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Theneuroprotective effects of the ursodeoxycholic acid- (UDCA-) loaded pullulan acetate (PA) (UDCA-PA) nanospheres stabilized
by poly(vinyl alcohol) (PVA) were identified by in vitro study. The UDCA-PA nanospheres were constructed by nanoemulsion
process. The UDCA-PA nanospheres were analyzed using Fourier transform-infrared spectroscopy (FT-IR) and transmission
electron microscopy (TEM). Then, the UDCA-PA nanospheres were used to treat PC-12 neuronal cells, which were formerly
triggered by glutamate-induced excitotoxicity. As a result, the cells treated with the UDCA-PA nanospheres showed higher survival
rate against glutamate-induced excitotoxicity. Furthermore, theUDCA-PAnanospheres decreased immunoreactivity of AnnexinV,
amembranemarker for apoptotic cells, in PC-12 with glutamate-induced injury. Particularly, theUDCA-PAnanospheres decreased
the level of apoptosis-related proteins such as caspase-3. Taken together, the UDCA-PA nanospheres increased neuroprotective
effects against glutamate-induced neuronal damage via inhibition of apoptosis at low concentration.

1. Introduction

Primary biliary cirrhosis (PBC) and the related disorders are
raised by obstruction caused with a variety of damage to
the bile ducts in the liver [1]. Much like other forms of liver
disease, PBC permanently damages the liver and eventually
can lead to liver failure because of irreversible replacement
of normal liver parenchyma by fibrotic scar tissue [2]. Liver
failure can induce generalized hyperammonemia that is
thought to be the underlying cause of hepatic encephalopathy
(HE) [3, 4]. The precise pathological mechanisms underly-
ing hyperammonemia-mediated HE are not clear, and the
deregulation of multiple neurotransmitter systems has been
reported as the key [5].

Among the diverse neurotransmitter systems in human,
the glutamatergic neurotransmitter system is seemingly the
most affected in HE [6]. Numerous experimental models of
acute liver failure established a direct link between HE and
increased brain glutamate load [7–9]. Mechanistically, acute
injections of ammonia into the brain triggered rapid neuronal
death mediated through the excitotoxicity characterized by
overactivation of N-methyl-D-aspartate (NMDA) receptor, a
subset of ionotropic glutamate receptor [10].The downstream
targets of NMDA receptor overactivation are complex and
appear to involve the interplay of a number of factors,
including oxidative stress, activation of certain cell-cycle
genes, and apoptosis [11–13]. In fact, expressions of antiapop-
totic proteins such as Bcl-2 and Bcl-xL are downregulated,
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whereas proapoptotic Bax expression is enhanced in neurons
of experimental model of HE [14]. Caspase-3, an important
apoptotic executioner in many cell types, is also activated in
neurons in animal model of HE [15]. Thus, pharmaceutical
inhibition of glutamate-mediated excitotoxicity might confer
the preventive means for development of PBC-associated HE
by reducing the neuronal apoptosis.

The UDCA is the currently accepted oral pharmaceu-
tic for treating PBC [16]. Combined analysis of the three
largest randomized clinical trials of UDCA for PBC indi-
cated that UDCA improved clinical and biochemical indices
and prolonged survival free of liver transplantation [17].
Although the cytoprotective mechanisms by which UDCA
acts remain unclear, experimental evidence suggests three
primary mechanisms of action: protection against the cyto-
toxicity of hydrophobic bile acids, stimulation of hepato-
biliary secretion, and protection of hepatocytes against bile
acid-induced apoptosis [18–20]. However, to the best our
knowledge, reports to elucidate whether usage of UDCA
could be beneficial on HE prevention in in vivo setting
through direct modulation of excitotoxic neuronal death
are currently absent. At least partly, the lack of study on
therapeutic effect of UDCA on HE in vivo is thought to be
due to the limited solubility and/or bioavailability of UDCA.
In fact, many bile acid formulations including UDCA exist as
a solid form of bile acid either as a component of a tablet or as
a particle and/or precipitate in a solution or suspension [21].
Complete solubilization of UDCA crystals might be possible
at an endoluminal pH in small intestine over about 8.4, but
this value has been unobtainable ex vivo [22]. Accordingly,
many existing forms of UDCA have not been appropriate for
systemic administration [23]. This, in turn, means that the
levels of bile in systemic circulation following administration
of many existing forms of UDCA may be extremely low.
Therefore, many UDCA formulations have limited utility
for delivering UDCA systemically and even less utility for
delivering UDCA to the brain [24].

Treatment with a target oriented Drug Delivery System
(DDS), which enables the insoluble drugs to be soluble and
thus enables direct intravenous administration of a drug to
a patient, is recognized as a promising technology because
its side effects are remarkably diminished while preserving
original therapeutic effects. Polymer nanoparticles stabilized
by surfactants provide specific benefits with regard to the
stable and controllable release of various drugs that are loaded
when administered intravenously. DDS study has evolved
polymers that can effectively transport the drug to a target
place and their therapeutic benefits while minimizing their
side effects [25, 26].

In this study, we manufactured the novel functional-
ized nanospheres, namely, the UDCA-PA, by encapsulat-
ing hydrophobic UDCA with amphiphilic pullulan acetate
nanosphere to enhance the dispersability in aqueous media.
As described above, as glutamate-induced excitotoxicity is
known to be the keymechanismunderlying theHE-mediated
neuronal death, we examined the in vitro neuroprotective
effects and the possible antiapoptotic mechanisms of the
UDCA-PA using PC-12 cells, rat pheochromocytoma cells,
formerly challenged with glutamate-induced excitotoxicity.

2. Experimental

2.1. Chemical and Reagents. Ursodeoxycholic acid (C
24
H
40

O
4
) was friendly provided by Daewoong Pharmaceutical

Co., Ltd.; pullulan and pyrene were supplied by Tokyo
Chemical Co., Ltd. (Tokyo, Japan). Formamide (98.5%), eth-
ylenediamine (EDA), and L-glutamic acid were supplied by
Junsei Chemical Co., Ltd. (Tokyo, Japan). Pyridine (99.5%)
was purchased from Kanto Chemical Co., Inc. (Tokyo,
Japan). Acetic anhydride (99%) and ethanol (EtOH, 99.9%)
were purchased from Samchun. (Kyunggido, South Korea).
Dichloromethane (DCM, 99.5%) was purchased from Bios-
esang (Seoul, South Korea). Poly(vinyl alcohol) (PVA, Mw of
15 kDa), uranyl acetate dehydrate (98%), dimethyl sulfoxide
(DMSO, 99.5%), 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC), N-hydroxysuccinimide (NHS), fluorescein
isothiocyanate (FITC), and 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazoli-um bromide (MTT) were supplied by Sig-
ma-Aldrich (St. Louis, USA). All the chemicals were used
without further purification. Triple distilled and deionized
(DI) water is used throughout.

2.2. Cell Culture and Treatment. PC-12 cells were purchased
from the Korean Cell Line Bank and maintained in DMEM
medium supplemented with 10% fetal bovine serum (FBS)
(v/v), 1% penicillin/streptomycin (P/S), and 1%HEPES in 5%
CO
2
at 37∘C. PC-12 cells were cotreated with 6mMglutamate

and different concentrations of the UDCA-PA nanospheres
for 24 h. In these experiments, glutamate was dissolved in
10 𝜇L of hydrochloride (HCl) and 990 𝜇L of DMEM. Control
group was prepared by treatment of the same amount of
DMEM.

2.3. Preparation of Pullulan Acetate. PA was prepared by
earlier reported Motozato et al.’s method [27] with minor
modifications. 2 g of pullulan was fully dissolved in 20mL of
formamide with a magnetic stirring for 4 h. 6mL pyridine
and 15mL of acetic anhydride were added to the solution
and suddenly formed white colored film-like precipitation.
The agglomeration in mixture solution was fully dissolved
with a magnetic stirring for 12 h. The color of the solution
changed from transparent to gold. The solution was loaded
in water bath with a magnetic string, with the temperature
increased to 54∘C, and kept for 48 h. A dark-brown mixture
was obtained, which was further purified by triturating
with 1,000mL distilled water and 500mL methanol. The
solid material was dried in vacuum for 24 h. The sample
was sealed in 50mL vial stored at −20∘C until further use
[27].

2.4. Fourier Transform-Infrared Spectroscopy (FT-IR) Anal-
ysis. Fourier transform-infrared (FT-IR) spectra of pullu-
lan, PA, UDCA, and UDCA-loaded PA nanoparticles were
recorded at 20∘C using an ALPHA FT-IR Spectrometer
equipped with Platinum ATR (Bruker, USA). The samples
were vacuum-dried before FT-IR scan. Spectra were mea-
sured with a resolution of in the range of 1 cm−1 and the
wavenumber range was 4,000∼400 cm−1. The samples were
measured by dropping the samples on the surface of facet of



Journal of Nanomaterials 3

diamondATRwithout any specific preparation of specimens.
Total of 24 scans were taken for each sample.

2.5. Critical Aggregation Concentration (CAC) of PANanopar-
ticles in Aqueous Medium. The critical aggregation concen-
tration (CAC) of PA nanoparticles was calculated by the
fluorescence probe technique. Briefly, 36 uL pyrene solutions
(5.0 × 10−5M) in acetone were added to a series of 15mL
tubes and followed by drying with N

2
to evaporate the

acetone. Afterward, a series of PA nanoparticles in the range
1.0–10−3 g/L were added to each tube.The final concentration
of pyrene in each sample was 6.0 × 10−7M. The tube was
sonicated in an ultrasonic bath for 15min for equilibrium and
left overnight at room temperature. The emission spectra of
the samples were performed at the range 300–360 nm using
fluorospectrophotometer (RF-5301PC, Shimadzu Japan) at
the excitation wavelength of 335 nm.

2.6. Preparation of UDCA-PA Nanospheres. The UDCA-
PA nanospheres were synthesized by oil-in-water (o/w)
emulsion-solvent evaporation method with minor modifica-
tions [28]. 10mg UDCA and 100mg PA were dissolved in
5mL DCM into 20mL vial with sonication; this constituted
mixture. For primary emulsion, the mixture was dropped
into 10mL aqueous PVA (0.5%, w/w) solution with magnetic
stirring (700 rpm). The mixture was using a probe sonicator
for 30 s.The resulting colloidal suspension was centrifuged at
20,000×g for 30min to obtain the UDCA-PA nanospheres.
To remove the impurities and free UDCA, the sample was
redispersed in DI water and precipitated 3 times at 20,000×g
for 15min each. Washed solid material was resuspend in
DI water, subjected to prefreezing at −40∘C for 12 h, and,
furthermore, vacuum-dried at −110∘C for 24 h by Speedvac
[29]. The lyophilized powder was sealed in sealed 50mL vial
stored at −20∘C until further use.

2.7. Calculation of Entrapment Efficiency (E%). To increase
the detection efficacy, FITC was attached to UDCA. First,
5mg of UDCA was dissolved in 1mL of ethanol; 1mg of
EDC and 1mg of NHS were added and then reacted for
15min. The sample was then precipitated by centrifugation
and the upper part was decanted.The precipitate was washed
twice with ethanol and redispersed in 1mL of ethanol.
Then, 50𝜇L of ethylenediamine was added and reacted for
1 h. The sample was precipitated using centrifugation and
the supernatant was decanted. The precipitate was washed
twice with ethanol again and redispersed in 1mL of ethanol.
UDCA-FITC sample was finally prepared by adding 1mg
FITC to amine activated UDCA and then reacting for an
additional 24 h. The sample was dried for 24 h by Speedvac.
Entrapment efficiency of the FITC-UDCA in nanoparticles
was calculated as follows: After separation of nanoparticles
from the aqueous buffer, the extract including the repeated
washing was collected. To a 100mL of this solution, 500mL
of phosphate buffer saline (PBS), pH-7.4, was added and the
concentration of the FITC-UDCAwasmeasured spectropho-
tometrically at 495 nm. The emission spectra of the samples
were performed at 519 nm using fluorospectrophotometer
(RF-5301PC, Shimadzu, Japan) at the excitation wavelength

of 495 nm. Amount of FITC-UDCA present was calculated
from the standard curve of the drug. Total amount of FITC-
UDCA left in the aqueous extract was subtracted from the
amount of FITC-UDCA originally added in the reaction
medium, and the entrapment efficiency (𝐸%) was calculated
from the ratio of the amount of FITC-UDCA entrapped to
the total amount of FITC-UDCA added ×100.

2.8. Release Profile of FITC-UDCA from Nanoparticles. A
known amount of lyophilized powder of pullulan nanopar-
ticles loaded with FITC-UDCA was dispersed in 10mL of
PBS, pH = 7.4. 200ml of the solution was distributed
in eppendorf tubes and kept at 37∘C. At a predetermined
interval of time, the solution was filtered through a Millipore
filter (100 kD cut off). Free FITC-UDCA present in aqueous
buffer passed through the filter and its concentration was
determined spectrophotometrically at max = 495 nm.

2.9. Transmission Electron Microscopy (TEM) Analysis. The
particle size, morphology, and distribution quality of UDCA-
PA nanospheres were analyzed by Hitachi H-7650 TEM
(EVISA, Japan) following negative staining with uranyl
acetate solution. TEM imaging was prepared from the
UDCA-PA nanospheres resuspend in distilled water with
sonication for 1min. After sonication, 10 𝜇g of the UDCA-PA
nanospheres was mixed with 100 𝜇L uranyl acetate solution
and then dropped on TEM-copper grids. Representative
samples of TEM images for the estimation of size and
morphology of the UDCA-PA nanospheres.

2.10. MTT Assays. The cell viability was measured by MTT
assay. In brief, PC-12 cells were seeded in 96-well culture
plates at cell density of 5 × 104 per well and maintained in 5%
CO
2
incubator at 37∘C for 24 h. PC-12 cells were treated with

various concentrations of UDCA-PA nanospheres (1, 5, 10,
25, and 50 𝜇g/mL) with or without glutamate for 24 h. After
adding the UDCA-PA nanospheres, the plates were further
incubated for another 24 h. 10𝜇L of MTT solution (5mg/ml)
was added to each well in 96-well plate and incubated at
37∘C for 4 h. The medium was carefully removed and cells
which had formazan were dissolved with 100 𝜇L of DMSO.
The absorbance was measured at 540 nm using an ELx800uv
microplate reader (BioTek Instruments, Inc., USA).

2.11. Annexin V Binding Assay. The cellular apoptosis was
determined using an Annexin V & Dead Cell kit (Merck
Millipore,Germany) according to themanufacturer’s instruc-
tions. Briefly, PC-12 cells were seeded in 12-well culture plates
at cell density of 5 × 105 per well and maintained in 5%
CO
2
incubator at 37∘C for 24 h. PC-12 cells were treated with

various concentrations of UDCA-PA nanospheres (1, 5, 10,
25, and 50 𝜇g/mL) with or without glutamate for 24 h. After
adding the UDCA-PA nanospheres, the plates were further
incubated for another 24 h and then washed twice with cold
PBS. Trypsin was used to dissociate the PC-12 cells from the
12-well plates, then 100 𝜇L fresh medium was added to each
tube. 100𝜇L of the Muse� Annexin V & Dead Cell reagent
was added to each tube mix thoroughly by vortexing at a
medium speed for 3 to 5 sec. Samples were incubated at room
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Scheme 1: Schematic representation of the synthesis of ursodeoxycholic acid-loaded pullulan acetate nanoparticles. (a) Chemical structure
of pullulan; (b) synthesis of pullulan acetate in the presence of acetic anhydride, pyridine, and formamide; and (c) incorporation of
ursodeoxycholic acid into pullulan acetate nanoparticles by microemulsion method.

temperature for 20min.The samples were determined by the
Muse Cell Analyzer. Samples were analyzed with the aid of a
Muse cell analyzer (Merck Millipore, Germany). Using Muse
Cell Analyzer, live, early apoptotic, late apoptotic, debris, and
total apoptotic cells of each group at indicated concentrations
of the UDCA-PA nanospheres were evaluated.

2.12. Immunofluorescence Assay. The expression of apopto-
sis-related protein such as caspase-3 was determined using
an immunofluorescence assay. Coverslips in 12-well plates
were coated by poly-L-lysine. Briefly, PC-12 cells were seeded
in 12-well culture plates at cell density of 1 × 106 per
well and maintained in 5% CO

2
incubator at 37∘C for

12 h. PC-12 cells were treated with various concentrations
of UDCA-PA nanospheres (1, 5, 10, 25 and 50 𝜇g/mL) with
or without glutamate for 24 h. After adding the UDCA-PA
nanospheres, the plates were further incubated for another
24 h and then washed twice with cold PBS. After being
fixed in 4% paraformaldehyde at 4∘C for 1 h, cells were then
permeabilized with 1% Triton X-100 for 1 h and blocked with
5% BSA at 4∘C for 1 h. Cells were incubated with primary
antibody (anti-rabbit caspase-3; Sigma-Aldrich,MO,USA) in
blocking solution at room temperature (RT) for 1 h, stained
with secondary antibody (FITC-conjugated anti-rabbit IgG)
for 1 h (light protected), and thenwashed twicewith cold PBS.
Finally, the coverslips were rinsed with distilled water and
mounted with the cells facing down on the glass slides. Cells
were observed using LSM 510 confocal laser scan microscope
(Zeiss, Inc., USA) and E800 epifluorescence microscopic
(Nikon, Inc., Japan).

2.13. Western Blot. Briefly, PC-12 cells were seeded in 100
Ø cell culture dish at cell density of 5 × 106 per well and
maintained in 5% CO

2
incubator at 37∘C for 24 h. PC-12

cells were cotreated at the UDCA-PA nanospheres (1 and
5 𝜇g/mL) with or without glutamate 2∼10mM for 24 h. After
adding the UDCA-PA nanospheres, the plates were further
incubated for another 24 h and then washed twice with cold
PBS. Protein was collected by lysing the cells in 100 𝜇L of
ice cold PRO-PREPTM buffer (iNtRON, Seongnam, Korea).
The protein concentration of supernatant was evaluated with
BCA protein assay kit (Thermo Scientific, South Logan,
UT, USA). Total proteins (10 𝜇g) were separated by 15%
SDS–PAGE and blotted onto a transferred polyvinylidene
fluoride (PVDF) membrane. The membranes were blocked
with 5% skin milk at RT for 4 h and then incubated with
rabbit primary antibodies to cleaved caspase-3 (1 : 1,000 each)
and at 4∘C for 12 h. The membranes were washed with Tris-
buffered saline containing 0.1% Tween 20 (T/TBS) for 10min
three times and then incubated with HRP-conjugated anti-
rabbit IgG secondary antibodies (1 : 1,000 each) at RT for 2 h.
After three-time wash in T/TBS, bands were developed using
chemiluminescence detection kit (Thermo Scientific, South
Logan, UT, USA).

3. Results and Discussion

3.1. Synthesis and Characterization of PA. As shown in
Scheme 1, pullulan was first replacing the hydroxyl groups
in the glucose unit with acetate groups with acetic anhy-
dride, pyridine, and formamide in order to prepare PA as
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Figure 1: FT-IR spectra of (a) pullulan, (b) pullulan acetate (PA), (c) ursodeoxycholic acid (UDCA), and (d) UDCA-loaded PA nanoparticles.

an amphiphilic polymer. The degree of substitution with
acetate can be tuned by changing the ratio between acetic
anhydride and glucose unit. Figure 1 shows FT-IR spectra
of (a) pullulan, (b) PA, (c) UDCA, and (d) UDCA-loaded
PA nanoparticles. FT-IR spectra of pure pullulan show the
following characteristic bands: 1077 cm−1 (C-OH stretching),
1454 cm−1 (CH stretching), and 2929 cm−1 (C-H stretching).
The weak bands observed near 926 cm−1 and 760 cm−1 are 𝛼
anomers of pyranose compounds.The broad absorption peak
at 3600–3000 cm−1 can be assigned to OH stretching and
intrahydrogen bonds. From IR spectra of pullulan acetate,
the stretching vibration of hydroxyl group at ca. 3300 cm−1
converted weak, and the peak at 1747 cm−1 characteristic
indicative of carbonyl group of an ester group increased
because the degree of substitution (DS) of the acetyl group
increased CH

3
deformation at 1367 cm−1, C-O stretching at

1250 cm−1, presence of O-C=O bonds at 1020 cm−1, CH
2

deformation at 752 cm−1, and C-O stretching at 610 cm−1.
Acetylated glycosides have a band because the acetyl C=O
stretching vibration appeared at 1747 cm−1, which is not

observed for the nonacetylated compounds. In addition, the
nonacetylated glycosides exhibit a band at 3600–3000 cm−1
due to the OH stretching vibration which is not observed
in the acetylated form. By comparing the FT-IR spectrum
of pullulan and pullulan acetate, the successful synthesis of
the pullulan acetate was verified. The UDCA obviously has
broad absorption peaks at 3300–3500 cm−1 and sharp peaks
at 2800–3000 cm−1 and 1715 cm−1, which can be allocated
to (O-H) stretching vibrations, (C-H) and (C=O) ones. The
peak at 1450 cm−1 is due to the mixture of C-O stretching
and O-H deformation vibration of carboxylic acid. The
CAC performance of PA nanoparticles in an aqueous phase
was calculated by evaluating the excitation spectra of fixed
concentration of pyrene with various concentrations of PA
nanoparticles as shown in Figure 2(a).The characteristic peak
of excitation spectra of pyrene shifts from 334 to 337 nm
due to the incorporation of pyrene in aqueous phase to
the less polar inner core. Figure 2(b) shows the intensity
ratios (𝐼

337
/𝐼
334
) versus logarithm of the concentration of PA

nanoparticles. The CAC value can be calculated from the
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337
/𝐼
334

versus
logarithm of the concentration of PA nanoparticles.

intersection of two straight lines. The CAC value is 21.6mg/L
for PA nanoparticles.

Figures 3(a) and 3(b) show TEM images of synthe-
sized UDCA-PA nanoparticles dispersed on a carbon coated
copper grid and negatively stained with 1% (w/v) uranyl
acetate solution. Most of the UDCA-loaded PA nanoparticles
were of spherical shape with a mean diameter of 98 nm
(Figure 3(c)). Figure 3(d) shows zeta potential analysis of
UDCA-PA nanospheres. The zeta potential of UDCA-PA
nanospheres is negative with a value of 28mV at pH = 7.4.

TheUDCA loading efficiency of the PAnanoparticles was
found to be around 93%. In order to investigate the stability
of FITC-UDCA-loaded PA nanoparticles from the aqueous
media, the release profile of FITC-UDCA from nanoparticles
was measured in PBS. Results from Figure 4 showed that the
release of FITC-UDCA from nanoparticles increased with
timewith 75%of FITC-UDCA released in 5 h, while only 35%
of the drug was released in initial 2 h.

3.2. Protective Effects of the UDCA-PA Nanospheres against
Glutamate-Induced Excitotoxicity in PC-12 Cells. PC-12 cells
were used to compare the neuroprotective effect of UDCA
compound alone and encapsulatedUDCA inPA (UDCA-PA)
nanospheres.The cytotoxicity of PC-12 cells wasmeasured by
varying the glutamate concentration in the range of 2–10mM.
Glutamate treatment induces a significant decrease of cell
viability in PC-12 cells with dose-dependent tendency. The
MTT assay showed that 6mM glutamate (Figure 5(a)) was
the IC

50
.Therefore, consequent experiments were performed

using 6mM glutamate. Cell viability of PC-12 cells was
estimated after treating with UDCA (1–200 𝜇g/mL) alone
and UDCA-loaded PA nanospheres (1–50 𝜇g/mL) alone
(Figures 5(b) and 5(c)). The MTT assay results are shown
in Figure 5(d), glutamate-induced cytotoxicity significantly

attenuated by UDCA-PA nanospheres pretreatment dose-
dependently.Moreover, the result implies that no cytotoxicity
was added in the material itself or in the process after
encapsulating UDCA in pullulan acetate.

3.3. Antiapoptosis Effect of the UDCA-PA Nanospheres against
Glutamate-Induced Apoptosis in PC-12 Cells. To quantita-
tively demonstrate the antiapoptosis effect of the UDCA-PA
nanospheres against glutamate-induced apoptosis, Annexin
V binding assay was performed by MuseTM cell analyzer.
Figure 6 shows the apoptosis of control group, glutamate
only treated group, and PC-12 cells treated with various
concentrations of UDCA-PA nanospheres (1, 5, 10, 25, and
50 𝜇g/mL) with or without glutamate (Figure 6(a)). The neu-
roprotective mechanism of the UDCA-PA nanospheres was
shown to be involved in the mitochondrial-mediated apop-
totic pathway; the expressions of apoptosis-related proteins
such as caspase-3were analyzed bywestern blot (Figure 6(b)).
From the results, caspase-3 was significantly activated in
PC-12 cells treated with 6mM of glutamate compared to
control group. The cleaved caspase-3 protein in UDCA-PA
nanospheres (1𝜇g/mL and 5𝜇g/mL) treated alonewas signifi-
cantly decreased compared to the control group.These results
suggested that UDCA-PA nanospheres inhibited glutamate-
induced apoptosis by downregulating cleaved caspase-3 pro-
tein. The effect of UDCA-PA nanospheres on glutamate-
induced cell death characteristics, such as nuclease morphol-
ogy changes, expression, and translocation of caspase-3 in
PC12 cells, was investigated using a confocal microscopy
(Figure 7). PC-12 cells normally grow as clumped colonies in
plastic flasks and adhesion and disperse as a monolayer over
time. From the results, caspase-3 expression was significantly
increased in cells treated with 6mM glutamate more than
in the control group. After cells were cotreated with 1 and
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Figure 3: (a, b) TEM images of synthesized UDCA-loaded PA nanoparticles. The sample was negatively stained with 1% (w/v) uranyl acetate
solution. (c) Particle size distribution and (d) zeta potential analysis of UDCA-PA nanospheres.
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Figure 4: Release profile of FITC-UDCA from pullulan acetate nanoparticles in PBS (pH-7.4) at 37∘C. Free FITC-UDCA released from the
nanoparticles was filtered through a Millipore filter and its concentration was determined spectrophotometrically.
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Figure 5: Evaluation of (a) the toxic concentration of glutamate, (b) the safety concentrations of UDCA, (c) the UDCA-PA nanospheres, and
(d) the neuroprotective effects of theUDCA-PAnanospheres on the glutamate-induced cell death in PC-12 cells.The cell viability of glutamate
(2–10mM) after exposure to PC-12 cells for 24 h (∗𝑝 < 0.05 and ∗∗∗𝑝 < 0.001 versus Con) and UDCA (1–250 𝜇g/mL) and the UDCA-PA
nanospheres (1–50 𝜇g/mL) after exposure to PC-12 cells for 24 h were evaluated. The neuroprotective effects of the UDCA-PA nanospheres
(1–50 𝜇g/mL) against glutamate- (5mM) induced cell death in PC-12 cells for 24 h were evaluated (∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001
versus glutamate-treated). Data represent the mean ± SEM from three independent experiments in triplicate. All data are presented as mean
± SE of the means (SEMs). The statistical analysis was performed using Student’s t-test (IBM Corporation, Armonk, NY, USA). Results with
values less than 0.05 were considered statistically significant.

5 𝜇g/mL UDCA-PA nanospheres and exposure to glutamate
for 24 h, the caspase-3 expressionwas increased in themmore
than in the control group. In addition, in the UDCA-PA
nanospheres (1 and 5 𝜇g/mL) only treated PC-12 cells, the
caspase-3 expression was significantly decreased in a dose-
dependent manner.

The amphiphilic PA is composed of two different moi-
eties, that is, hydrophilic compartment of pullulan and
hydrophobic part of acetate. Thus, those amphiphilic behav-
iors of PA in water are investigated. Pyrene is used as an effec-
tive fluorescent probe because it has numerous advantageous
physicochemical properties such as long life time and efficient
formation of excimers. Fluorescence intensity is maintained
at a definite concentration but higher than this concentration
increases as a function of the logarithm of the amphi-
pathic polymer concentration. At this critical boundary

concentration, is called CAC, micelles are produced in an
aqueous medium and pyrene forms an aqueous phase in the
aqueous phase and a less polar micelle region. Aside from
particle diameter, their inherent surface characteristics, such
as surface charge, functional groups, and hydrophobicity,
determine the degree of opsonization, which eventually
influences the biodistribution of the UDCA-PA nanospheres.
Hydrated PVA layers on the surface of the UDCA-PA
nanospheres created steric hindrance, which resulted in a
highly stable colloidal suspension. Apart from the parti-
cle diameter of the UDCA-PA nanospheres, their intrinsic
surface characteristics, such as surface charge, functional
groups, and hydrophobicity, also determine the quantity of
opsonization, influencing the biodistribution of the UDCA-
PA nanospheres. Generally, UDCA is known as nontoxic
compound and cytotoxicity tests exhibited no meaningful
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Figure 6: (a) Neuroprotective effects of the UDCA-PA nanospheres (1–50 𝜇g/mL) against glutamate-induced cell death in PC-12 cells were
evaluated. Treatment with various concentrations of the UDCA-PA nanospheres for 24 h in PC-12 cells shows live, early apoptotic, late
apoptotic, debris, and total apoptotic cells depending on concentration of the UDCA-PA nanospheres. Abbreviations used: Con, untreated
control; UPN, UDCA-PA nanospheres. (b) Western blot assay was performed to analyze the expressions of target proteins, and GAPDH
was used as an internal reference. Expressions of cleaved caspase-3 and caspase-3 of the UDCA-PA nanospheres (1 and 5𝜇g/mL) against
glutamate-induced cell death in PC-12 cells were evaluated. Data represent themean ± SEM from three independent experiments in triplicate.

difference in cell viability between 10 and 200 ug/ml. These
results suggest that the UDCA-PA nanospheres less than
50 𝜇g/mL had no cytotoxicity on PC-12 cells. When treated
with 6mMglutamate, the cell viability was about 50% against
control group. It is known that 80% of the cell deaths by
apoptosis are caused by glutamate-induced cerebral ischemia.
As a result, pretreatment with UDCA-PA nanospheres sig-
nificantly inhibited that apoptosis, which accounts for most
of the cell death, resulting in approximately 30% increase of
viability in comparison to the cells treated with glutamate
alone. Therefore, additional experiments were conducted to
determine the effect of UDCA-PA against glutamate-induced
cytotoxicity. When PC-12 cells were treated with 1∼50 ug/mL

UDCA-PA nanospheres, there was no specific change in
cell viability and those results are similar to MTT assay.
PC-12 cells treated with UDCA-PA nanospheres without
glutamate implies that apoptosis was not induced. PC-12
cells treated with 6mM glutamate have increased apoptosis
rate compared to the control group, and apoptosis rate was
decreased when 1∼50 ug/mL UDCA-PA was administered
compared to glutamate-treated group.This result implies that
administration of UDCA-PA nanospheres at least reduces
the rate of apoptosis in ischemia at the cellular level. This
is similar to the effect of UDCA shown in other studies,
indicating that UDCA-PA is effective in ischemia and that
the new DDS does not alter the efficacy. The activation of
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Figure 7: Standard images were captured with fluorescence microscope. Changes of caspase-3 expression in PC-12 cells challenged with
or without glutamate and subsequently incubated with or without UPN (1 or 5𝜇g/mL) were evaluated by immunofluorescence study using
anti-caspase-3 antibody (green). DAPI was used for nuclear staining (blue). Abbreviations used: Con, untreated control; UPN, UDCA-PA
nanospheres.

caspase cascade is a critical step in the apoptotic cell death
pathways.

4. Conclusions

The glutamate-induced cytotoxicity significantly was attenu-
ated by UDCA-PA nanospheres pretreatment dose-depend-
ent-ly. Moreover, the result implies that no cytotoxicity
was added in the material itself or in the process after

encapsulating UDCA in pullulan acetate. When PC-12 cells
were treated with 1∼50 ug/mL UDCA-PA nanospheres, there
was no specific change in cell viability and those results
are similar to MTT assay. The neuroprotective mechanism
of the UDCA-PA nanospheres was shown to be involved
in the mitochondrial-mediated apoptotic pathway, and the
expressions of apoptosis-related proteins such as caspase-3
were analyzed. Based on the results, caspase-3 was signifi-
cantly activated in PC-12 cells treatedwith 6mMof glutamate
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compared to control group. Therefore, this study suggested
that the UDCA-PA nanospheres have potential therapeutic
effect on experimental animal model of cerebral ischemia.
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