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In this study, an attempt was made to develop bi-functional constructs serving both as scaffolds and potential delivery systems for appli-
cation in neural tissue engineering. The constructs were prepared in two steps. In the first step, the bulks of poly (L-lactic acid) (PLLA) in
1, 4-dioxane/water (87:13) were fabricated using liquid-liquid thermally induced phase separation technique. In the next step, the pre-
pared bulks were coated with chitosan nanoparticles produced by two different techniques of ultrasonication and ionic gelation by
grafting-coating technique. In ultrasonication technique, the chitosan solution (2 mg/mL) in acetic acid/sodium acetate buffer (90:10)
was irradiated by an ultrasound generator at 20 kHz and power output of 750 W for 100 s. In ionic gelation technique, the tripolyphos-
phate in water solution (1 mg/mL) was added to the same chitosan solution. The physicochemical properties of the products were char-
acterized by Scanning Electron Microscopy, Attenuated Total Reflection Fourier Transform-Infrared, liquid displacement technique, con-
tact angle measurement, compressive and tensile tests, as well as zeta potential and particle size analysis using dynamic light scattering.
Moreover, the cell proliferation and attachment on the scaffolds were evaluated through human glioblastoma cell line (U-87 MG) and
human neuroblastoma cell line [BE (2)-C] culture respectively. The results showed that the samples coated with chitosan nanoparticles
prepared by ultrasonication possessed enhanced hydrophilicity, biodegradation and cytocompatibility compared with pure PLLA and
PLLA coated with chitosan nanoparticles prepared by ionic gelation. This study suggests successful nanoparticles-scaffold systems which
can act simultaneously as potential delivery systems and tissue engineering scaffolds. Tissue Eng Regen Med 2016;13(5):498-506
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INTRODUCTION

The inability of the adult central nervous system to regenerate
itself after a trauma or disease is a challenging issue for neuro-
biologists and neurologists. Although nerve grafting is the gold
standard for neural repair, the challenges in providing autologous
donor material or the problems with allograft rejection, caused
other alternative methods such as tissue engineering be highly
under investigation [1]. Tissue engineering aims to restore the
structure and function of defective or damaged tissues mainly via
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scaffolds, cells and growth factors [2]. The scaffolds are pre-
pared from natural and/or synthetic materials and act as a tem-
porary environment for cellular attachment, proliferation, mi-
gration and differentiation [3]. It is well known that a successful
tissue engineering scaffold should be able to carry and release
bioactive molecules, such as growth factors, in order to support
and improve the attachment, proliferation and differentiation
of cells [4]. A number of strategies for controlled biomolecules
delivery from scaffolds have been developed for tissue engi-
neering [5]. One common strategy is coating the prefabricated
scaffolds with nanoparticles as carriers for delivering therapeu-
tic peptides, proteins, antigens, oligonucleotides and genes. A
wide range of materials, such as natural and synthetic poly-
mers, lipids, and surfactants, have been employed to prepare
nanoparticles [6,7]. Among them, chitosan due to its outstand-
ing physical and biological properties have received increasing



attention [8]. Chitosan has been widely used in pharmaceuti-
cal and medical applications, because of its favorable biological
properties such as biodegradability, biocompatibility, low toxici-
ty and good characteristics for attachment, proliferation and vi-
ability of cells [9,10]. Besides, cationic nature of chitosan is pri-
marily responsible for electrostatic interactions with negatively
charged molecules such as glycosaminoglycans, proteoglycans
and growth factors. This property allows chitosan to retain and
concentrate the large amount of biomolecules on its structure
[11]. It was also shown that chitosan promotes survival and neu-
rite outgrowth of neural cells in vitro [12].

Nowadays, the chitosan nanoparticles are prepared by ex-
ploiting various techniques such as ultrasonication and ionic ge-
lation [13,14]. Ultrasonication arises from acoustic cavitation
phenomenon which causes the formation, growth and collapse
of bubbles in a liquid medium. Cavitation can generate very large
shear forces through two mechanisms: It generates rapid stream-
ing of solvent molecules around the cavitation bubbles and gen-
erates shock waves during bubble collapse [15]. These shear
forces in chitosan solution cause the scissions at the 1, 4-glyco-
sidic bond in molecular level and breaking up aggregates and
reducing the size of nanoparticles in higher level [13,16].

Ionic gelation is based on the formation of inter- and intramo-
lecular crosslinkage between cationic chitosan molecules and
polyanions [17]. Among polyanions, tripolyphosphate (TPP)
is widely used in biological applications because of its non-toxic
property and quick gelling ability [18]. The chitosan nanoparti-
cles here are made based on interactions between positively-
charged chitosan amino groups (-NH;") and negatively-charged
TPP ions (P;040™) at room temperature [19]. Mi et al. [20] pro-
posed that the chitosan-TPP interactions are pH dependent
and for ionic gelation to occur, the pH must be below 7. At pH
above 7, it may follow another mechanism (coacervation phase-
inversion) which is accompanied by light ionic crosslinking.

In the present study, the chitosan nanoparticles as potential
delivery systems were prepared by ultrasonication and ionic ge-
lation techniques and coated on Poly(L-lactic acid) (PLLA)
bulks produced by liquid-liquid thermally induced phase sepa-
ration (LL-TIPS) to create bi-functional constructs serving both
as scaffolds and delivery systems for exploiting in neural tissue
engineering.

MATERIALS AND METHODS

Materials

Chitosan (M,=220000, 90% deacetylation) was purchased
from Eastar holding group (Dongying, China). PLLA with
M,=60000, acetic acid, tripolyphosphate pentasodium, 1, 4-di-
oxane, penicillin/streptomycin, gentamicin, phosphate buff-
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ered saline (PBS), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-
tetrazolium Bromide (MTT) and dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). So-
dium acetate buffer was purchased from Merck (Darmstadt,
Germany). Aqueous solutions were prepared with de-ionized
water. All the chemicals were used as received without further
purification.

Preparation of the bulks

The preparation of PLLA bulks through LL-TIPS method
followed the procedure reported by Hua et al. [21]. In brief,
PLLA was dissolved in 1, 4-dioxane/water (87:13) on a magnetic
stirrer at 60°C for 4 h to prepare 3% (w/v) solutions. The solu-
tions were poured into cylindrical containers and to start liquid-
liquid phase separation, they were pre-quenched rapidly from
60°C to 10°C under the expected cloud-point and kept in this
temperature for 30 min. Then, the solutions were heated on a
magnetic stirrer at 60°C for 30 min and gradually cooled in steps
of 1°C to lose their transparent look and become turbid. The
cloud-point was determined to be 39°C. The production proce-
dure followed by transferring the scaffolds to a freezer at -40°C
for 2 h. The samples then immediately transferred to a freeze
dryer at -77°C (Christ, Osterode am Harz, Germany) for 72 h.

Chitosan nanoparticles preparation

The chitosan nanoparticles were produced using ultrasonica-
tion and ionic gelation techniques from 2 mg/mL solution of
chitosan in acetic acid/sodium acetate buffer (90:10) at pH=2.4.
In ultrasonication technique, the chitosan solution was irradi-
ated by a multiwave ultrasound generator (JY99-IIDN, Sci-
entz, Ningbo, China) at 20 kHz and power output of 750 W for
100 s. In ionic gelation technique, the TPP in water solution (1
mg/mL) at pH=6.95 was added to chitosan solution with the
rate of one droplet per min by a syringe pump (SP1000, Fana-
varan Nano-Meghyas, Tehran, Iran) under vigorous magnetic
stirring at room temperature (the TPP:chitosan weight ratio was
1:3). To coat the bulks with nanoparticles, the PLLA bulks were
soaked in acetone/water (70:30) for 1 h, dried at room atmo-
sphere and transferred to each chitosan nanoparticle containing
medium for 24 h. The scaffolds then were removed and
washed with distilled water for three times.

Characterization

Particle size and zeta potential of the nanoparticles were de-
termined using Zetasizer (Nano-ZS, Malvern Instruments,
Worcestershire, United Kingdom). The analysis was performed
for 22 runs at a temperature of 25°C using samples diluted in
distilled water with viscosity of 0.8872 cP.

The composition of the scaffolds was evaluated by an Atten-
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uated Total Reflection Fourier Transform-Infrared spectroscopy
(ATR-FTIR; Nicolet NEXUS 670, Thermo Scientific, Waltham,
MA, USA).

The morphology of the scaffolds was observed by a Scanning
Electron Microscope (SEM; AIS2100, Seron Technology, Ko-
rea) after sputter coating with gold for 180 s using a sputter
coater (SC7620, Quorum Technologies, Sussex, United King-
dom) at an accelerating voltage of 20 kV. The liquid displacement
method was carried out to determine the porosity of the scaffolds
using the following equation [22]. Where V| is initial volume of
96% ethanol, V is its volume after scaffold soaking (and ethanol
filled the pores) and V3 is volume of the ethanol after the scaffold

removal.

Vi-V;

Porosity (%)=
ty (%) v

%100
27 V3

The hydrophilicity of the scaffolds was determined using
static contact angle measurements with a sessile drop method by
a contact angle measuring system (G10, KRUSS, Hamburg, Ger-
many). Tensile test was performed on dry rectangular samples
(3010 mm) by an Instron 5566 universal testing machine (In-
stron, Norwood, MA, USA) at a strain rate of 10 mm/min.
Compression test was performed on dry cylindrical samples
(height and diameter of 25 mm and 20 mm respectively) using
a dynamic testing machine (HCT400/25, Zwick/Roell, Ulm, Ger-
many) at a crosshead speed of 0.5 mm/min.

For examining the degradation behavior of the scaffolds, con-
ventional assays follow two methods. One is by measuring the
variance in scaffold itself and the other is to measure the deg-
radation products of scaffold. In the present study, monitoring
the weight-loss of scaffolds and changes in the pH values of deg-
radation media were employed. The weight-loss of the scaf-
folds was tested by immersing the samples in 10 mL of three
distinct media; distilled water, Dulbeccos modified Eagle’s me-
dium (DMEM; Gibco, Grand Island, NY, USA) and DMEM
supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco,
Grand Island, NY, USA). The initial weights of PLLA bulks were
35 mg and after coating with chitosan nanoparticles their weights
elevated to about 40 mg. The weight-loss was calculated using
the following equation [23]. Where W, is the initial weight of
sample and W, is the dry weight after removing from the me-
dium.

Wi-W,

1

%100

Weight-loss (%)=

The changes in the pH values of all samples preserved in
normal saline (pH=6.70) at a humidified incubator at 37°C
and 5% CO,, were measured every week for a total period of 6
weeks by an Inolab pH 720 (WTW, Weilheim, Germany).
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Cell proliferation study

Human glioblastoma cell line (U-87 MG) was purchased from
Pasteur Institute National Cell Bank (Tehran, Iran). The cells
were cultured in Roswell Park Memorial Institute medium
(RPMI; Gibeo, Grand Island, NY, USA) supplemented with 10%
(v/v) FBS and 1% penicillin/streptomycin in a humidified in-
cubator at 37°C with 5% CO.. For scaffold sterilization, 100 pg/
mL gentamicin was added to the scaffolds and removed after
20 min. The scaffolds then were washed with PBS once and ir-
radiated by UV light for 20 min. The scaffolds were transferred
to 96-well plate and each seeded with 1x10* sixth passage cells.
Cell proliferation was investigated by MTT assay after 48 h of
incubation. The media on cells was removed from each well and
0.01 mL of 5 mg/mL MTT in PBS plus 0.09 mL fresh media was
added. The cells then were incubated at 37°C for 4 h. The formed
purple formazan crystals were dissolved by adding 0.1 mL DMSO.
The absorption was read at 570 nm using a microplate reader
(Stat fax-2100, Awareness Technology Inc., Palm City, FL, USA).
The U-87 MG cells were treated identically in the rest wells of
the plate without scaffolds as negative control. The mean for the
triplicate wells for each specimen was reported.

Cell morphology study

Human neuroblastoma cell line [BE (2)-C] was purchased
from Pasteur Institute National Cell Bank. The cells were cul-
tured in RPMI supplemented with 10% (v/v) FBS in a humidi-
fied incubator at 37°C with 5% CO,. For scaffold sterilization,
the samples were immersed in 80% ethanol for 2 h, dried un-
der vacuum for 24 h and irradiated by UV light for 2 h. Then,
the scaffolds were transferred to 96-well plate and each seeded
with 1X10* third passage cells. The media were changed every
24 h. Three days after cell seeding, the cells on the scaffolds
were fixed by 2.5% glutaraldehyde for 2 h at room temperature
and were dehydrated in a series of increasing concentrations of
ethanol in distilled water (30%, 70%, 80%, 90%, and 100%) for
10 min per each concentration. The samples were freeze dried
for 24 h and after sputter-coating observed under the SEM.

Statistical analysis

The results were statistically analyzed by Minitab 17 software
using Student’s t-test and the data were expressed as mean+SD,
n=3. In all evaluations, p<0.05 was considered as statistically
significant.

RESULTS

Particle size analysis and zeta potential of chitosan
nanoparticles
The zeta potential values and the mean sizes of chitosan



nanoparticles prepared by ultrasonication (USCN) and ionic
gelation (IGCN) are shown in Table 1. Nanoparticles in both
techniques were positively charged in accordance to the cat-
ionic nature of chitosan. The observed difference between the
mean particle sizes of IGCN (688.66143.55 nm) and USCN
(538.331£176.92 nm) was attributed to the presence of TPP an-
ions in IGCN. However, the difference was not statistically sig-
nificant.

Chemical, physical, and mechanical characterization
of the scaffolds

ATR-FTIR

Soaking the PLLA in water containing media such as this
study, causes the hydrolysis to break some of the ester groups
on its surface and yields carboxylic acid (-COOH) and hydrox-
yl (-OH) groups on the PLLA chain termini [24]. The grafting-
coating is a process in which the chitosan grafts on the surface of
the PLLA by forming amide bonds with these carboxyl groups
or by forming hydrogen bonds with PLLA carbonyl groups.
Some un-grafted chitosan chains also are entangled and inter-
twined physically with these grafted chitosan [25-27]. To assess
the composition of the coatings, ATR-FTIR analysis was car-
ried out on the samples. From the Figure 1, three distinctive
peaks of the PLLA IR spectrum including carbonyl group
stretching vibration band at 1717 cm™ and the ester groups of the
backbone at 1105 cm™ and 1022 cm™ are visible [28]. Com-
pared with the PLLA, the spectra of PLLA+USCN and PLLA+
IGCN presented three characteristic bands of chitosan around
1540 cm™, 1648 cm™, and 901 cm™ assigned to the N-H bend-
ing vibration of amide I, the carbonyl stretching of amide I
band and the special absorbance peak of B-1,4 glycoside bond
in chitosan respectively [29]. However, in the spectrum of
PLLA+IGCN, the peak of N-H bending vibration of amide II
and the carbonyl stretching of amide I shifted to 1390 cm™ and
1412 cm'! respectively as a result of linking between tripoly-
phosphoric groups of TPP and ammonium groups of chitosan
in nanoparticles [30,31]. The N-H bending vibration and the
carbonyl stretching bands in the coated samples also can indicate
the amide bonds formed between carboxyl groups in hydro-
lyzed PLLA and chitosan amino groups. The interactions between
PLLA and chitosan resulted in the declination of the peak around
1380 cm™ and the peak between 2845 cm™ and 3000 cm™ which
are the C-H bending and stretching vibration bands of the alkyl
groups respectively. Furthermore, hydrogen bonding between
PLLA carbonyls and the chitosan amino groups reduced the
intensity of PLLA carbonyl stretching band at 1730 cm™ [27].
Between the two coated samples, these reductions were more
drastic in PLLA+USCN sample which indicates the higher in-
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teractions occurred between PLLA and chitosan in this scaf-
fold. Finally, the coatings reduced the crystallization of PLLA
bulks. This reduction showed itself by attenuating the crystal-
line sensitive band of PLLA at 730 cm™.

Morphology of the scaffolds

Figure 2 shows the morphology of all scaffolds. SEM images
illustrated that the LL-TIPS method utilized in this study, re-
sulted in the formation of highly porous scaffolds. The pores
were interconnected and had almost spherical shapes with the
diameters of about 70 pm. It is possible to distinguish chitosan
nanoparticles which heterogeneously aggregated on the con-
structs and formed a layer of chitosan on the pore walls.

Porosity measurement

It is generally accepted that the percentage of porosity above
80% is appreciable for the better cell growth [32]. The Porosity
of the uncoated PLLA scaffold was calculated about 94%. Soak-
ing the PLLA bulks into chitosan nanoparticle containing me-
dia decreased their porosity to 83.50% and 80.20% for PLLA+
USCN and PLLA+IGCN samples respectively. We hypothesize

Table 1. Mean size and zeta potential values+SD (n=3 in each
group) of chitosan nanoparticles prepared by ultrasonication
(USCN) and ionic gelation (IGCN) techniques

Method  Mean particle size (nm) Zeta potential (mV)
USCN 538.33£176.92 17.80%2.12
IGCN 688.66143.55 16.54+0.37
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Figure 1. ATR-FTIR spectra of (A) PLLA, (B) PLLA+IGCN, and
(C) PLLA+USCN. ATR-FTIR: Attenuated Total Reflection Fouri-
er Transform-Infrared, PLLA: poly (L-lactic acid), IGCN: chitosan
nanoparticles produced by ionic gelation, USCN: chitosan nano-
particles produced by ultrasonication.
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Figure 2. SEM images of the scaffolds (A) PLLA, (B) PLLA+USCN, and (C) PLLA+IG

CN. SEM: scanning electron microscope, PLLA:

poly (L-lactic acid), USCN: chitosan nanoparticles produced by ultrasonication, IGCN: chitosan nanoparticles produced by ionic gelation.

that this reduction can be attributed to the microstructural de-
formation occurred by soaking the PLLA bulks into the media
and nanoparticles tendency to aggregate and form larger clus-
ters and filling the small pores. In PLLA+IGCN scaffold, this
aggregation led to further decrease in porosity compared with
PLLA+USCN because of the larger particles of IGCN. Never-
theless, all the scaffolds met the demands of porosity for de-
sired scaffolds and hence it is expected that they would act as
an ideal place for cell growth.

Contact angle measurement

The contact angles of all samples were assessed by Zisman
method (Table 2). PLLA has been widely used in tissue engi-
neering due to its excellent biodegradability and nontoxicity of
the degradation products. However, methyl groups (CHs) in
this polymer by having lower binding energy make it highly
hydrophobe and limit its utility [33]. Chitosan grafting is a com-
mon way to enhance hydrophilicity [34]. Coating the PLLA
with chitosan nanoparticles, decreases its hydrophobicity by
the means of amino and hydroxyl groups on chitosan chains.
In our work, presence of nanoparticles evidently decreased the
contact angle from 99° in uncoated PLLA scaffold to about 62°
in coated samples. Between PLLA+USCN and PLLA+IGCN
scaffolds, no significant difference was observed.

Mechanical properties

Tensile strength and compressive modulus of all samples are
shown in Table 3. Reduction in the tensile strength of coated
scaffolds compared with uncoated PLLA scaffold is due to the
thermodynamic immiscibility and inherent incompatibility
between chitosan and PLLA [35]. Very low interfacial adhe-
sion between the chitosan and PLLA, caused at the lower stress
the debonding occurred when the load was applied to the
coated scaffolds [36]. The higher interactions between PLLA
and chitosan in PLLA+USCN compared with PLLA+IGCN
observed earlier in ATR-FTIR test, made the tensile strength
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Table 2. The contact angle measurement of all scaffolds

Sample Contact angle (°)
PLLA 3% (w/v) 98.80+0.52
PLLA 3% (w/v)+USCN 61.90£0.14*
PLLA 3% (w/v)+IGCN 62.1540.12%+*

Mean contact angle values*SD (n=3 in each group) are significantly
different. *p<0.05, ***p<0.005 compared with PLLA 3% (w/v).
PLLA: poly (L-lactic acid), USCN: chitosan nanoparticles produced
by ultrasonication, IGCN: chitosan nanoparticles produced by ionic
gelation

Table 3. The compressive and tensile properties of all scaffolds

Compressive Tensile strength
Sample
modulus (MPa) (MPa)
PLLA 3% (w/v) 1.60£0.11 3.10£0.22
PLLA 3% (w/v)+USCN 2.60+0.26 2.92+0.12
PLLA 3% (w/v)+IGCN 2.80+0.17 2.89+0.12

Mean compressive modulus and tensile strength values®SD (n=3 in
each group). There is no statistically significant difference in com-
pressive modulus and tensile strength of scaffolds. PLLA: poly (L-
lactic acid), USCN: chitosan nanoparticles produced by ultrasonica-
tion, IGCN: chitosan nanoparticles produced by ionic gelation

of PLLA+USCN scaffold higher than PLLA+IGCN. However,
the difference in their tensile strength was not significant.

Compression test is widely accepted to evaluate the mechani-
cal strength of tissue engineering scaffolds [37-39]. It can be
seen that the compressive modulus of coated scaffolds were
higher than that of pure PLLA, which means the chitosan rein-
forced the PLLA bulks to some extent. However, there was no
statistically significant difference in the compressive modulus
of PLLA+USCN and PLLA+IGCN scaffolds. The reinforce-
ment role of chitosan in the coated scaffolds here can be attrib-
uted to its role in decreasing the porosity. It is well accepted that
the compressive modulus of the scaffold increases with de-
creasing the porosity [40].
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Table 4. Weight-loss measurement of all scaffolds in distilled water, DMEM and 90% DMEM/10% FBS for 60 days

Sample Media Weight-loss after 30 days (%)  Weight-loss after 60 days (%)
PLLA 3% (w/v) Distilled water 0 0
DMEM 1.70 2.30
90% DMEM/10% FBS 24.40 28.20
PLLA 3% (w/v)+USCN Distilled water 9.80 25
DMEM 15.70 27
90% DMEM/10% FBS 38 64
PLLA 3% (w/v)+IGCN Distilled water 9.57 20
DMEM 16.20 29
90% DMEM/10% FBS 40 64.60

PLLA: poly (L-lactic acid), USCN: chitosan nanoparticles produced by ultrasonication, IGCN: chitosan nanoparticles produced by ionic gela-
tion, DMEM: Dulbeccos modified Eagle’s medium, FBS: fetal bovine serum

In vitro degradation of scaffolds

Table 4 provides the results of weight-loss measurement.
The measurement was carried out for 60 days in three media
(distilled water, DMEM and 90% DMEM/10% FBS). During
this time, the media were exchanged with fresh ones every
week. In each interval (every 30 days), the samples were re-
moved from the media, rinsed with distilled water, dried under
vacuum and their weights were measured. No significant dif-
ference was observed in the weight-loss between PLLA+USCN
and PLLA+IGCN scaffolds. The results also showed that the
weight-loss of all scaffolds after 30 and 60 days in the second
(DMEM) and third medium (90% DMEM/ 10% FBS) were
higher than distilled water. The higher degradation in DMEM
medium can be justified by considering the complexity of its
composition: inorganic salts, amino acids, vitamins and others
[41] and presence of enzymes in FBS caused the scaffolds in the
third medium to experience the highest weight-loss.

The pH changes were monitored every seven days for six
weeks (Fig. 3). Hydrolytic degradation of steric bonds in PLLA
resulted in non-toxic byproducts of mainly lactic acid which de-
creased the pH value drastically from 6.7 to 5.5 after two weeks.
The pH value of the PLLA+USCN and PLLA+IGCN decreased
slowly from 6.7 to 6.44 and 6.68 respectively in the same time
period.

Cell proliferation and attachment study

MTT assay was carried out to evaluate the proliferation of
U-87 MG cells on the scaffolds and the results were shown in
Figure 4. After two days of incubation, it can be seen that the
chitosan containing scaffolds, because of their higher hydrophi-
licity, showed higher cell proliferation compared with the pure
PLLA scaffold. Besides, the cationic nature of chitosan encour-
aged the cell attachment and proliferation due to the negative
charge of the cell surface [23]. Comparing two chitosan con-

—- PLLA 3% (w/v)
—A- PLLA 3% (w/v)+USCN
~@ PLLA 3% (w/v)+IGCN

Days

Figure 3. pH values of all scaffolds in the normal saline as a
function of the degradation time. PLLA: poly (L-lactic acid), IGCN:
chitosan nanoparticles produced by ionic gelation, USCN: chito-
san nanoparticles produced by ultrasonication.
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Figure 4. MTT assay for the U-87 MG cells seeded onto control,
PLLA, PLLA+USCN, and PLLA+IGCN. The data are expressed
as meantSD, n=3. There is no statistically significant difference
between each scaffold and control. MTT: (3-(4, 5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide), PLLA: poly (L-lactic
acid), IGCN: chitosan nanoparticles produced by ionic gelation,
USCN: chitosan nanoparticles produced by ultrasonication.

taining scaffolds, the PLLA+USCN showed higher cell prolif-
eration which can be linked to the higher hydrophilicity of this
scaffold compared with PLLA+IGCN.
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Figure 5. SEM images of the BE (2)-C cells attached on the scaffolds (A) PLLA, (B) PLLA+USCN, and (C) PLLA+IGCN. SEM: scan-
ning electron microscope, PLLA: poly (L-lactic acid), USCN: chitosan nanoparticls produced by ultrasonication, IGCN: chitosan

nanoparticls produced by ionic gelation.

After 3 days, the BE (2)-C cells morphology on the scaffolds
was observed by SEM (Fig. 5). The cells on all three scaffolds
showed almost the same morphology. The cells were primarily
present in the superficial area of the scaffolds and showed poor
spreading tendency and maintained their spherical morphology
with some short processes and lamellipodia. We hypothesize that
this low tendency in coated samples originated from the dissolu-
tion of chitosan nanoparticle layer in cell culture medium. High
cellular proliferation of BE (2)-C cells and changing the culture
media every 24 h caused the media to become acidic before
changing with fresh one. This acidic condition dissolved parts
of surface chitosan layer and exposed PLLA bulk to cells and
made the interactions of cells with the coated surfaces almost
similar to uncoated PLLA scaffold.

DISCUSSION

The observed difference between the mean particle sizes of
IGCN and USCN can be attributed to the presence of TPP an-
ions in the IGCN structure. Unlike the USCN preparation, which
the ultrasonication breaks the 1, 4-glycosidic bonds and disso-
ciate chitosan aggregates (which were formed due to the Brown-
ian motion of the particles and attached because of adhesive
nature of chitosan [42]), the TPP acts as a curing agent and
crosslinks chitosan chains together and subsequently made larg-
er particles [43,44]. The smaller positive zeta potential of
IGCN compared with USCN was related to the TPP anions in
their structure. However, the presence of TPP mainly in the bulk
of the chitosan nanoparticles, caused the IGCN did not expe-
rience a drastic decrease in their zeta potential value [43].

It was expected that the smaller mean particle size and higher
zeta potential of USCN make the contact angle of PLLA+USCN
sample significantly smaller than PLLA+IGCN. However, the
ladder-like conformation of chitosan chains in chitosan+TPP
complex prepared in acidic media (Fig. 6), caused the intermo-
lecular hydrogen bonding of ammoniums to restrain and be-
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Figure 6. Ladder-loop transition of chitosan-TPP complex struc-
tures. TPP: tripolyphosphate.

come exposed more to water molecules and increase the hydro-
philicity of PLLA+IGCN scaffold [43,44].

PLLA is an aliphatic polyester, which degrades mainly through
hydrolysis of the hydrolytically sensitive ester linkage in the
polymer’s backbone into lactic acid [45,46]. Chitosan is gener-
ally degrades through lysozyme-mediated system by randomly
cleaving glucosamine and N-acetyl glucosamine oligomers [37].
Lysozyme mediated degradation of chitosan can be beneficial
in neural tissue engineering applications. Lysozyme was report-
ed to be synthesized during active phagocytosis after nerve in-
jury. Thus, it will be available for the degradation of chitosan
contained scaffolds [12]. In the lysozyme free systems such as
this study, chitosan degradation hardly occurs alone and the
observed weight-loss was related to chitosan dissolution in wa-
ter (our chitosan was partially water soluble). Although, Lopez-
Ledn et al. [47] reported that chitosan nanoparticles prepared by
ionic gelation technique with TPP, lose their integrity in aque-



ous media even in the absence of enzymes, the biodegradation
here should be mainly ascribed to the degradation of PLLA.
Chen et al. [48] reported that the PLLA scaffolds degradation
rate significantly enhanced after chitosan grafting. Consistent-
ly, we observed the weight-loss of PLLA bulks increased sig-
nificantly after coating with chitosan nanoparticles. This may
be due to the following reasons. First, while the PLLA degrada-
tion is mainly by the hydrolysis of ester groups, coating with
chitosan nanoparticles increased its hydrophilicity and conse-
quently further interaction with water. Second, incorporation of
chitosan nanoparticles can increase the number of small crystal-
lites and then lower the overall crystallinity of PLLA which was
observed earlier in ATR-FTIR test. Since the biodegradation
takes place first in the amorphous regions and then, the reaction
zone moves to crystalline regions in most semi-crystalline bio-
degradable polymers, reduction in the overall crystallinity of
PLLA led to increase in biodegradation of coated scaffolds [49].

The pH value of the PLLA+IGCN during degradation de-
creased more slowly compared with PLLA+USCN. It was ex-
pected because the chitosan is a weakly basic polymer and the
fragments and oligomers released from the chitosan chains dur-
ing the dissolution and degradation would increase pH of the
media [50]. In fact, the alkalescent groups in chitosan (i.e., ami-
no groups) can neutralize the acidic degradation products of
PLLA. Therefore, the pH reduction curve of the coated scaffolds
declined more slowly than that of the uncoated one. This im-
proved lower acidity atmosphere is favorable for reducing the
inflammatory reactions during the application of the scaffolds
[51]. In PLLA+IGCN scaffold, the buffer ability of TPP ions in
weak acids resulted in a moderate decrease of pH values for
the first three weeks. After this period, the pH decreased simi-
lar to PLLA+USCN scaffold. It was suggested that the TPP ions
lose their buffer ability due to binding to the protonated chito-
san [44]. However, the dominant content of PLLA in both
coated scaffolds, made their total pH reduction trends similar
to each other.
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