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ABSTRACT: Halloysite nanotubes (HNTs)-coated micro-
meter-sized poly(lactic-coglycolic acid) (PLGA) micro-
particles were fabricated via a combined system of
‘‘Pickering-type’’ emulsion route and solvent volatilization
method in the absence of any molecular surfactants. Stable
oil-in-water emulsions were prepared using HNTs as a
particulate emulsifier and a dichloromethane (CH2Cl2)
solution of PLGA as an oil phase. The HNTs-coated PLGA
microparticles were fabricated by the evaporation of
CH2Cl2 from the emulsion, and then bare-PLGA micro-
particles were prepared by removal of the HNTs. SEM
with energy dispersive analysis system (EDS) study con-
firmed adsorption of the HNTs only at the surface of the

PLGA microparticles. After washing with acid aqueous so-
lution, there is negligibly small amount of HNTs on the
bare-PLGA microparticles. Moreover, ibuprofen (IBU) as a
drug model was loaded into the bare-PLGA micropar-
ticles. And, the release curves were nicely fitted by the
Weibull equation and the release followed Fickian diffu-
sion. The combined system of Pickering emulsion and sol-
vent volatilization opens up a new route to fabricate a
variety of microparticles. VC 2012 Wiley Periodicals, Inc. J Appl
Polym Sci 125: E358–E368, 2012
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INTRODUCTION

Biodegradable synthetic polymers have been used in
the fields of drug-carrier and reconstructive surgery1

because they do not need to be removed after heal-
ing. Biodegradable synthetic polymers have also
been used in tissue engineering as a physical sup-
port for cells to enable cell adhesion, proliferation,
differentiation, and tissue regeneration.2,3 Biodegrad-
able microparticles have attracted considerable atten-
tion for their unusual properties, which suggest a
number of applications including microencapsula-
tion and even scaffolds for tissue engineering
applications.

Recently, self-assembly of nanoparticles at liquid–
liquid interfaces has been well documented and
offers a straight forward pathway for the production
of organized nanostructures.4 In this approach,
nanoparticles spontaneously localize at the interface
to minimize the helmholtz free energy. Typically,
hydroxyapatite nanocrystal-coated PLLA micro-
spheres have been successfully prepared by the
Pickering emulsion method.5,6 Pickering emulsions
are solid particle-stabilized emulsions in the absence
of any molecular surfactant, where solid particles
adsorbed to an oil-water interface.7,8 Although this
area of research lay dormant for many years, there
has been increasing interest recently. The solid par-
ticles used in Pickering emulsions can be silica9,10

metals,11,12 cellulose,13 apatite,14,15 clays,16–19 micro-
gels,20 and polystyrene latexes.21,22 The wetability of
the particulate emulsifiers to oil-water interfaces
decides the stability and type of emulsions.
Halloysite nanotubes (HNTs) have been devel-

oped as an entrapment system for loading, storage,
and controlled release of anticorrosion agents and
biocides.23 And, HNTs are available in thousands of
tons, and remain sophisticated and novel natural
nanomaterials which can be used for the loading of
agents for metal and plastic anticorrosion and bio-
cide protection.24 To the best of our knowledge,
HNTs as a particulate emulsifier was firstly reported
in Pickering emulsion. In this study, we report the
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preparation of CH2Cl2 emulsion droplets with the
HNTs by dissolving PLGA in CH2Cl2. As a polymer,
PLGA was used in this study, which is certificated by
Food and Drug Administration (FDA, USA) and have
been used in the fields of orthopedic and reconstruc-
tive surgery25 and tissue engineering26 because it is
not necessary to remove the polymeric materials after
healing. Next, we describe the synthesis of HNTs-
coated PLGA microparticle by the evaporation of the
oil from the CH2Cl2 solution of PLGA-in-water emul-
sions. Then, the bare-PLGA microparticle (biodegrad-
able microparticle) was prepared by removal HNTs
from HNTs-coated PLGA microparticle using acid
aqueous solution. Finally, ibuprofen (IBU) as a model
drug is loaded into the PLGA microparticle by
dispersing in water phase during the microparticle
fabrication process. The release behavior of the drug-
loaded microparticle was investigated. By comparing
the spectra with time, the release profile of IBU at dif-
ferent conditions had been evaluated.

The synthetic method described in this study needs
neither molecular surfactant nor polymeric stabilizer,
which is usually used to synthesize/stabilize the
microparticle in media and has possibilities to cause
allergy-like reactions and carcinogenicity27 at the
same time. In this study, there is only biodegradable
PLGA remaining in the result of microparticle. To the
best of our knowledge, this is the first report of the
preparation of PLGA microparticles using HNTs
based on a combined system of Pickering emulsion
and solvent volatilization. In addition, HNTs is a
common mineral resource, which is cheaper than
other nanotubes, such as carbon nanotubes (CNTs).28

Compared with CNTs, HNTs has many advantages
illustrated in Table I.23 This fabrication technique pro-
vides a facile way to create new biocompatible beads
with matrix of bioactive PLGA for biomedical appli-
cations. It is expected to be a potential candidate in
microparticle engineering and drug-carrying system.

EXPERIMENTAL

Materials

The HNTs, mined from Yichang, Hubei, China, were
purified according to.29 A typical procedure is de-
scribed below. A 10 wt % water solution of halloy-

site was prepared by slow addition of water to dry
halloysite. Then 0.05 wt % sodium hexametaphos-
phate was added to the solution while stirring. The
solution was stirred for 30 min and left to stand for
20 min at room temperature. The clay aggregate and
impurities were precipitated in the bottom and were
removed by filtration. The upper solution was care-
fully collected and the resulting HNTs were
separated by centrifugation and dried at 80�C in air
for 5 h. Dichloromethane (CH2Cl2), 55% hydrogen
fluoride aqueous solution, 36% hydrochloric acid
aqueous solution, methanol were bought from
Guangzhou Chemical Factory (China) and were
used without further purification. PLGA was pur-
chased from Shandong Medical Instrument Research
Institute (China). The water used in all experiments
was purified by deionization and filtration with a
Millipore purification apparatus to a resistivity
higher than 18.0 MX cm.

Fabrication of HNTs-stabilized emulsion

The aqueous dispersions of the HNTs with a solid
content (0.5 wt %) were prepared by adding 0.05 g
HNTs to 10 mL water. And then, these dispersions
were deoxygenated by bubbling through nitrogen
gas for 10 min and dispersed by ultrasonic at room
temperature in the dark place. Finally, 2 mL CH2Cl2
solution of PLGA (2.0% solid contents) as the oil
phase was added to the aqueous phase and the
system was emulsified by hand-shaking for 5 min.
This fabrication strategy was illustrated in part of
Figure 1.

Fabrication of HNTs-coated PLGA and
bare-PLGA microparticle

The HNTs-coated PLGA microparticles were pre-
pared via in situ evaporation of CH2Cl2 from the
emulsion at 39�C for 48 h. Meanwhile, the emulsion
packing in an open vial was slightly shaken by a
mechanical vibrator. At the end of the evaporation
of CH2Cl2, the resulting microparticles were purified
by three centrifugation/redispersion cycles, replac-
ing each decanted supernatant with deionized water.
Bare-PLGA microparticles were prepared by
removal of the HNTs from the HNTs-coated PLGA
microparticle using mixture aqueous solution of HF
and HCl, which can dissolve the HNTs component.
These bare-PLGA microparticles were used after
washing with deionized water to remove ionic
species generated by dissolution of the HNTs. The
bare-PLGA microparticles were purified by centri-
fugation/redispersion process, replacing each suc-
cessive supernatant with pure water, and followed
by drying overnight in a vacuum at 45�C for 12 h.
The final product was white powder. This fabrica-
tion strategy was illustrated in part of Figure 1.

TABLE I
Comparison of HNTs with CNTs

Items
Halloysite
nanotubes

Carbon
nanotubes

Inner diameter 15 nm 2 nm
Length ca. 1000 nm ca.1000 nm
Biocompatibility Good Toxic
Price ca. 4 $ per kg ca. 500 $ per kg
Supply level Available in

thousands of tons
Gram
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Determination of IBU loading capacity and
encapsulation efficiency

Drug-loaded PLGA microspheres were fabrication in
the same way as described above (10 mL aqueous
dispersions of the HNTs, HNTs, 0.5%, wt %; 2 mL
PLGA-CH2Cl2 solution, PLGA, 2%, wt %) except
that CH2Cl2 solution of PLGA contained different
amounts of IBU (drug: copolymer, 7.5–30%, wt %) in
the PLGA microparticles fabrication process (shown
in Table II). Drug-loaded bare-PLGA microparticles
were prepared by removal of the HNTs from the

HNTs-coated PLGA microparticles by adding mixed
acid aqueous solution. And then, the supernatant in
the cycles of purification were collected by centrifu-
gation for 10 min at 8000 rpm. The concentration
and volume of supernatant was used for analysis of
IBU in bare-PLGA microparticles. The unencapsu-
lated IBU quantity of IBU was estimated on the basis
of the fluorescence intensity at 232 nm of the super-
natant solution by an ultraviolet and visible spectro-
photometer. Loaded content was determined using
the calibration curve established from standard solu-
tions of IBU in acid aqueous solution. Each experi-
ment was carried out in triplicate, and mean values
were calculated using the following formulas:

Drug loading capacity ðDL %Þ

DL% ¼ Weight of drug in PLGA particles

Weight of PLGA particles

� �
� 100%

(1)

Encapsulation efficiency ðEE %Þ

EE% ¼ Weight of drug in PLGA particles

Weight of feed drug

� �
� 100%

(2)

In vitro release experiment

In this in vitro drug release experiment, 25 mg drug-
loaded PLGA microspheres powder was dispersed
into 20 mL PBS solution. The dispersion was trans-
ferred into a dialysis bag (cut off molecular weight
7000 g/mol). And then, the dialysis bag was
immersed into 180 mL of PBS solution with different
pH value (pH ¼ 1.2 or 7.4) at 37�C with magnetic
stirring in a three-necked flask (capacity: 250 mL).
An amount of 2.0 mL of solution was withdrawn at
a predetermined time interval. The amount of
released drug was measured by a UV–vis spectro-
photometer at 232 nm. After UV-test, 2.0 mL of
solution was poured back into the three-necked
flask. The cumulative released quantity can be eval-
uated constantly with UV spectroscopy intensity.
The relationship between fluorescence intensity and

Figure 1 Schematic illustration of the preparation of
HNTs-coated PLGA microspheres and bare-PLGA micro-
particles by evaporation of solvent based on Pickering
emulsion droplets. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

TABLE II
Summary of O/W Emulsions Formed Using Different Parameter

No.
(Drug: PLGA,
m/m) (%) pH

PLGA in
CH2Cl2 (wt %)

Encapsulation
efficiency (%)

Drug
loading

capacity(%)

1 7.5 1 2% 81.64 5.77
2 7.5 3 2% 79.84 5.65
3 7.5 5 2% 78.01 5.51
4 7.5 7.2 2% 76.51 5.42
5 15 7.2 2% 91.17 12.03
6 30 7.2 2% 96.11 22.38
7 30 1.2 2% 97.83 29.35

Each data point in this table is represents the average of three tests, (n ¼ 3).
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concentration of IBU is linear in our calibration
curve established from standard solutions of IBU in
PH ¼ 7.4 or 1.2 PBS solution. Each data point was
taken from the average of three measurements.

Physicochemical measurement

Gel permeation chromatography (GPC) analysis of
the samples was performed at a flow rate of 2.0
mL/min, using polystyrene as standard and 25�C in
THF by using Waters 515C equipment. Fourier-
transform infrared (FTIR) spectra of the samples
were tested on German Vector 33, which was
recorded using KBr pellets for solid samples. SEM
images were obtained using a ZEISS EVO18 operat-
ing at 5–15 kV. All samples were dried on glass sub-
strate and sputter-coated with a thin overlayer of
gold to prevent sample-charging effects. EDS was
performed on the SEM samples using the EDS func-
tion of the SEM. The Pickering emulsion droplets
and PLGA microparticle were observed with an
optical microscope (Carl Zeiss, German) and the
average diameter was estimated by counting 200
beads. Differential Scanning Caborimetry (DSC)
curve of the PLGA was obtained using thermo-ana-
lyzer (DSC204 F1, NETZCH) with the rate of increas-
ing temperature of 10�C/min. Thermo-gravimetric
analysis (TGA) curves of the dry microparticle were
collected with a thermo-analyzer (TG 209, NETZCH)
within a temperature range of 20–600�C and with
the rate of increasing temperature of 10�C/min. The

conductivity of the emulsions and the Zeta potential
of aqueous HNTs nanoparticles were measured by
Malvern Zetasizer Nano ZS90. UV absorbance of
IBU was recorded with a Hitachi U-3010 ultraviolet
and visible spectrophotometer. Some photos were
captured by digital camera (Sony W390).

RESULTS AND DISCUSSION

Characterization of HNTs and PLGA

For this work, HNTs were used as a stabilizer to
form Pickering emulsion. HNTs offer great opportu-
nities for fabricating polymer nanocomposites
with promising performance.30–33 HNTs, chemically
similar to kaolinite with a molecular formula of
Al2Si2O5(OH)4�nH2O, are multiwalled inorganic
nanotubes. The tubular halloysite is formed by roll-
ing of a kaolin sheet in preference to tetrahedral
rotation to correct the misfit of the octahedral and
tetrahedral sheets.34 Comparing with carbon nano-
tubes (CNTs), the naturally occurred HNTs are
much cheaper and easily available. SEM and TEM35

observations showed that the HNTs having a 15 nm
lumen, 50 nm external diameter, and length of 800
6 300 nm [see Fig. 2(a,b)]. Zeta potential of this
HNTs was �23.5 mV [shown in Fig. 2(c)] obtained
using a Malvern Zetasizer.
According to the results of GPC and DSC meas-

urements, we can know Mw (weight-average molecu-
lar weight), Mn (Number average molecular weight),

Figure 2 (a) TEM image of HNTs, (b) SEM image of HNTs, (c) Zeta potential obtained using a Malvern Zetasizer for
HNTs.
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PDI (Mw/Mn) and Tg (glass-transition temperature)
of PLGA were 18,952 (g/mol), 12,354 (g/mol), 1.53
and 27�C, respectively.

Analysis of emulsion

HNTs-stabilized CH2Cl2 solution of PLGA emulsion
droplets were prepared in aqueous media in the ab-
sence of any molecular surfactant, followed by the
evaporation of CH2Cl2 leading to HNTs-coated
PLGA microparticles. CH2Cl2 was selected as a sol-
vent for PLGA because it is inexpensive and rela-
tively volatile and easy to be removed by evapora-
tion. Actually, CH2Cl2 has been widely used to
fabricate biomaterials.36–40 In the present study,
CH2Cl2 solution of PLGA with a molecular weight
of 18,952 g/mol and 2.0 wt % solid content was
mainly used because the time needed for dissolution
in the CH2Cl2 is short and a viscosity of the solution
is relatively low to allow easy handling.

The conductivity of the emulsions was measured
immediately after preparation. And, the conductivity
of aqueous nano-composite was 21.4 lS cm�1. It is
well known that emulsions were classified according
to their conductivities. A high conductivity indicated
an oil-in-water emulsion and a low (<1 lS cm�1)
conductivity indicated a water-in-oil emulsion. After
one week, the stable emulsion was captured by digi-
tal camera obtained with HNTs concentration 0.5%
[shown in Fig. 3(a)].

A drop of the diluted emulsion or the HNTs-
coated PLGA microparticles was placed on a micro-
scope slide and viewed using an optical microscope
fitted with a digital camera (Nikon, COOLPIX 4500).
This technique was used to estimate the mean drop-
let in aqueous media and microparticles sizes (n ¼
200). A typical optical microscopy image of the
emulsion was shown in Figure 3(b). The emulsion
droplets of CH2Cl2 solution of PLGA-in-water
were spherical and fairly polydisperse. And, the
mean droplet diameter was about 39.8 lm (shown in
Fig. 4).

Analysis of the resulting microparticles

When the microparticles were obtained by the evap-
oration of CH2Cl2, and then inspected by both opti-
cal microscopy photograph [shown in Fig. 5(c)] and
scanning electron microscopy image [shown in Fig.
5(a,b)]. The resulting microparticles sedimented in
the aqueous medium with in 20 min due to gravity,
if standing still; however, they could easily redis-
perse in the medium by hand shaking. It was
confirmed that the microparticles stored in aqueous
medium can redisperse as single microparticles even
after several months. The number-average diameter
of microparticles became smaller than the diameter
of emulsion droplets. This phenomenon should be
due to the volume shrinkage with the evaporation of
CH2Cl2. Figure 5(a,b) showed SEM images of needle-
like HNTs coated-microparticles. And, these micro-
particles maintained a full shape, although these
microparticles were damaged during the process of
SEM.
The SEM images [Fig. 5(e,f)] revealed that there

were well-preserved bare-PLGA microparticles
existed on glass substrate. Although these micropar-
ticles experienced sputter coated with gold and acid
washing, but these bare-PLGA microparticles still
keep good shapes. So we can demonstrate that these
bare-PLGA microparticles are surely robust and
strong. Optical microscopy images of bare-PLGA
microparticles can also exhibit good shape, shown in
Figure 5(g).
Figure 5(d,h) shows the EDS spectra obtained for

the microparticles without acid aqueous solution
treatment and with acid aqueous solution treatment,
respectively. The sample without acid aqueous solu-
tion treatment showed some prominent silicon, alu-
minum peaks at 1.75 keV, 1.45 keV apart from the
oxygen and carbon peaks at 0.5 and 0.2 keV, respec-
tively. Whereas, the silicon and aluminum peaks

Figure 3 (a) Digital camera photo of the stable emulsion
obtained with HNTS 0.5%, (b) optical microscopy image of
this emulsion (a). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 4 Size distribution graph, (n ¼ 200).
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were virtually absent in the EDS spectra obtained
for the microparticles with acid aqueous solution
treatment. It is well known that the strong peaks of
silicon and aluminum come from the HNTs, and the
apparent peaks of C, O could be attributed to the
PLGA in the microparticles structure. So the EDS

results indicated that most of HNTs were removal
from the microparticles during the process of acid
aqueous solution treatment. Moreover, if the HNTs
were enveloped in the PLGA microparticles, acid
aqueous solution treatment could not remove them.
However, the EDS spectrum of Figure 6(h) showed

Figure 5 SEM images of microparticles, (a), (b) HNTs-coated PLGA microparticles; (e), (f) bare-PLGA microparticles. (d),
(h) EDS spectra of the hybrid microparticle and bare-PLGA micro-particle at area 1 in Figure 5(b) and area 2 in Figure
5(f), respectively. Optical microscopy microscopy images of HNTs-coated PLGA microparticles (c) and bare-PLGA micro-
particles (g). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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that there was no silicon and aluminum in the bare-
PLGA microparticles. In general, HNTs could only
covered on the surface of the microparticles. The
atomic percentage of silicon (shown in Table III) in
the microparticles decreased from 7.17 to 0%, and
the change of aluminum is the same as silicon. So
the resulting microparticles were only PLGA-micro-
particles, which is suitable to biocompatible
engineering.

The dry microparticles were analyzed by TGA to
determine PGLA and HNTs contents. The weight
loss in HNTs, HNTs-coated PLGA microparticles,
and bare-PLGA microparticles were 13.48, 62.57, and
98.8%, respectively (shown in Fig. 6). From Figure
6(a), weight loss of 13.48% was attributed to the
combined water and hydroxyl from the HNTs. As
shown in Figure 6(b), when temperature was raised
to ca. 160�C, weight loss of this section was attrib-
uted to an elimination of remnant water from the
HNTs. Subsequently, there was a strong weight loss
from ca. 250 to 400�C due to the degradation of
PLGA chains. Finally, there was a little weight loss
from ca. 400 to 500�C due to the condensation of

hydroxyl in HNTs. In Figure 6(c), weight loss of
98.8% was mainly attributed to the thermal decom-
position of PLGA. Thus, after washing with acid
aqueous solution, the remnant percentage of HNTs
in the microparticles decreased from 37.43% to negli-
gibly small amount of 1.2%. In general, the result of
TGA is coincident with the EDS analyses.
To confirm the HNTs existence or absence in

microparticles, FTIR studies were conducted (see
Fig. 7). In the FTIR spectrum of the pure HNTs [Fig.
7(a)], the peaks at 910 cm�1 and 1031 cm�1 are
attributed to the absorbance of AlAO and SiAO in
HNTs, respectively. In the spectrum of this pure
PLGA [Fig. 7(b)], the peaks at 1761 cm�1 is attrib-
uted to the absorbance of C¼¼O in PLGA matrix. In
Figure 7(c), the peaks at 1761 and 1031 cm�1 are
ascribed to the absorbance of C¼¼O in PLGA and
SiAO in HNTs, respectively. In bare-PLGA micro-
particles washed by acid aqueous solution, the typi-
cal peaks appeared at 1761 cm�1 still exist, but the
peak at 1031 and 910 cm�1 are nearly disappeared,
as was expected [see Fig. 7(d)]. According to the
results of the IR spectra analysis, the synthesis of
HNTs-coated PLGA microparticles and bare-PLGA
microparticles are successful. Overall, the result acts
in accordance with EDS and TGA analyses.

Analysis of loading capacity and
encapsulation efficiency

Drug-loading and encapsulation efficiency are im-
portant indices for drug delivery systems. This is
especially true for expensive drugs. IBU of poor
water-solubility was dispersed in the CH2Cl2 solu-
tion of PLGA by stirring and ultrasonication. With
the evaporation of CH2Cl2 from the emulsion, most

Figure 6 Tg curves of (a) HNTs, (b) HNTs-coated PLGA
microparticles, (c) bare-PLGA microparticles (after wash-
ing with acid). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

TABLE III
EDS Results of Microparticles

Entry

HNTs-coated PLGA
microspheres

Bare PLGA
microparticles

Percentage
by

weight (%)

Percentage
by

atom (%)

Percentage
by

weight (%)

Percentage
by

atom (%)

C 18.30 27.41 19.23 24.07
O 57.68 58.01 80.77 75.93
Si 11.53 7.17 0 0
Al 12.49 7.41 0 0

Figure 7 FTIR spectra of (a) HNTs, (b) pure PLGA, (c)
HNTs-coated PLGA microparticles, (d) bare-PLGA micro-
particles. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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of IBU was encapsulated in PLGA microspheres,
and then a little of unencapsulated IBU released into
water (continues phase). To confirm the IBU exis-
tence or absence in bare PLGA microparticles, FTIR
studies were conducted (see Fig. 8). In the FTIR
spectra of the IBU [Fig. 8(a)], the peaks at 1721 cm�1

are attributed to the absorbance of C¼¼O in IBU. In
the spectrum of this pure PLGA [Fig. 8(b)], the
peaks at 1760 cm�1 is attributed to the absorbance of
C¼¼O in PLGA matrix. In Figure 8(c), the peaks at
1760 and 1721 cm�1 are ascribed to the absorbance
of C¼¼O in PLGA and C¼¼O in IBU, respectively.
According to the results of the IR spectra analysis, it
can be proved that IBU was successfully encapsu-
lated in bare PLGA microparticles.

Drug loading content and encapsulation efficiency
were determined using UV–vis method. The results
are shown in Table II, each data point in this table is
represents the average of three tests, n ¼ 3. Reasona-
ble loading and encapsulation efficiency were
obtained using water solution (pH ¼ 7.2, 5, 3, 1)
with drug loading of 5.42–29.35%, and encapsulation
efficiency of 76.51–97.83%. The pH value in the
water solution had dramatically affected on the IBU
loading capacity and encapsulation efficiency. In Fig-
ure 9(a), DL% and EE% decreased with the increase
of the pH value. This reason is that protonation and
deprotonation of IBU at different pH value would
affected on the solubility of IBU. In addition, DL%
and EE% would increase by increasing the ratio of
IBU and PLGA [shown in Fig. 9(b)], because IBU
was a poor water-solubility drug. It is worth while
to mention that the morphology and characteristic
size of PLGA microparticles remain unchanged after
IBU is loaded, observed by optical microscope.

In vitro release study

IBU is the most widely used as a clinical drug. The
research on IBU delivery and release has attracted
many interests, including oral IBU delivery. IBU as a
drug model was loaded into the bare-PLGA micro-
particles by dispersing in the PLGA-CH2Cl2 solu-
tions before evaporation of CH2Cl2. After removal of
CH2Cl2, the IBU was stored in a closed PLGA micro-
particle. They could be easily redispersed in water
and keep spherical after storage for more than a
month. The release behavior of IBU from the bare-
PLGA microparticles was investigated. The release
profile at pH 7.4 and 1.2 was shown in Figure 10,
each data point on this graph is represents the aver-
age of three tests, n ¼ 3. This release pattern is typi-
cal of release of macromolecules from PLGA micro-
spheres.41,42 Because of a better solubility at pH 7.4
than at pH 1.2, the releases of IBU in bare-PLGA
microparticle at pH 7.4 is faster than at pH 1.2.
Because of the same reason as mentioned above, the
total accumulative IBU release is 71.26% at pH 7.4
[shown in Fig. 10(a)], more than 42.96% at pH 1.2

Figure 8 FTIR spectra of (a) pure IBU, (b) HNTs-coated
PLGA microparticles. (c) IBU encapsulated in HNTs-coated
PLGA microparticles. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 9 (A) pH value of PBS solution has a dramatical
affect on EE% (a) and DL% (b). (B) And, wt% of drug in
PLGA has a strong impact on EE% (c) and DL% (d). Each
point on this graph is represents the average of three tests
(n ¼ 3).
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[shown in Fig. 10(b)]. Release of the drug is rela-
tively rapid in the first stage (0–2000 min) followed
by a gradual decrease in release rate over a study
period. The initial rapid release of the drug is most
likely due to the release of drug on the surface and
near the exterior surface.42 IBU continued to be
released from bare PLGA microparticle at a slower
rate for over 3000 min, after which the release rate
was minimal. Because of the barrier of the polymeric
matrix (PLGA), some IBU was tightly encapsulated
in the core of the bare PLGA microparticle. So these
IBU (28.74% at pH 7.4 and 57.04% at pH 1.2) would
release with the disintegrate of the bare PLGA
microparticle in future.

To describe the kinetics of drug release and the
discernment of the release mechanisms, we use the
Higuchi law, Weibull equation, First-order kinetic
equation and the Hixcon-Crowell model43–46 to fit
the curve of IBU release from the bare PLGA micro-
particle at different pH value. The Higuchi law indi-
cates that the fraction of drug released is propor-
tional to the square root of time

Mt

M1
¼ kt1=2 (3)

where Mt/M1 is the fractional drug released at time
t, Mt and M1 are cumulative amounts of drug
released at time t and infinite time, and k is a con-
stant related to the formulation of loaded drug and
release medium. The Weibull equation is expressed
as:

Mt

M1
¼ 1� expð�atbÞ (4)

where a and b are constants. Although this function
is frequently applied to the analysis of dissolution
and release studies, its empirical use has been
criticized.47 Recently, Kosmidis et al. found that eq.
(4) describes nicely the entire drug release curve of
release from the spherical matrices.48 Here the Higu-
chi law can be predigested as:

F ¼ kt1=2 (5)

The Weibull equation can be expressed as:

LnLn
h 1

1� F

i
bLntþ Lna (6)

where F is Mt/M1, the fractional drug released at
time t.
The Hixcon-Crowell model can be expressed as:

ð1� FÞ1=3 ¼ bþ kðt� LappÞ (7)

where F is Mt/M1, the fractional drug released at
time t. b and k are constants related to this model.
By definition, Lapp is a particular time, when the
cumulative amounts of drug released reached 10%.
The First-order kinetic equation is expressed as:

F ¼ 1� expðktÞ (8)

where F is Mt/M1, the fractional drug released at
time t. k is constant related to this equation.
We fit the IBU release curves for the bare PLGA

particles at pH 7.4 and pH 1.2 using eqs. (5)–(8). The
value of r which is the correlation coefficient of
the linear regressions is listed in Table IV. From Ta-
ble IV, we can see that the values of r derived from
the linear regressions of the Weibull equation are
very close and larger than that from the linear
regressions of other equations. Thus the Weibull
equation can better fit the IBU release curves. The
good fitting curves and regression lines by eq. (6) to
the releases from the bare PLGA microparticles at
pH 1.2 and pH 7.4 are shown in Figure 11.
It is well known that the slope of the regression

line of eq. (6) is the constant b of Weibull equation.

Figure 10 Release curve at pH 7.4 and 1.2 of bare PLGA
microparticles loaded IBU. Each point on this graph is rep-
resents the average of three tests (n ¼ 3). [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

TABLE IV
The Correlation Coefficients of The Linear Regressions

of Fitting Release Curves by Different Models

Model

Bare PLGA microparticles
(r)

pH ¼ 7.4 pH ¼ 1.2

First-order kinetic equation �0.85095 �0.89827
Higuchi 0.90899 0.9634
Weibull 0.95427 0.98264
Hixcon-Crowell �0.83319 �0.89217
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From Figure 11, b for the bare PLGA microparticles
at pH 1.2, and 7.4 is 0.69 and 0.74, respectively. Kos-
midis et al. concluded that Weibull equation arises
from the creation of a concentration gradient near
the releasing boundaries of the Euclidian matrix or
because of the ‘‘fractal kinetics’’ behavior associated
with the fractal geometry of the environment.49 They
also summarized the diffusional mechanism in con-
nection with the specific b values of Weibull equa-
tion and concluded that for values of b lower than
0.75 the release follows Fickian diffusion and for
Fickian diffusion the increase of b reflects the
decrease of the disorder of the medium. In general,
Weibull equation can nicely fit the IBU release
curves and the release follows Fickian diffusion.

CONCLUSIONS

In this study, well-defined nanocomposite PLGA
microparticles and bare PLGA microparticles were

easily prepared by self-assembly of HNTs particles
at liquid–liquid interfaces and subsequent in situ
evaporation with an approximate 100% yield, which
is promising to produce in large quantity for indus-
try. Halloysite as a particular emulsifier in Picker-
ing emulsion was firstly reported. And, halloysites
are cheap, abundantly available, and durable and
biocompatible.
This strategy was fabricated via a combined sys-

tem of ‘‘Pickering-type’’ emulsion route and solvent
volatilization method in the absence of any molecu-
lar surfactants. And the biocompatible bare-PLGA
microparticles should be useful for a variety of bio-
medical applications including drug delivery system,
cell carrier, and scaffold, because these micropar-
ticles can be loaded with drug or reagent. The
release curve can be nicely fitted by the Weibull
equation and the release follows Fickian diffusion.
This method for synthesis of nanocomposite and
biocompatible microparticles described here offers
potential advantages over polymerization route
using Pickering-type monomer droplets.50,51 These
include application of wider range of polymers
(vinyl and nonvinyl polymers), easier incorporation
of functional chemicals such as drugs, and easier
conduction which needs no special apparatus. The
combined system used in this paper will open up a
new route to the preparation of a variety of drug-
carrying microparticles.
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