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ABSTRACT: Poly (lactic-co-glycolic acid) (PLGA)-coated gelatin microspheres containing glial cell-line derived neurotrophic factor

(GDNF) were developed by thermal gelation through a water-in-oil emulsion technique. Gelatin types (A and B) at four different pH

levels were investigated for their influences on the morphology, the microsphere size, the zeta potential, and the swelling ability. The

encapsulation of GDNF and the release characteristics of GDNF were also determined using enzyme-linked immunosorbent assay

(ELISA). The maximum cumulative released amounts of GDNF from the microspheres were increased from 50 to 90% after 4 d

(based on the actual amount of the GDNF). Thus, the release of the GDNF contents in the microspheres depends on the amount of

GDNF. Trigeminal ganglion cells (TGCs) were used to study the bioactivity of GDNF released from the microspheres, which was pro-

ven to retain its bioactivity in promoting the TGCs’ neurite outgrowth. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40168.

KEYWORDS: drug delivery systems; biomedical applications; biomaterials; biocompatibility; biodegradable

Received 24 June 2013; accepted 7 November 2013
DOI: 10.1002/app.40168

INTRODUCTION

The degradation of proteins is one of the most significant limi-

tations for their utilization, due to their short half-lives and sus-

ceptibility to enzymatic degradation and absorption.1 Therefore,

the protection of proteins to prolong their efficacy must be

studied. The design of a sustained proteins delivery system has

been developed in therapeutic proteins. Examples of carriers for

the delivery of proteins are liposomes,2 nanoparticles,3 micro-

spheres,4 and emulsions.5 Among these, microspheres are con-

sidered as an efficient method for protein delivery.

The controlled delivery of proteins via microspheres is advanta-

geous because they can be administered by injection or ingestion.

Furthermore, microspheres can maintain constant protein levels

and biologically active conformations. Microspheres are generally

fabricated from biopolymers and biodegradable polymers, mainly

due to their complete biodegradation. Among various biopolymers,

gelatin microspheres have been developed as carriers for the delivery

of basic fibroblast growth factor (bFGF),6,7 transforming growth

factor (TGF),8 and plasmid DNA.9 On the other hand, Poly(lactic-

co-glycolic acid) (PLGA) microspheres have been developed as car-

riers for the delivery of bFGF10 and TGF-b1.11 While gelatin was

chosen mainly for its ease of fabrication into microspheres and its

full biodegradability, PLGA was chosen for its ability to prolong the

release of the encapsulated entity.

Gelatin is a biopolymer, derived from denaturation of colla-

gen.12 Two common variants of gelatin are types A and B,

depending on the hydrolytic method with which it is obtained.

A drastic change to the amide into the carboxyl groups of colla-

gen occurs more readily in the alkaline process (type B gelatin),

while the acidic process causes only a slight change to the amide

groups (type A gelatin). As a result, some physic-chemical char-

acteristics of the two types of gelatin are different. One impor-

tant characteristic is the isoelectric point (IEP) of the two types

of gelatin. While type A gelatin shows practically no change in

the IEP value, while type B gelatin shows a lower IEP value,

when comparing with the collagen.13 As a result, the different

IEP values of gelatin lead to a complex of electrostatic interac-

tions between oppositely charged molecules.13 Due to its natural

origin, gelatin has been widely used in food,14 tissue engineer-

ing,15 gene therapy,16 and drug delivery.17

Hariraksapitak et al.18 reported the preparation of gelatin

microspheres containing crude bone protein (CBP) and the
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impregnation of these CBP-incorporated gelatin microspheres in

porous composite hyaluronan (HA)-gelatin scaffolds. The

release characteristics of CBP from the gelatin microspheres

and, hence, the scaffolds were studied. The study showed that

the release of CBP from the microspheres, in comparison with

that from the scaffolds, was too fast, and there was only a short

period of a sustained release. To prolong the release of protein

molecules from gelatin microspheres, another polymer, which

exhibits a slower releasing rate of an encapsulated substance

when being fabricated into microspheres, can be used to modify

the gelatin microspheres.

PLGA is a class of synthetic biodegradable polyesters of lactic

and glycolic acids. By varying the molar ratios between the two

constituents, PLGA of diverse properties can be obtained. PLGA

has various advantages, such as improved a long-term drug

release rate and ease of fabrication, not to mention its inherent

properties like its excellent biocompatibility and biodegradabil-

ity.19–21 Because of these advantages, PLGA is used in many

medical and pharmaceutical applications, such as tissue engi-

neering and controlled drug or protein delivery.22–25

Glial cell-line derived neurotrophic factor (GDNF) is expressed

in an adult brain and can be isolated from murine B49 glial cell

line.26 GDNF is a protein, the structure of which contains a

disulfide-linked homodimer composed of amino acids in the

sequence. GDNF has been regarded as one of the most effective

growth factors that promote the survival of mesencephalic

dopamine neurons in culture, and is one the most common fac-

tors that support the survival of motorneurons.27–29 Clavreul

et al.30 investigated the effect of GDNF on 6-hydroxydopamine

(6-OHDA)-treated dopaminergic neurons in vitro, and the

results were ascribed to the neuroprotective effect of GDNF. Tan

et al.31 developed PLGA/gelatin microspheres as carriers for the

delivery of an active substance to support the attachment, the

proliferation, the viability and the secretion of glycosaminogly-

cans (GAGs) of chondrocytes.

The aim of this study was to prepare PLGA-coated gelatin

microspheres that had been loaded with GDNF by an emulsion

technique. The effects of two types of gelatins at different pH’s

on morphology, size, zeta potential value, and swelling behavior

of the GDNF-loaded microspheres, as well as the release charac-

teristics of GDNF from the microspheres in a bovine serum

albumin (BSA)-containing phosphate buffer saline solution were

investigated.

MATERIALS AND METHODS

Materials

Gelatin from porcine skin (type A, Bloom no.170–180) was pur-

chased from Fluka (Switzerland), while that from bovine skin

(type B, Bloom no.175–225) was purchased from Sigma-Aldrich

(USA). PLGA (Mw � 5000–15,000 Da) with a weight ratio

between lactic acid and glycolic acid at 50 : 50 was purchased

from Sigma-Aldrich (USA). Recombinant rat GDNF was pur-

chased from R&D Systems (USA) (Cat. No.: 512-GF-010).

Human GDNF MAb (monoclonal rat IgG1 Clone #27106; Cat.

No.: MAB212) and human/rat GDNF affinity purified polyclo-

nal Ab (Cat. No.: AF-212-NA) were also purchased from R&D

Systems (USA). 3,30,5,50-tetramethylbenzidine (TMB) substrate

and the stop reagent for the TMB substrate were purchased

from Thermo Scientific (USA). Glutaraldehyde (GTA; 5.6M aq.

solution) was purchased from Fluka (Switzerland). Acetone (AR

grade) and chloroform (AR grade) were purchased from Lab-

Scan (Asia) (Thailand). All chemical agents were of analytical

grade and used without further purification.

Preparation of PLGA-Coated Gelatin Microspheres

Containing GDNF

PLGA-coated gelatin microspheres containing GDNF were

created using a thermal gelation technique,18 with slight modifi-

cations. Type A or B gelatin powder was first dissolved in dis-

tilled water at 40�C to prepare a stock solution of gelatin at

15% (w/v). To study the effect of pH, various pH levels (i.e., 3,

5.2, 7.4, and 10) were adjusted by using either 1N HCl or 1M

NaOH. GDNF at a concentration ranging between 0.625 and

10 ng/mL was then added under constant stirring for 10 min to

the solution. Next, a PLGA solution, i.e., 120 mg in 2 mL of

dichlorometane : acetone (3 : 1 v/v), was added into the gela-

tin/GDNF solution under constant stirring for 10 min. The

mixture was then added drop-wise into 200 mL of soya bean

oil under constant agitation by means of a homogenizer operat-

ing at 1000 rpm at 40�C for 10 min to finally obtain an water-

in-oil emulsion. The temperature of the emulsion was then

cooled down to 4�C in an ice-water bath. After 30 min of con-

stant stirring, 200 mL of acetone at 4�C was added and the

mixture was stirred for 60 more minutes to dehydrate the

microspheres. The microspheres were filtered, washed with pre-

cooled acetone to remove residual oil, filtered again and finally

freeze-dried at room temperature for 24 h.

The microspheres were cross-linked in 10 mL of an acetone/

water mixture (2 : 1 v/v) that contained 1% (w/v) GTA solu-

tion. The mixture was stirred at 4�C and 500 rpm for another

1 h. The cross-linked microspheres were washed with 200 mL

of pre-cooled acetone and collected by filtration under a vac-

uum. The cross-linked microspheres were then placed in 20 mL

of 10 mM glycine aqueous solution, containing 0.1 wt % of

Tween 80 and subsequently shaken at 37�C at 50 rpm for 1 h to

block the residual aldehyde groups of the unreacted GTA. The

cross-linked microspheres were again washed with pre-cooled

acetone, filtered under a vacuum, and finally freeze-dried at

room temperature for 24 h. The microspheres were stored at

4�C until of further use.

Characterization of the Microspheres

Morphological Observation. Morphologies of the neat and the

GDNF-loaded types A and B gelatin microspheres, that had

been prepared at various pH levels, were studied with a JEOL

JSMe-5200 scanning electron microscope (SEM), operating at

an accelerating voltage of 15 kV. Before SEM observation, each

of the specimens had been mounted onto a carbon conductive

tape on a copper stub and vacuum-coated with gold using a

JEOL JFC-1100 sputtering device.

Size of Microspheres. Size of the microspheres was evaluated

by a polarizing optical microscope (DMRXP, Leica) at 203

magnification. The optical images were analyzed with a

UTHSCSA Image Tool software (version 3.0), to determine the
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diametric information of the microspheres. For each sample

type, atleast 100 microspheres from various optical images were

analyzed. The data were reported as average values.

Swelling of the Microspheres. Swelling behavior of the cross-

linked types A and B gelatin microspheres that had been pre-

pared at different pH levels was investigated after incubation at

37�C in 10 mL of 10 mM phosphate buffered saline (PBS) in

the presence of 0.15M NaCl. After 24 h, the size of the swollen

microspheres was analyzed according to the previously described

procedure in the previous sub-section. For each sample type, at

least 100 microspheres were analyzed and their swelling behav-

ior was quantified based on the following eq.:

Swelling ratio 5Dswell 3100=Ddry (1)

where Dswell and Ddry represent the size of the microspheres

after and before the incubation.

Zeta Potential. Electrostatic mobility in terms of the zeta

potential of the microspheres was analyzed using an electropho-

retic analyzer (3.01, Zeta-Meter). Briefly, a suspension of

microspheres in deionized water was placed in an electrophore-

sis cell. The electrodes were inserted into the cell and connected

to the Zeta-Meter 3.01 unit. The microspheres moved towards

either of the electrodes when the electrodes were energized. If

they moved to the left, they were negatively charged, and if they

moved to the right, they were positively charged. Individual

microspheres were recorded under a microscope when they

moved across the grid lines. The zeta potential values were

measured when the microspheres moved to a designated point.

At least 10 individual microspheres were studied for each sam-

ple, and the data were averaged and reported.

Actual GDNF Content

The actual amount of GDNF in the microspheres was quanti-

fied using the enzyme-linked immunosorbent assay (ELISA)

method, as reported earlier.32 Initially, 96-well microplates were

coated with the diluted monoclonal anti-GDNF antibody in

0.025M carbonate with a pH of 8.2 at 4�C. After 24 h, the solu-

tion in the microplates was withdrawn for 1 h, and blocking

solution was added to block the remaining free sites after

microplate coating. Each sample was then dissolved in 1 mL

dimethyl sulfoxide (DMSO) and the mixture was vortexed for

10 min. Then, 0.5 mL of the solution was pipetted into plates

at room temperature. After 6 h, the microplates were washed at

least five times with PBS, and the PBS was replaced with puri-

fied Mouse Monoclonal IgG1. The microplates were incubated

at 4�C for 24 h. Afterwards, the microplates were washed five

times with PBS, and the GDNF Affinity Purified Goat IgG1 was

added to each well and incubated at room temperature for 2 h.

The microplates were then washed five times with PBS. Later,

the TMB substrate solution was added and incubated in a dark

room at room temperature for 15 min. Finally, a stopping solu-

tion was added to stop the enzyme reaction. The concentration

of the GDNF in the samples was further determined by a

microplate reader at 450 nm and referenced to a GDNF stand-

ard curve. The experiment was completed in triplicate. The

encapsulating efficiency of GDNF (EE) and the loading capacity

(LC) of microspheres were calculated using the following

equation:

Encapsulating Efficiency %ð Þ5 total ng GDNF encapsulated

3 100=initial ng GDNF loaded

(2)

and

Loading capacity %ð Þ5 total ng GDNF encapsulated

3 100=total mg microspheres
(3)

In Vitro GDNF Release

The release characteristics of the GDNF with microspheres were

determined by measuring the amount of GDNF in the supernatant.

Each of the samples (1 mg) was immersed in 0.5 mL of 10 mM

PBS with 150 mM NaCl, which consisted of 0.1% BSA and sodium

azide 0.02% (w/w). The samples were incubated in a shaking water

bath at 37�C with constant shaking at 40 rpm. At each time point,

500 lL of the supernatant medium (i.e., the sample solution) was

withdrawn and an equal volume of fresh medium was replenished

to maintain a constant volume of the medium. The amounts of

GDNF in the sample solutions were analyzed by ELISA. The

experiment was assayed in triplicate, and the mean value and the

standard deviation were calculated at every time point.

Cell Culture

Neural stem cells were used to study the cytotoxicity of the

microspheres. These cells were isolated from the E11.5 mouse

telencephalon. Isolated cells were cultured as a monolayer in mini-

mum essential medium (Neurobasal Medium; Gibco) supple-

mented with 1% B-27 (Gibco, USA), 2 mM L-glutamine (Gibco,

USA), Penicillin-Streptomycin (Gibco, USA) and 5 lg/mL of hep-

arin. The cells were maintained at 37�C in a humidified atmos-

phere containing 5% CO2 and passaged every 3 days.

Trigeminal ganglion cells (TGCs) were used to analyze the bioac-

tivity of the GDNF released from the microspheres. TGCs were

isolated from Wistar rats and cultured in DMEM/F12 medium

(Hyclone, USA) supplemented with 1% B-27 (Gibco, USA), 0.6%

glucose (Sigma, USA), 1 mM pyruvic acid (Gibco, USA), 2 mM

L-glutamine (Gibco, USA), Penicillin-Streptomycin (Gibco, USA)

and 50 lg/mL of insulin (Gibco, USA). TGCs were maintained at

37�C in a humidified atmosphere containing 5% CO2.

Cytotoxicity Studies

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide) assay is a colorimetric assay for measuring the cell

cytotoxicity of cells in culture. MTT is founded on the conver-

sion of the cleavage of the yellow tetrazolium salt into purple

formazan by metabolically active cells. The number of viable

cells is proportional to the amount of purple formazan crystals

formed. The cytotoxicity of microspheres was determined by

the indirect cytotoxicity using neural stem cells as the reference

cells. The microspheres were sterilized, and then the cells were

plated at a cell density of 4 3 104 cells/well in 24-well culture

plates at 37�C with 5% CO2 in serum-containing MEM. Neural

stem cells were incubated with the medium of non-loaded

microspheres (control) and with the purified rat recombinant

GDNF-loaded microspheres. After 24 h as the control condition,

the medium was replaced with an extraction medium. After 24,
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48, and 72 h of cell culture in the extraction medium, each

extraction medium was replaced with 500 lL/well of MTT solu-

tion (0.5 mg mL21). After 1 h of incubation at 37�C and 5%

CO2, each of the wells was filled with 1 mL/well of dimethyl-

sulfoxide (DMSO) after removal of the MTT solution. Later, the

absorbance of each well was reported on a Thermospectronic

Genesis10 UV/Visible spectrophotometer at 540 nm. The

experiment was performed in triplicate. The relative cell viabil-

ity (%) was calculated using the following equation:

Cell viability 5Atest 3100=Acontrol (4)

where Atest is the absorbance of the samples and Acontrol is that

of the control sample for 24 h.

In Vitro Bioactivity Studies

TGCs were plated onto a 24-well culture plate, incubated with

the non-loaded microspheres (control) and with the 20 ng/mL of

purified rat recombinant GDNF-loaded microspheres. After 5

days, TGCs were stained with beta-III tubulin and were captured

with a Carl Zeiss Axio Observer Z1 Microscope. Next, the neurite

outgrowth was analyzed with AxioVision software V.4.8 (n 5 50).

Statistical Analysis

A one-way analysis of variance (ANOVA) and Scheffe’s post hoc

test in SPSS (SPSS, USA) were used to analyze the data, which

are expressed as the mean 6 standard deviations. The statistical

significance for all cases was indicated at P< 0.05.

RESULTS AND DISCUSSION

Morphological Analysis

SEM was used to analyze the morphologies of the gelatin micro-

spheres type A and B at different pH levels and the PLGA-coated

gelatin microspheres containing GDNF. The pictures of the gela-

tin microspheres type A and B at different pH levels are exhibited

in Figure 1(a–p). The images show that the microspheres are

spherical in shape with small pores present on a smooth surface.

Figure 1(q) illustrates the surface morphology of GDNF-loaded

microspheres prepared with PLGA. The surface of the GDNF-

loaded gelatin microspheres was smooth, with no pores on it.

Furthermore, both the gelatin microspheres and the PLGA-

coated gelatin microspheres containing GDNF existed as large

Figure 1. SEM images illustrating morphology of the gelatin microspheres both before and after cross-link with 100 mM GTA prepared with gelatin type

A at pH 3.0 (a)–(e), pH 5.2 (b)–(f), pH 7.4 (c)–(g), pH 10.0 (d)–(h), and gelatin type B at pH 3.0 (f)–(m), pH 5.2 (j)–(n), pH 7.4 (k)–(o) and pH

10.0 (l)–(p) and PLGA-coated gelatin microspheres containing GDNF (q). The images present that the gelatin microspheres are spherical in shape with

small pores present on a smooth surface and the surface of the GDNF-loaded gelatin microspheres was smooth.
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aggregates due to the direct contact between the adjacent par-

ticles once the solvent was expelled during the preparation of

the microspheres. The electrical charge on the surface of the

particles was diminished in a dry environment, so that the elec-

trostatic repulsive force was also weakened; as a consequence,

the repulsion among particles was not exhibited.

Swelling Studies

The swelling ratio and the swelling behavior of the gelatin

microspheres type A and B at different pH levels before and

after swelling in PBS were studied at 37�C for 24 h to encapsu-

late the GDNF into the microspheres. The diameters of the

microspheres from at least 100 freeze-dried and wet samples

were measured and calculated, as reported in Figure 2 and

Table I. The microspheres demonstrated an ability to absorb

water and increase in size, as shown by the hydrated swelling

behavior reported in Figure 2(i–p). The fold swelling ratios for

microspheres were found to range from 1.1- to 2.0-fold. The

pH difference did not influence the swelling ratio, regardless of

the gelatin type. The result obtained in the present work corre-

sponds to the findings of Vandervoort et al.33

Particle Size

The resulting size and the size distribution of the microspheres

the uncross-linked microspheres ranged from 12 to 33 lm for

gelatin A microspheres, while gelatin B in the uncross-linked,

cross-linked, and swelling conditions are presented in Figure 3.

The size of microspheres varied from 13 to 34 lm. Thus, the

average size was not influenced by the type of gelatin. The effect

of the pH level on the diameters of the microspheres was also

studied. The results indicated that sizes of gelatin type A pre-

pared at pH 3.0 and 10.0 differ in particle size. Microspheres

prepared at pH 3 showed a diameter of 12 lm, compared with

33 lm for pH 10.0. The difference in microsphere size could be

related to the protonation or deprotonation of the amino or

carboxylic acid in the gelatin molecules.33

The cross-linking also changed the size of the microspheres.

The particle sizes of the microspheres ranged from 11 to 32

lm, which is probably due to the difference in the cross-linking

Figure 2. Optical images illustrating morphology of the uncrossing dry gelatin type A microspheres at pH 3.0 (a), pH 5.2 (b), pH 7.4 (c), pH 10.0 (d),

gelatin type B microspheres at pH 3.0 (e), pH 5.2 (f), pH 7.4 (g), pH 10.0 (h), and cross-linked wet and swelling gelatin type A microspheres at pH 3.0

(f), pH 5.2 (i), pH 7.4 (j), pH 10.0 (k), and gelatin type B microspheres at pH 3.0 (m), pH 5.2 (n), pH 7.4 (o), pH 10.0 (p). The microspheres per-

formed an ability to absorb water and increase in size after swelling in PBS were studied at 37�C for 24 h, as shown by the hydrated swelling behavior

Table I. Swelling Ratio of the Gelatin Microspheres Prepared With Gelatin

Types A and B at Various pH levels

Type Condition Swelling ratio

Gelatin A pH 3.0 1.60

pH 5.2 (physiologic) 2.00

pH 7.4 1.76

pH 10.0 1.16

Gelatin B pH 3.0 1.78

pH 4.95 (physiologic) 1.37

pH 7.4 1.76

pH 10.0 1.62

The microspheres demonstrated an ability to absorb water and increase
in size after swelling in PBS was studied at 37�C for 24 h. In each
group, the data are significantly different at P<0.05.
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in the gelatin: when the intensity of cross-linking was increased,

there was a decrease in the particle size and a denser network.34

However, the particle size of the swelling microspheres was

much larger than those of the uncross-linked microspheres and

the cross-linked microspheres, with an average size varying

from 19 to 37 lm.

Zeta Potentials

The surface charge values of the gelatin microspheres are shown

in Figure 4. The effect of the gelatin type and pH on the zeta

potential values was investigated for all conditions. All zeta

potential values of both gelatin A and gelatin B at different pH

levels were obtained. At pH 10.0, the average zeta potential val-

ues were 260 and 245 for gelatin A and gelatin B, respectively,

while gelatin type A and B were positive at pH 3.0 and 5.2.

However, gelatin type A had a positive charge, but gelatin type

B had a negative charge. Thus, both the type of gelatin and the

pH level influence the zeta potential values of microspheres.

This characteristic allows for electrostatic interactions between

gelatin carriers with negatively charged and positively charged

therapeutic agents (GDNF).

Loading of GDNF in Microspheres

The amount of GDNF loaded in the microspheres was evaluated

by ELISA. The influence of the drug loading was determined as

the percentages of the encapsulation efficiency of GDNF within

the microspheres and the LC of the microspheres, as presented

in Figure 5.
Figure 3. Particle sizes of the gelatin microspheres prepared with gelatin

types A and B at various pH conditions by polarizing optical microscopy

(DMRXP, Leica) at 203 magnification (n 5 100). The average size was

influenced by the pH level but the average size was not influenced by the

type of gelatin. The size of microspheres varied from 11 to 34 lm. a,b,c,

*, #, 1, 2, 3 are significantly different at P< 0.05; compared with the

uncross-linked microspheres in each group.

Figure 4. Zeta potential values of the gelatin microspheres prepared with

gelatin types A and B at various pH (n 5 30). The type of gelatin and the

pH level influence the zeta potential values of microspheres. This charac-

teristic allows for electrostatic interactions between gelatin carriers with

negatively charged and positively charged therapeutic agents (GDNF). In

each group, the data are significantly different at P< 0.05.

Figure 5. Encapsulating efficiency of GDNF within the PLGA-coated gela-

tin microspheres a) (n 5 3) and LC of GDNF within the PLGA-coated gel-

atin microspheres b) (n 5 3). This phenomenon could be described based

on polyion complexation. The GDNF was positively charged, and PLGA

and gelatin type A were negatively charged to sustain the release of pro-

tein drugs from polymer matrices and Figure 5b illustrates the increasing

LC of the prepared microspheres might be increased with an increase in

the concentration of GDNF. In each group, the data are significantly dif-

ferent at P< 0.05.
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As observed, the encapsulation efficiency of GDNF ranged from

95 to 97% with an average of 96% for all samples at concentra-

tions of GDNF from 0.625 ng /mL to 10 ng /mL, as shown in

Figure 5(a). This phenomenon could be described based on pol-

yion complexation.35,36 Polyion complexes are formed by elec-

trostatic interactions between positively charged and negatively

charged species. The GDNF was positively charged, and PLGA

and gelatin type A were negatively charged. It was expected that

direct mixing of the GDNF in the gelatin aqueous solution con-

taining PLGA solution would promote electrostatic interactions

between those two oppositely charged molecules to sustain the

release of protein drugs from polymer matrices.

The LC exhibited the capability of the microspheres to contain

a therapeutic growth factor. The LC of GDNF varying from 0.5

to 5% was observed in Figure 5(b). The increasing LC of the

prepared microspheres might be increased with an increase in

the concentration of GDNF. Furthermore, this value was lower

than the encapsulation efficiency of GDNF. In our opinion, it

was caused because the initial amount of the GDNF was much

smaller than the weight of microspheres during the preparation

of the microspheres. However, the microspheres that had been

formed led to an interaction between the negatively charged

polymer and the positively charged GDNF.

In Vitro GDNF Release

The release characteristics of GDNF from the poly (lactic-co-gly-

colic) acid (PLGA)-coated gelatin microspheres at different con-

centrations of GDNF were studied. The samples were immersed

in 0.15M NaCl–PBS containing 0.1% BSA and incubated in a

shaking water bath at 37�C with constant shaking at 40 rpm.

The release profiles are given as the percentages of the cumula-

tive amounts of GDNF released to the amounts of the drug

actually loaded in the microspheres or to the actual weights of

the microspheres, as presented in Figure 6.

The release profile of GDNF from microspheres at any time

point was dependent on the amount of GDNF initially loaded

within the microspheres. Thus, the highest amounts of GDNF

(10 ng/mL) exhibited the highest amounts of GDNF released

from the microspheres. The amount of GDNF released from

these materials after immersion in the medium for 5760 min

were about 86, 80, 70, 58, and 53% of the amounts of GDNF

actually contained within microspheres that had been prepared

with a concentration of GDNF of 0.625–10 ng /mL. However,

all in vitro release profiles demonstrated a biphasic modulation.

The first phase was characterized by a relatively rapid initial

release and followed by a second slower phase.32

Cytotoxicity

The cytotoxicity of the microspheres was evaluated by estimat-

ing the cells viabilities of the neural stem cells. The MTT assay

was used to measure the metabolic activity of the neural stem

cells that had been cultured in the extraction medium of neat

gelatin microspheres that had been incubated for 24 h as the

control condition, by which the viabilities of the cells that had

been cultured in the extraction media of the neat and the

GDNF-loaded gelatin microspheres that had been incubated for

all time intervals were normalized. The results in Figure 7 show

that the relative viabilities of the cells that had been cultured in

the extraction media of the neat gelatin microspheres that had

been incubated for 48 and 72 decreased, but were still greater

than the cut-off value of 80%, suggesting that could be some

harmful substances, mostly likely unreacted GTA,37 that were

leashed out from the neat gelatin microspheres during the incu-

bation. Interestingly, the relative viabilities of the cells that had

been cultured in the extraction media of the GDNF-loaded gela-

tin microspheres were all greater than 100%. This should be a

result of the presence of GDNF that had been leashed into the

extraction media during the incubation periods that promoted

the cell growth.

In Vitro Bioactivity Studies

The delivery system of GDNF must preserve the protein

throughout the biological process. The evaluation of the bioac-

tivity of the GDNF released from microspheres was performed

Figure 6. Cumulative release (%) of GDNF from the PLGA-coated gelatin

microspheres in 0.15M NaCl–PBS containing of 0.1% BSA (n 5 3). All in

vitro release profiles demonstrated a biphasic modulation. The first phase

was characterized by a relatively rapid initial release and followed by a sec-

ond slower phase.

Figure 7. The viability of neural stem cells measured by the reduction of

MTT (n 5 3). The microspheres were more than 100% active when com-

pared with the control group (24 h); these results can also be interpreted as

showing that the microspheres are biocompatible. * is significantly different

at P< 0.05; compared with the control group at any given time point.
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in TGCs. Figure 8 shows that, the neurite length of the non-

loaded microspheres (control) and the microspheres containing

GDNF was 1660 6 511 and 2290 6 548 lm, respectively. The

increase in neurite outgrowth of the TGCs was increased by the

GDNF released from microspheres at day 5. Thus, these results

show that the release of microspheres containing GDNF was

biologically active.

CONCLUSIONS

The results of this study indicated that the gelatin type and the

pH level influence the size of the microspheres, the surface charge,

and the swelling ability. The microspheres were able to encapsu-

late GDNF due to the ionic interaction between the biodegradable

polymers and the molecules of GDNF. Furthermore, the in vitro

studies showed that the microspheres could be used to provide

sustained release of the GDNF for at least 4 d in vitro. The micro-

spheres prepared using a thermal gelation technique were

non-toxic to the neural stem cells. The GDNF released from

microspheres in TGCs (nerve cells) was bioactive. It has been

shown that either 4-days pretreatment with GDNF or continuous

supply of exogenous GDNF via osmotic pump after transplanta-

tion could promote survival and function of fetal ventral mesen-

cephalic tissue transplants in the rat model of Parkinson’s disease.

Biodegradable GDNF microspheres, in theory, should promote

graft survival while does not require high concentration of neuro-

trophic factors as infusion pump method.38,39 Various GDNF

microspheres with different materials and release profiles were

previously reported. Next, it would be important to understand

how the rate of biomaterials degradation, the level and length of

GDNF release could affect clinical outcome and side effects after

transplantation.40,41 Further in vivo study comparing the effect of

these microspheres on co-transplanted dopaminergic neurons is

required to solve this issue.
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