure 2. While the micron-sized rod-like aragonite crystals
of diameter 10–90 μm were observed in the cockle shells
powders without addition of any organic surfactant or
catalyst (Figure 2(a)), the rod-shaped aragonite crystals of
diameter 30 ± 5 nm clearly appeared in the presence of
2 mL of BS-12 (Figure 2(b)). A number of previous studies
indicated the formation of rod-like aragonite crystals in
presence of polyacrylamide [5] or in absence of any organic
substrates such as polyacrylamide or BS-12 [3]. However,
none of these studies obtained pure aragonite crystals of
homogeneous sizes and shapes. In most of the cases, the
aragonite crystals were obtained as a mixture of calcite and
aragonite [3, 5] or calcite, vaterite, and aragonite [2]. For
the first time, we prepared rod-shaped aragonite crystals
of the smallest and homogeneous sizes and shapes from a
low cost and available natural resource such as cockle shell,
using a top-down approach in the presence of BS-12. BS-
12 is extensively reported in the bottom-up approach [13]
where it acts as a surfactant to control the nucleation and
growth pattern of the calcite particles. However, the method
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(a) (b)

Figure 1: SEM micrograph of cockle shells powders before (a) and after (b) the addition of BS-12. The crystals of cockle shells powders
were white, larger, rod-shaped, and separated in the absence of BS-12, whereas the crystals were smaller sized, agglomerated, and clumped
together in the presence of BS-12.

500 nm

(a)

200 nm

(b)

Figure 2: TEM image of cockle shells powders before (a) and after (b) the addition of BS-12. While the micron-sized rough rod-like crystals
were observed before adding any catalyst (a), the clear nanosized rod-like crystals were synthesized after adding BS-12 as a catalyst (b).

adds some BS-12 impurities in the final products which may
not be suitable for biological applications [13]. However, in
this study, we have not observed any BS-12 as impurities
in the final aragonite particles. Here, BS-12 probably acted
as a catalyst to loosen the bundles of rod-shaped aragonite
crystals that are present as a large bundles in the original
cockle shells as well as in its powder form.

The FT-IR spectra of cockle shells powders before
(Figure 3(a)) and after the addition of 2 mL of BS-12
(Figure 3(b)) are demonstrated in Figure 3. Prominent
absorption peaks of carbonate appeared at 1455 cm−1 in the
cockle shells powders in all conditions ((Figure 3(a)) and
(Figure 3(b))). No positional shift of this peak was observed
before (Figure 3(a)) and after adding BS-12 (Figure 3(b)).

This peak was attributed to the alkyl group which is present
in the aragonite polymorphs [4]. Two other peaks appeared
at 1794 cm−1 and 2520 cm−1 were referred to the amide
and carboxylic stretching vibration [4]. The characteristic
peaks, which represent CO3

2− of aragonite, were observed
at 1082 cm−1 and 857 cm−1. No positional shift of these
peaks was seen before and after addition of BS-12. The
peaks defining the CO3

2− of aragonite appeared at 1082 and
857 cm−1 [4, 11]. Wang et al. [13] obtained two peaks at
2875 and 2993 cm−1 in calcite nanoparticles synthesised via
carbonation method in the presence of BS-12 as an organic
surfactant. These peaks were assigned to the residual BS-
12, embedded on the particle surfaces. However, such a
peak that can demonstrate the presence or contamination
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Table 1: EDX profiles of cockle shells powders before (a) and after (b) the addition of 2 mL BS-12. No significant change in the presence of
BS-12.

Spectrum C O Al Ca Cu Te Total
Without BS-12 (a)

Spectrum 1 16.39 30.15 0.61 50.12 1.4 1.33 100
Spectrum 2 15.66 28.8 0.47 52.38 2.3 0.39 100
Spectrum 3 30.93 27.71 1.69 32.76 4.96 1.95 100
Mean 20.99 28.88 0.92 45.08 2.88 1.22 100
Std. deviation 8.61 1.22 0.66 10.73 1.85 0.78
Max 30.93 30.15 1.69 52.38 4.96 1.95
Min 15.66 27.71 0.47 32.76 1.4 0.39

With BS-12 (b)
Spectrum 1 16.10 30.26 0.67 50.27 1.35 1.35 100
Spectrum 2 15.65 28.79 0.47 52.46 2.29 0.34 100
Spectrum 3 30.93 27.71 1.69 32.76 4.91 2.00 100
Mean 20.89 28.92 0.94 45.16 2.85 1.23 100
Std. deviation 8.70 1.27 0.64 10.78 1.85 0.81
Max 30.93 30.26 1.69 52.46 4.91 2.00
Min 15.65 27.71 0.47 32.76 1.35 0.34
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Figure 3: FT-IR spectra of cockle shells powders before (a) and
after (b) the addition of BS-12. The characteristics absorption peaks
of aragonite polymorph were observed both in the absence and
presence of BS-12 ((a) and (b)).

of BS-12 was totally absent in the FT-IR spectra of the
synthesised aragonite nanoparticles, suggesting that ANPs
were synthesised without any additional impurities.

The XRD patterns of cockle shells powders before
(Figure 4(a)) and after adding 2 mL of BS-12 (Figure 4(b))
are demonstrated in Figure 4. The XRD patterns of cockle
shells powders (Figure 4(a)) completely matched with the
aragonite phase (JCPDS file no. 00-003-0425). The reflec-
tion patterns of cockle shells powders (Figure 4(b)) were
characteristic of calcium carbonate in the aragonite phase
(JCPDS no. 00-001-0628). No additional influence of BS-
12 was found in any of these XRD profiles. The XRD
patterns of cockle shells powders did not show any peaks
of mixed polymorphs such as calcite and aragonite [3, 5] or
calcite, aragonite, and vaterite [2], demonstrating that pure
crystalline aragonite nanoparticles were synthesised in the
presence of BS-12 which most likely acted as a biomineral-
ization catalyst.
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Figure 4: XRD patterns of cockle shells powders before (a) and after
(b) the addition of BS-12. The aragonite phase appeared in both
XRD patterns.

The elemental compositions of the cockle shells powders
before and after adding 2 mL of BS-12 are shown in Table 1.
While the cockle shells powders in the absence of BS-12 con-
tained 20.99% carbon, 28.88% oxygen, 0.92% aluminium,
45.08% calcium, 2.88% copper, and 1.22% tellurium [4], the
cockle shells powders in presence of 2 mL of BS-12 contains
20.89% carbon, 28.92% oxygen, 0.94% aluminium, 45.16%
calcium, 2.85% copper, and 1.23% tellurium. No significant
change in the elemental compositions of the obtained cockle
shells nanoparticles were found after the addition of BS-12,
reflecting the catalytic role of BS-12 in the breakdown of
larger bundles of aragonite rods into the smaller or singular
ones.

4. Conclusion

A simple, low-cost, and environmentally friendly method for
the synthesis of calcium carbonate nanoparticles (aragonite)
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from a low-cost and abundant natural resource, cockle
shell, was developed. The method was a top-down approach
which involved minimum procedural steps and did not need
any stringent temperature management, expensive and haz-
ardous chemicals or any carbonation step of expensive and
time consuming gas bubbling. It was simply a mechanical
grinding process using very simple, easily available, and
low-cost instrument in the presence of a biomineralization
catalyst, dodecyl dimethyl betaine. The method produces
very small-sized excellent rod-shaped and pure aragonite
nanoparticles with an average diameter of 30 ± 5 nm in a
reproducible manner without any additional impurities. The
method has a great potential to be used in industry for large-
scale synthesis of aragonite nanoparticles for biomedical
applications.
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Hierarchical CdS spherical aggregates have been fabricated by an assembling strategy starting from nanoparticles, which opens a
general way to obtain hierarchical spherical aggregates of different types of materials. The hierarchical CdS spherical aggregates are
of high porosity and high surface area, which give rise to unique photoluminescence properties. The desirable properties we report
here will spur further developments of novel dopamine photoluminescence sensors based on the high surface area hierarchical
CdS spherical aggregates fabricated with our unique assembling strategy. The novel dopamine photoluminescence sensor has a
low detection limit of 1.0× 10−8 M, which is much lower than those reported previously.

1. Introduction

Dopamine (DA), as one of the most important neuro-
transmitters, was discovered in the 1950s, which has ever
since captured the interest of neuroscientists and chemists.
High DA levels are known to be cardiotoxic, leading to
rapid heart rate, high blood pressure, and possible death
of the heart muscles. On the contrary, a loss of DA-
containing neurons may result in some serious diseases
such as Parkinson’s disease and schizophrenia [1–7]. Hence,
determining the concentration of this neurochemical is of
biomedical significance.

The detection of DA is most often accomplished by the
measurement of redox potential or intrinsic fluorescence.
Fluorescence quenching refers to any process which decreases
the fluorescence intensity of a sample, which has been widely
studied both as a fundamental phenomenon and as a source
of information about biochemical systems [8–10]. With the
development of nanotechnology, many methods have been
developed to detect DA by using nanomaterials such as
carbon nanotubes and gold nanoparticles (NPs) [11–15].
Semiconductor nanoparticles have attracted much attentions
since they have unique optical and several other properties

such as size-dependent, tunable adsorption and emission
properties [16]. Fluorescence detection methods have led to
major improvement in bioanalytical applications because of
their extraordinary sensitivity and selectivity. The traditional
fluorescence probes are organic dyes, and semiconductor
nanocrystals with unique structure could probably be used
to substitute the organic dyes based on their unique optical
properties.

As a unique structure, hierarchical assembly of nanoscale
building blocks is a crucial step toward realization of func-
tional nanosystems and represents a significant challenge
in the field of nanoscience [17]. The past few years have
witnessed increasing attention focused on such novel struc-
tures, because of their unique optical, electrical, and sur-
face properties that underlie their potential applications in
photoelectric devices, drug delivery, sensors, filters, coatings,
and chemical catalysis. Methods that support hierarchical
assembly over multiple length scales are particularly promis-
ing for designing functional nanostructures and assem-
bling nanodevices. Many efforts have been developed to
shape nanoscale materials to hierarchical nanoarchitectures,
such as hierarchically ordered oxides (silica, niobia, and
titania), zinc oxide hierarchically ordered nanowire arrays,
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Figure 1: TEM image (a) of CdS colloids prepared in tetrachlorethylene and octylamine mixed solution and SEM images (b, c, d) of the
hierarchical CdS spherical aggregates.
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Figure 2: UV-vis absorption and photoluminescence spectra of
hierarchical CdS spherical aggregates.

hierarchical zinc sulfide nanostructures, gold nanoparticle,
nanotubes, and rhodium spherical aggregates [18–21].

Hierarchical spherical aggregates, who are composed of
NPs in a multi-length-scale assembly, possess high surface

area and therefore are particularly important in catalysis,
sensors, and nanodevices. It is well known that CdS is
an outstanding photoelectric semiconductor material [22,
23]. It is envisaged that NP-assembled hierarchical CdS
spherical aggregates, with intimate inter-NP contacts and
a direct connection to the electrode and large exposed
surface areas, should provide an ideal nanoarchitecture for
efficient generation of photoluminescence (PL). Although
numerous shapes of CdS nanocrystals have been prepared,
to our knowledge, there has been few reports on such
hierarchical spherical aggregates from CdS NPs to be used
as a sensor for DA. Herein, we report a simple approach for
the detection of DA by high surface area hierarchical CdS
spherical aggregates.

2. Material and Methods

All chemicals were of analytical grade and were used without
further purification.

2.1. Preparation of Hierarchical CdS Spherical Aggregates.
CdS NPs and their spherical aggregates were prepared in
organic solvents, and the procedure is described here. CdS
quantum dots were synthesized according to the literature
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Figure 3: Dependence of the PL intensity of hierarchical CdS spherical aggregates on the concentration of DA, with different volume ratio
of tetrachlorethylene to ethanol: (a) 4 : 1, (b) 1 : 4, (c) 1 : 50, and (d) CdS colloidal solution without ethanol.

but with improvement [24]. In a typical procedure, 0.25 g
sublimed sulfur was dissolved in 200 mL dimethyl sulphoxide
(DMSO) at 100◦C for about 1 hour and then increased to
150◦C. At this temperature, a preheated solution of 2.5 g
cadmium acetate in 200 mL DMSO was added. The solution
became lemon yellow after several minutes. The reaction
solution was kept in 150◦C for about one hour and then
cooled to ambient temperature. Adding 100 mL acetone to
the solution, the precipitant was collected by centrifuging
and then washed with acetone for two times. After dried
under vacuum at room temperature, the CdS quantum
dots were obtained. Analytical grade octylamine, which was
used to increase the solubility of the CdS quantum dots,
was dissolved in tetrachlorethylene (the volume ratio of
octylamine to tetrachlorethylene was 0.1%). CdS colloid
in tetrachlorethylene was obtained through 0.1 mg CdS
quantum dots adding 99.9 mL tetrachlorethylene and 0.1 mL
octylamine. The CdS colloid was stable for more than 6
months at ambient temperature. Hierarchical CdS spherical

aggregates were assembled by adding ethanol in the CdS
colloid. The size distributions of these spherical aggregates
vary with the volume ratio of tetrachlorethylene and ethanol.

2.2. The Photoluminescence Quenching of Hierarchical CdS
Spherical Aggregates by Dopamine. DA was dissolved in
ethanol. Hierarchical CdS spherical aggregates were dis-
persed in ethanol (3 mL), and the photoluminescence of
CdS was recorded before DA was added. Then DA solution
was dropped into CdS by injector, and after solution was
mixed round adequately, the photoluminescence intensity
was recorded step by step.

2.3. Characterization. The morphology and size of the hier-
archical CdS spherical aggregates were analyzed with a
Hitachi S4800 scanning electron microscope (SEM) and a
Philips CM20 transmission electronic microscope (TEM).
The UV-vis spectra were measured at room temperature with
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concentration, with different volume ratio of tetrachlorethylene to
ethanol: (a) 4 : 1, (b) 1 : 4, (c) 1 : 50, and (d) CdS colloidal solution
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Figure 5: Schematic illustration for the fluorescence quenching
principle of CdS in the presence of DA.

a lambda 900 UV-vis spectrophotometer (GBC, Cintra10).
Photoluminescence spectra were measured at room temper-
ature with an LS50 steady-state fluorescence spectrometer
(Shimadzu, RF-5301PC).

3. Results and Discussions

TEM image (Figure 1(a)) shows that the diameter of the
as-prepared CdS quantum dots is about 2–5 nm, which
dissolves neither in tetrachlorethylene nor in ethanol. When
ethanol was added into the CdS colloid, the hierarchical
CdS spherical aggregates could be obtained. SEM images
testify the formation of hierarchical CdS spherical aggregates.
Figures 1(b) to 1(d) show that as-prepared hierarchical CdS
spherical aggregates are composed of small CdS NPs. The
uniform spherical aggregates with diameter about 100 nm
were built from CdS nanoparticles with the size of smaller
than 5 nm. The diameter of the spherical aggregates was
controlled by the volume ratio of ethanol to tetrachlorethy-
lene. With the increase of the volume ratio of ethanol to

tetrachlorethylene, the diameter of the spherical aggregates
increases.

From Figures 1(b) to 1(d) depicted the SEM images of
hierarchical CdS spherical aggregates growing at different
volume ratios of tetrachlorethylene to ethanol. Figure 1(b)
showed the morphology of the sample, which is obtained
when the ratio of tetrachlorethylene to ethanol is 4 : 1 (V/V).
Its diameter ranges from 20 to 50 nm. When this ratio
was changed to be 1 : 4 (V/V), the diameter of spherical
aggregates was larger as shown in Figure 1(c). As shown in
Figure 1(d), when the ratio of tetrachlorethylene to ethanol
was increased to 1 : 50 (V/V), the diameter of spherical
aggregates ranges from 80 to 100 nm, which were clearly
comprised of bright spots of individual CdS quantum dots
with the diameter of 20–30 nm. But continuing to increase
the volume ratio of tetrachlorethylene to ethanol, the CdS
nanoparticles will be deposited. It distinctly indicated that
the hierarchical CdS spherical aggregates were able to be
produced by the self-assembly of CdS quantum dots, and
the size of the self-assembled CdS spherical aggregates can
be controlled by the volume ratio of tetrachlorethylene to
ethanol.

Optical properties of the hierarchical CdS spherical
aggregates have been studied by UV-vis absorption and
photoluminescence (Figure 2). The UV-vis absorption spec-
tra substantiate the formation of hierarchical CdS spherical
aggregates (Figure 2(a)), which is consistent with the UV-
vis spectra of CdS nanoparticles, with the absorption peak
420 nm. For hierarchical CdS spherical aggregates, the PL
emissions are at around 700 nm, which is attributed to the
trapped emission (Figure 2(b)).

The effect of DA concentration on the PL emissions
intensity of hierarchical CdS spherical aggregates is shown in
Figure 3. The linear relation between the PL intensity and DA
concentration can be obtained, respectively, when the ratio of
tetrachlorethylene to ethanol is 4 : 1, 1 : 4, and 1 : 50.

As proved previously, addition of DA to the aqueous
solution of CdS led to a significant quenching of the PL
emission of CdS. Moreover, DA gave a steady and maximal
quenching effect on the fluorescence of CdS. PL emission is
much sensitive to their surface structures and is dependent
on the surface properties and the presence of surface states.
And, with much more ethanol concentration, the surface
of hierarchical CdS spherical aggregates will be higher,
and the quenching effect will become more prominent
(Figure 4). When the ratio of tetrachlorethylene to ethanol
is 1 : 50, the linear relation between the PL intensity and DA
concentration was obtained. The detection limit of DA was
detected to be 1.0 × 10−8 M, lower than those of biosensors
reported [1, 2], which demonstrate that hierarchical CdS
spherical aggregates can be developed to be used as DA
sensor.

The fluorescence quenching principle of CdS in the
presence of DA is illustrated in Figure 5. The fact that DA
substantially quenched the fluorescence of CdS indicates a
strong interaction between the excited-state CdS and the
attached DA molecules. A plausible explanation for the PL
peak quenchments presented here is the unique surface elec-
tronic structure of the hierarchical CdS spherical aggregates.
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When the active sites of hierarchical CdS spherical aggregates
increased, a junction is built up, and DA can act as an
electron acceptor. Quenching of the PL emissions of CdS by
DA is expected via the new nonradiative pathways created by
the proximity of DA, possibly resulting from electron transfer
from CdS to DA [25].

4. Conclusions

In summary, high surface area hierarchical CdS spherical
aggregates have been fabricated by an assembling strategy
starting from nanoparticles, which opens a general way to
obtain hierarchical spherical aggregates of different types of
materials. The hierarchical CdS spherical aggregates are of
high porosity, high surface area, and high order, which give
rise to unique PL properties. All of the desirable properties
we report here will spur further developments of novel DA
sensors based on the hierarchical CdS spherical aggregates
fabricated with our simple assembling strategy.
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