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Insulin has been encapsulated in poly(lactic-co-glycolic acid) (PLGA) microspheres by solid-in-oil-in-oil
(S/O/O) emulsion technique using DMF/corn oil as new solvent pairs. To get better encapsulation effi-
ciency, insulin nanoparticles were prepared by the modified isoelectric point precipitation method so
that it had good dispersion in the inner oil phase. The resulting microspheres had drug loading of 10%
(w/w), while the encapsulation efficiency could be up to 90–100%. And the insulin release from the
microspheres could last for 60 days. Microspheres encapsulated original insulin with the same method
nsulin nanoparticle
/O/O emulsion
icrosphere

rotein delivery

had lower encapsulation efficiency, and shorter release period. Laser scanning confocal microscopy indi-
cated the insulin nanoparticle and original insulin had different distribution in microspheres. The results
suggested that using insulin nanoparticle was better than original insulin for microsphere preparation by
S/O/O method. Study about the secondary structure of insulin by Fourier transform infrared spectroscopy
(FTIR) indicated high insulin structural integrity during the process. In vivo test showed insulin in micro-
spheres retained its bioactivity. In addition, cytotoxicity evaluation by the MTT assay has proved that no

ced i
extra toxicity was introdu

. Introduction

A growing number of studies have been devoted to encapsulat-
ng protein drugs into microspheres (Duvvuri et al., 2005; Mok et al.,
007; Ubaidulla et al., 2007; Wang et al., 2007). To pursue this goal,
any excellent emulsion systems have been developed. Since there

re some common drawbacks caused by the outer water phase in
he emulsion process, we turned to solve the problems by using
n anhydrous system, typically a solid-in-oil-in-oil (S/O/O) emul-
ion system (Pradhan and Vasavada, 1994; O’Donnell and McGinity,
998; Viswanathan et al., 1999; Kim et al., 2005; Leach and Schmidt,
005; Li et al., 2005; Rao et al., 2005; Yamamoto et al., 2005). In this
ay, high encapsulation efficiency could be achieved due to the
inimal solubility of protein in the outer oil phase (Carrasquillo

t al., 2001a). Additionally, the solid state in process benefits the
rotein stability. It was reported that protein in solid state was
inetically trapped in the initial conformation, thus the conforma-
ional change could be largely prohibited (Tobio et al., 1999; Leach

t al., 2005a).

For an S/O/O emulsion system, it is essential to employ a pro-
ein powder with small particle size in the first S/O suspension step.
here are two primary methods to get smaller protein particles, and

∗ Corresponding author. Tel.: +86 431 85262112; fax: +86 431 85262112.
E-mail address: xschen@ciac.jl.cn (X. Chen).
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nto the microspheres during the emulsion process.
© 2009 Elsevier B.V. All rights reserved.

they both showed positive effect on the drug encapsulation. One
is the spray-freezing into liquid (SFL) method, which can produce
micro-sized protein particles with nanostructure (Mi et al., 2002; Yu
et al., 2004; Engstrom et al., 2007). Williams reported that using this
submicron protein particles in an S/O/O system could reduce the
burst release of microspheres (Leach et al., 2005a). Similar results
were observed by Griebenow (Al-Azzam et al., 2002). Another way
to obtain protein microparticles is the seed zone method, which
can produce insulin microcrystal (Lee et al., 2000; Kwon and Kim,
2004). Using these microcrystal in S/O/O system, Kim achieved bet-
ter insulin encapsulation efficiency (Park et al., 2007). Moreover,
several experimental results showed a reduction in burst release
along with a decrease in protein particle size. However, most of
the above-mentioned protein particles are in micron size, protein
nanoparticles are seldom reported in this S/O/O method. It is rea-
sonable to hypothesize that the encapsulation will benefit from the
nano-sized protein particle.

In this study, insulin nanoparticles will be used in the S/O/O
method, and we will test if it might be good to the encapsula-
tion. The nanoparticle was produced by isoelectric point deposition
method. Our objective was to investigate that if this excipient-

free insulin nanoparticle could be well encapsulated into PLGA
microspheres to get minimum burst, and to preserve insulin
conformation at the same time. We also tested whether this
“smaller-better” effect for good encapsulation and low burst would
hold true until the insulin particle size was dropped to nano scale.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:xschen@ciac.jl.cn
dx.doi.org/10.1016/j.ijpharm.2009.05.021
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. Materials and methods

Polymer materials were synthesized in our laboratory by ring-
pening polymerization (Zhu et al., 1991). Poly(lactic-co-glycolic
cid) (PLGA) had a lactide/glycolide ratio of 75/25, and the poly-
er molecular weights were 10 kDa, 25 kDa, and 90 kDa. The insulin

owder was purchased from Greenbird China, and the BCA protein
ssay kit came from Pierce; fluorescein isothiocyanate (FITC) and
orbitan sesquioleate (span 83) were purchased from Sigma. Corn
il was from commercial food suppliers. All other chemicals were
f analytical grade.

.1. Insulin nanoparticle preparation

Insulin nanoparticles were prepared by the modified isoelectric
oint precipitation method (Zhang et al., 2005). Briefly, 10 mg of

nsulin was dissolved in 10 mL of acidic water (pH 2.6; adjusted
y HCl), then the solution was slowly adjusted to the isoelectric
oint of insulin (pH 5.3) under stirring. After the nanoparticle for-
ation, the suspension was allowed to stand still for nanoparticles

o precipitate. The supernate was recycled. Meanwhile, the precipi-
ation was quickly frozen by liquid nitrogen and then lyophilized
o get a dehydrated powder. The process was free of excipi-
nt.

.2. PLGA microsphere preparation

Microspheres were prepared by following the S/O/O technique;
he process was illustrated in Fig. 1. Dehydrated protein powder
as suspended in a polymer solution (inner oil phase), and then

he suspension was emulsified into an oil continuous phase (outer
il phase), which was a completely water-free emulsion process
hat can be used as an encapsulation procedure (Herrmann and
odmeier, 1998; Marinina et al., 2000; Jiang and Schwendeman,
001; Sanchez et al., 2003). Typically, PLGA was dissolved in N,N-
imethylformamide (DMF) at a concentration of 2% (w/v), and
he insulin powder was suspended in 1 mL of the polymer solu-
ion by stirring. The weight ratio of insulin and PLGA was 1:9.
hen the suspension was added into 10 mL of corn oil with 1%
w/v) span 83 and homogenized at 3000 rpm for 5 min to form
n oil-in-oil (O/O) emulsion (Lee et al., 2000; Kim et al., 2005).

fter that, ethyl ether was slowly added into the emulsion to
xtract DMF. Then the microspheres were collected by centrifu-
ation, washed in turn by ethyl ether, ethanol and water, and
yophilized.

ig. 1. Schematic presentation of the methods used to prepare insulin-loaded micro-
pheres.
armaceutics 378 (2009) 159–166

2.3. Morphologies of nanoparticles and microspheres

The surface morphologies of nanolized insulin and polymer
microspheres were studied by a scanning electron microscope
(SEM, Micron FEI Philips). The SEM samples of insulin particles
and polymer microspheres were prepared from water suspension.
A drop of suspension was deposited onto a silicon chip mounted on
an aluminum stub, and it was air dried before measurements. To
illustrate insulin morphology and drug dispersion in the S/O step,
the nanolized insulin nanoparticle powder was suspended in DMF,
which was the inner oil phase, and the suspension was deposited
on the chip and measured in the same way as mentioned above.

2.4. Insulin crystallinity

Crystallinity of the nanolized insulin was examined by X-ray
diffractometry (XRD). Wide-angle X-ray diffraction was performed
using a powder X-ray Diffractometer (Rigaku D, max 2500kVPC)
with a Cu tube anode. The angle was between 5◦and 80◦.

2.5. Drug loading and encapsulation efficiency

The amount of insulin loaded by microspheres was determined
by the NaOH-SDS method (De Rosa et al., 2005). The appropri-
ate quantity of microspheres was hydrolyzed overnight in 3 mL
of 5 wt% SDS in 0.1 M NaOH. The insulin content was determined
by using the BCA micro-assay kit (Pierce, BCA), using 3 repli-
cate measurements of each point. The PLGA segment did not
affect the protein test, since no protein signal was detected from
hydrolyzed blank microspheres (with no protein encapsulated).
The encapsulation efficiency (%, w/w) of insulin was calculated
according to the following equation:Encapsulation efficiency (%) =

actual drug loading
theoretical drug loading × 100.

2.6. Drug distribution

The dispersing ability of insulin powder in the inner oil phase
was represented by the turbidity of powder suspension. The trans-
mittance (T%) of the powder suspension at 500 nm in DMF was
measured by using a UV–vis spectrophotometer (Shimadzu, UV-
2401PC).

Insulin distribution inside microspheres was observed by Laser
Scanning Confocal microscopy (CLSM, Leica TCS SP2). Insulin was
first labeled by FITC, a commonly used tool for tracking protein dis-
tribution (Rojas and Papadopoulos, 2007), and then encapsulated
by PLGA microspheres using the above-mentioned method. Sam-
ples on glass slides were using glycerin to wet and examined with
the microscope at 20× magnification. The shown images were from
a slice through the midsection of the microspheres.

2.7. In vitro release

In vitro release of insulin from microspheres was tested in
a Tris–HCl buffer solution. In brief, approximately 50 mg micro-
spheres were added to each centrifugal tube, which was filled
with 5 mL Tris–HCl buffer solution (pH 8.2); then the tube was
placed on a shaker at 37 ◦C. At various time points, 1 mL of super-
natant was removed from the insulin concentration measurement
after centrifugation, and the equivalent fresh buffer solution was
added to the mixture. The insulin concentration measurement was

performed using the BCA protein assay kit in triplicate. To avoid
artificial insulin release behavior caused by saturation of insulin in
the buffer solution, the buffer was adjusted to a little alkaline (pH
8.2) for better drug solubility since insulin has poor solubility in
neutral media.
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.8. Insulin secondary structure analysis by FTIR

FTIR spectra were collected using a Vacuum FTIR spectropho-
ometer (Bruker, IF S66 V/S). Samples were prepared by mixing
ample powder with KBr and scanned at 2 cm−1 resolution. All sam-
les were prepared in a dry state, and tested in triplicate. Spectrum
nalysis was performed using the OPUS 5.0 software by follow-
ng the reported method (Griebenow and Klibanov, 1996; Fu et al.,
999; Leach et al., 2005b). Background-corrected spectra were ana-
yzed by second derivatization in the amide I band region for com-
onents peak frequencies. Gaussian curve-fitting was performed on
he Fourier self-deconvoluted amide I band region. The secondary
tructure content was calculated from the areas of the individually
ssigned peaks and their fractions of the total area in the region.

.9. Activity of insulin in vivo

To test the activity of insulin encapsulated in microspheres,
he insulin was extracted from microspheres by immerging micro-
pheres in Tris–HCl buffer for a few days. The insulin concentration
n the microsphere extraction was determined by BCA. Meanwhile,
solution of original insulin with the same concentration was pre-
ared as control.

Female Wistar rats of 200–220 g weight were injected with
lloxan monohydrate 30 mg/kg, and hyperglycemia being induced
bout 3 days later. Microsphere extraction was injected subcuta-
eously (Hinds et al., 2005) in the back of rats (n = 10/group), at a
ose of 8 U/kg body weight. As positive control, a solution of insulin
as administered to rats under the same conditions. Buffer solu-

ion was injected as negative control. Serum samples were obtained
rom the tail vein of rats at 0–8 h after injection. Results were shown
s the mean plasma glucose levels, values from different groups
ere compared with the control groups using a t-test.
.10. Cytotoxicity evaluation by the MTT assay

Cytotoxicity of the blank microspheres (without drug) was
ested using the MTT assay to evaluate the residual toxicity after the

ig. 2. The SEM images of (a) the commercial insulin, (b) the insulin nanoparticles, and
nsulin nanoparticles and commercial insulin dispersed in DMF by stirring.
armaceutics 378 (2009) 159–166 161

microsphere preparation process. It was performed as described
by Fischer et al. (1999). Briefly, Vero cell lines were seeded in 96
well plates at 12,000 cells/well and incubated for 24 h, and the
microsphere extract of various concentrations was then added to
the well. After incubating for 24 h, 20 �L of the MTT solution in
pH 7.4 PBS (5 mg/mL) was added into each well and the final con-
centration of MTT was 0.5 mg/mL. The plate was then incubated
at 37 ◦C in 5% CO2 for 4 h. The medium was removed and 200 �L
of dimethyl sulfoxide (DMSO) was added to dissolve the formazan
crystals. The plate was read spectrophotometrically at 492 nm in a
Microplate Spectrophotometer (Multiskan MK3, Thermo Electron
Corporation). Untreated cells were taken as the control with 100%
viability. The relative cell viability (%) compared to control cells was

calculated as follow:Relative cell viability (%) = [Abs]sample
[Abs]control

× 100.

3. Results and discussion

3.1. Characterization of insulin nanoparticles

Before nanolization, original commercial insulin in the size
range of a few microns to 20 �m (Fig. 2a), which was consistent
with Kim’s observation (Kwon et al., 2004; Park et al., 2007). After
nanolization, insulin exhibited monodisperse particles with a size
around 40 nm (Fig. 2b). The two kinds of insulin particles were
analyzed by XRD to estimate their crystalline structure and the
results are shown in Fig. 3. The commercial insulin showed weak
diffraction peaks, indicating that it was semi-crystalline (Park et
al., 2007). The nanolized insulin displayed identical peaks with the
original insulin. The coincidence of XRD peaks demonstrated that
these two kinds of insulin particles had the same crystal structure,
which means that the insulin crystal structure was not remarkably
changed during the nanolization process.

Once the protein powder is produced, the next step is dispers-

ing the protein particles in the inner phase of emulsion. In our
system the inner phase was DMF. After suspended in DMF, commer-
cial insulin powder presented a turbid suspension, while insulin
nanoparticles suspension was transparent (Fig. 2d), and the trans-
mittance (T%) at 500 nm of these two suspensions were 20% and

(c) the insulin nanoparticles re-dispersed in DMF. Image (d) is the photograph of
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ig. 3. Crystallinity of the commercial insulin and the insulin nanoparticles mea-
ured by X-ray diffractometry (XRD).

8% respectively. The results indicated that insulin nanoparticles
ould be well dispersed in DMF, giving a good chance to blend itself
nto polymer matrix. The morphology of the insulin nanoparticles
ispersed in DMF (Fig. 2c) showed little difference from that of the
ater suspension (Fig. 2b). Insulin nanoparticles preserved its mor-
hology in organic solvent DMF, and no noticeable aggregate was
ound. However, in the case of other organic solvents with lower
olarity, such as dichloromethane, the insulin nanoparticles formed
ig aggregates (data not shown). It implies that both high solvent
olarity and small particle size were important to the particle sus-
ension state. On the other hand, the inner oil phase must have
ood solubility for polymer materials and low toxicity. Considering
hese aspects, we chose DMF as the inner oil phase.

.2. Characterization of microspheres (drug loading, morphology,
nd drug distribution)

Microspheres were prepared from various kinds of PLGA mate-
ials and either commercial insulin or insulin nanoparticles were
ncapsulated in it (Table 1). The theoretical loadings of all the
ormulation were 10% insulin in the total microsphere. The encap-
ulation efficiency was only 50.1% as encapsulated the commercial
nsulin. In case of the insulin nanoparticles, the measured encap-
ulation efficiencies were significantly improved, which are from
0.5% to 100.8%. In commercial insulin big particles were likely pre-
ipitate during the emulsion process, and these precipitates would
e eliminated by the following washing step leading to lower encap-
ulation efficiency. In contrast, insulin nanoparticles could be well
ispersed in the inner oil phase, and was small enough to main-

ain in the emulsion droplet. So it could be well encapsulated by
olymer microspheres. As reported, the small protein particle size

ncreased encapsulation efficiency in coacervation encapsulation
rocedures (Al-Azzam et al., 2005). This “smaller-better” effect for
ncapsulation efficiency was proved true in our encapsulation of

able 1
haracterization of microspheres.

ormulations Type of insulin Material for microspheres Drug loadinga (w/w, %)

Commercial PLGA 10k 5.01
Nanoparticle PLGA 10k 9.94
Nanoparticle PLGA 25k 9.05
Nanoparticle PLGA 90k 10.1

a Determined by the NaOH-SDS method.
b Calculated by the equation mentioned in the text.
c Determined by FTIR as explained in the text.
armaceutics 378 (2009) 159–166

insulin nanoparticles. Another important factor for high encapsu-
lation efficiency is the hydrophobic corn oil avoids possible drug
dissolution in outer phase. That is why emulsion systems with outer
oil phase often got high encapsulation efficiency for water-soluble
drugs (Leach et al., 2005a; Li et al., 2005; Lopedota et al., 2007).
However, the structure and molecular weight of polymer has rel-
ative weak effect on the encapsulation efficiency compared to the
size of insulin particles.

To demonstrate microsphere formation, the microsphere mor-
phology was observed by SEM. Both the microspheres had
diameters ranged from 1 to 10 �m (Fig. 4), but they had differ-
ent morphology. The microspheres prepared with the commercial
insulin had holes on the surface (Fig. 4a) whereas microspheres
encapsulated with insulin nanoparticles (Fig. 4b) exhibited a spher-
ical shape and smooth surface. It seemed that big insulin particles
disturbed the microsphere formation. Considering some of the
commercial insulin particles had a dimension close to micro-
spheres, it was reasonable to believe that larger particles of
commercial insulin could not be encapsulated into the micro-
spheres completely (Al-Azzam et al., 2002), and these insulin
particles might stay on the surface of microspheres. Since no insulin
crystals could be observed on the microsphere surface by SEM,
they might be washed away during the process, leaving holes in
microspheres. Some largest particles which were bigger than emul-
sion droplets probably were left unencapsulated, and these naked
insulin particles could likely be lost during the washing step. This
explained the low encapsulation efficiency in formulation 1.

Insulin particle size also had an effect on drug distribution
in the microspheres. As shown in Fig. 5a, the labeled commer-
cial insulin presented separate fluorescence intricately inside the
microspheres, which means big bulks or aggregate. On the contrary,
the nanoparticles in Fig. 5b showed continuous even fluorescence
in shape of microspheres, indicating that it had been uniformly
distributed in the microsphere matrix. The results were consis-
tent with the dispersion experiment mentioned before. Apparently,
the small dimension of nanoparticles dispersed well in the DMF
droplets, and consequently caused uniform drug distribution in
microspheres after the oil droplets coacervation.

3.3. In vitro release

A commonly reported problem of in vitro release behavior for
most of drug loading systems was the burst release, especially
within the initial 24 h. To reduce this unwanted phenomenon, a
series of methods has been tried (Carrasquillo et al., 2001b; Hinds
et al., 2005; Bouissou et al., 2006; Berkland et al., 2007; Hasan et
al., 2007). A previous work reported that large protein particles
contribute to burst release, thus utilizing submicron protein parti-
cles could help reduce it (Al-Azzam et al., 2002, 2005; Leach et al.,

2005a). By using the insulin nanoparticles, a major reduction in
burst was achieved. As listed in Table 1, the 24 h burst decreased to
7% for the formulation 2 (encapsulated nanoparticles). With appro-
priate polymer material, Microspheres loaded with the insulin
nanoparticles could reduce the 24 h burst to 5% (formulation 4).

Encapsulation efficiencyb (%) 24 h burst (%) Insulin �-helix contentc (%)

50.1 44 41 ± 1
99.4 7 41 ± 0
90.5 6 40 ± 1

100.8 5 41 ± 1
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Fig. 4. The SEM images of (a) formulation 1: microspheres encapsulated with the commercial insulin and (b) formulation 2: microspheres encapsulated with insulin
nanoparticles.
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molecular weights (formulations 2–4) showed slight difference by
their release curves (Fig. 6), which means that a wide range of
polymer molecular weights was compatible to this encapsulation
method. The PLGA 90k has a little faster release speed, that maybe
ig. 5. The CLSM images of (a) formulation 1: microspheres encapsulated with t
anoparticles.

he burst was significantly lower than using commercial insulin
formulation 1, 44%). Decreasing the size of insulin particle to nano
cale had a strong effect on reducing burst release. This result is
onsistent with the works which using submicron drug particles
o reduce burst release (Leach et al., 2005a). Microspheres loaded
ommercial insulin has holes in the microspheres, which enlarged
he surface and accelerated the release. For nanoparticles, Surface
nsulin content (calculated by X-ray photoelectron spectroscopy,
ata not shown) was close to the drug loading. That is, the drug
as not condensed on the surface. Since the burst is often caused

y the surface drug, microsphere with nanoparticles had a reduced
urst. Relatively, the molecular weight of polymer played a minor
ole in burst release. As in the formulations 2–4, when the material
olecular weight increased from 10k to 90k, the 24 h burst slightly

educed from 7% to 5%. As our observation, the protein particle
ize was dominant to the burst effect relative to that of material
olecular weight.
The in vitro release of insulin from microspheres is shown in

ig. 6. When commercial insulin was encapsulated in microspheres,
he drug released fast and depleted in 10 days. On the contrary,
or the formulations with nanoparticles, the release of insulin was
rolonged for more than 60 days. Comparing the formulations 1
nd 2, in which the same material and process were used, the
istinct release behavior could merely be triggered by the differ-

nce in drug particle size. Rapid release for formulation 1 could be
xplained by the broken structure of microspheres (Fig. 4a). Holes
n microspheres expanded the surface area and made it easier for
he drug to be released. Also, it was hypothesized that the release
as related to the distribution of protein in the microsphere (Al-
mercial insulin and (b) formulation 2: microspheres encapsulated with insulin

Azzam et al., 2005). In contrast, the insulin nanoparticles could be
trapped in the polymer matrix separately, and insulin molecules
only could be released when they diffused to the microsphere sur-
face. On the other hand, microspheres made of PLGA with various
Fig. 6. Release profiles of microspheres encapsulated with the commercial insulin
(formulation 1) and microspheres encapsulated with insulin nanoparticles (formu-
lations 2–4).
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ig. 7. Gaussian curve-fitted Fourier self-deconvolved FTIR amide I spectra: (a)
icrospheres (formulation 1); (d) insulin nanoparticles encapsulated in microsphe

aused by the relatively lower crystallinity of the material than the
thers.

.4. Insulin secondary structure

The secondary structure is a reflection of protein conforma-
ion. In the present study, the amide I band (1600–1700 cm−1) was
mployed to examine the secondary structure of insulin encapsu-
ated inside the microspheres because the microsphere materials
howed no absorption in this region (Al-Azzam et al., 2002). The
ontent of �-helix was discussed as the criterion of the secondary
tructure since this structure is invariable when the sample is
yophilized (Griebenow and Klibanov, 1996). FTIR spectra of the
mide I region of the commercial insulin and insulin nanoparti-
les, along with the curve fitting, are reported in Fig. 7. As can
e seen, the spectra were suitably simulated by the sum of seven
aussian peaks on the basis of second-derivative, and no signifi-
ant spectral difference could be observed between the two insulin
amples (Fig. 7a and b). The two samples had the same �-helix
ontent of 41 ± 1%, which was consistent with previously reported
ork (Pikal and Rigsbee, 1997). From this result it can be seen that

he insulin secondary structure was not affected by the nanoparti-

le preparing process, which might be because the denaturation of
hese nanoparticles was minimized due to ultra-rapid freezing by
iquid nitrogen in the solid state. The spectra of microspheres are
lso presented, which containing the commercial insulin (Fig. 7c)
nd nanopaticles (Fig. 7d) respectively. The similarity of the spectra
ercial insulin; (b) insulin nanoparticles; (c) commercial insulin encapsulated in
rmulation 2). The individual Gaussian bands are shown as dotted lines.

between these two kinds of samples and the spectrum of pure com-
mercial insulin verifies the similar secondary structure of insulin.
From Table 1 it can be seen that the �-helix of insulin in micro-
spheres remained the same content as the commercial insulin
before encapsulated (41 ± 1%). It indicated that insulin secondary
structure was retained during the encapsulation process.

3.5. In vivo activity of insulin extracted from microspheres

The pharmacodynamic effect of treatment with insulin
extracted from microspheres was similar to that with the origi-
nal insulin solution (Fig. 8). Serum glucose level decreased in 1–4 h
after injection, and there were no significant difference between
the hypoglycemia effects of the two insulin doses. Though the two
glucose curves were not identical, their area under the curve (AUC)
was the same. It indicated that the biological activity of insulin in
microspheres was mostly retained. In the encapsulation process-
ing, protein was always in its solid state, thus the organic solvent
only had a minor effect on protein conformation (Leach et al.,
2005a). In addition, the non-aqueous environment gave the par-
ticles no chance to be absorbed on the water–oil interface, which
was considered to be one of the most important factor for confor-

mational changes (Griebenow and Klibanov, 1997). Kept in solid
state will protect protein stability; meanwhile, small particles have
better suspension and distribution ability. In this study, the formu-
lation with insulin nanoparticles took both of the above-mentioned
advantages to render a better result.
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ig. 8. Plasma glucose levels in diabetic rats (mean ± SD, n = 10/group) following
ubcutaneously administration of insulin extraction from microspheres or original
nsulin solution.

.6. Cytotoxicity evaluation

From the pharmaceutics standpoint, the toxicity of formulation
s fatal for a drug delivery system. In this study, the major probabil-
ty of the toxicity of formulation came from the residual solvent. To
xamine the possible residue toxicity related to the drug-loading
rocess, the cytotoxicity of microspheres was tested in vitro by
he MTT assay. Cytotoxicity against vero cells was determined as
function of microsphere concentration, and untreated cells were
sed as the negative control. Because insulin would disturb cell
rowth, blank microspheres (undergoing the same drug-loading
rocess but no protein encapsulated) were used. For comparison,
riginal PLGA materials were used as the negative control. The cells
ncubated with the extract of microspheres and polymer materials
oth retained above 75% viability even when the concentration was
p to 100 mg/mL (Fig. 9). The extract of microspheres showed no

nhibition of the cell metabolism compared to the negative control
ver the concentration range tested. All the other tested materials
ith different molecular weights and corresponding microspheres
howed similar results (data not shown), which means the residue
oxicity induced during the microsphere preparation was so low
hat it would not affect the vero cell growth.

ig. 9. Cytotoxicity evaluation by the MTT assay for the extract of polymer PLGA
4:1), Mn = 10k and corresponding blank microspheres.
armaceutics 378 (2009) 159–166 165

4. Conclusion

A typical protein drug, insulin, was encapsulated in biodegrad-
able PLGA microspheres successfully by using an anhydrous S/O/O
emulsion system with new solvent pairs. The low cytotoxicity of
microsphere extract promised the safety of this preparation tech-
nique. In the encapsulation process, both the solvent polarity and
the particle size were important to the particle suspension state.
To minimum the particle size, insulin was made into nanoparticles
by isoelectric point precipitation method and it was proofed that
the physical chemical property of the insulin was not changed. Uti-
lizing insulin nanoparticles could improve the drug encapsulation
efficiency and correspondingly enhance drug loading of micro-
spheres. The small size of insulin nanoparticles contributed to the
intact sphere shape and uniform drug distribution. Also the micro-
spheres loaded with nanoparticles of insulin had the prolonged
release period over 60 days. FTIR and in vivo test indicated insulin
retained bioactivity during the encapsulation process. This S/O/O
method offers another approach to high efficiency protein encap-
sulation.
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