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Abstract
Fabrication method is one of the essential factors which directly affect on the properties of scaffold. Several techniques have 
been well established to fabricate nanofibrous scaffolds such as electrospinning. However, preparing a three-dimensional 
(3-D) interconnected macro-pore scaffold essential for transporting the cell metabolites and nutrients is difficult using the 
electrospinning method. The main aim of this study was developing a highly porous scaffold by poly (L-lactic acid) (PLLA)/
chitosan blend using liquid–liquid phase separation (LLPS) technique, a fast and cost–benefit method, in order to use in 
nerve tissue engineering. In addition, the effect of different polymeric concentrations on morphology, mechanical proper-
ties, hydrophilicity, in vitro degradation rate and pH alteration of the scaffolds were evaluated. Moreover, cell attachment, 
cell viability and cell proliferation of scaffolds as candidates for nerve tissue engineering was investigated. PLLA/chitosan 
blend not only had desirable structural properties, porosity, hydrophilicity, mechanical properties, degradation rate and pH 
alteration but also provided a favorable environment for attachment, viability, and proliferation of human neuroblastoma 
cells, exhibiting significant potential for nerve tissue engineering applications. However, the polymeric concentration in 
blend fabrication had influence on both characteristics and cell responses. It concluded that PLLA/chitosan nanofibrous 3-D 
scaffold fabricated by LLPS method as a suitable candidate for nerve tissue engineering.
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Introduction

Trauma, cancer, or congenital defects can lead to periph-
eral nerve injuries (PNIs), one of the challenging clinical 
issues [13]. Treatment of gaps more than 10 mm is more 
difficult compared to shorter defects which can be recon-
nected surgically with micro sutures [37] or various nerve 
guidance channels [10]. The autologous nerve graft has been 
still the gold standard treatment to bridge the long defects 
of the peripheral nerve even though it is followed by some 
disadvantages including donor site morbidity, donor source 
limitation, multiple surgical sites, and possible size incon-
sistency [17]. Using either allografts or xenografts is the 
other treatment options that may be followed by the risk of 
disease transmission and immune rejection. However, tis-
sue engineering can introduce alternative treatment options 
without the above mentioned shortcomings [2, 23, 35]; for 
instance, using platelet concentrates such as platelet-rich 
plasma demonstrated favorable effect on PNIs [3, 4]. In addi-
tion, the outstanding efforts have been dedicated to develop 
conduits which not only improve the nerve regeneration but 
also recover the function of peripheral nerve defects [16].

Biocompatible and biodegradable materials have been 
used for scaffold fabrication and serving as a provisional 
environment for proliferation, attachment, migration, and 
differentiation of host cells [1, 23, 31]. Using hybrid natu-
ral/synthetic materials can lead to have advantages of both 
natural and synthetic polymers in one composition as a 
scaffold in tissue engineering. Chitosan a natural polymer 
derived from chitin demonstrated great biocompatibility 
and had interactions with biological systems; in fact, its 
cationic nature makes electrostatic reactions with proteo-
glycans and glycosaminoglycans (GAGs), anionic com-
ponents in the body. Furthermore, although insignificant 
mechanical properties of chitosan limited its applications 
in tissue engineering [11], the application of CS for regen-
eration of PNIs was demonstrated in a recent study [27]. 
PLLA, FDA approved polymer, has demonstrated proper 
mechanical properties, although its biocompatibility can 
be decreased because of its hydrophobic nature [32, 39]. 
Many studies have shown that the PLLA/CS combina-
tion can enhance both polymers’ properties [9, 30]. For 
instance, carbonyl groups of PLLA could form hydrogen 
bonds with hydroxyl and amino groups on the molecular 
chains of CS [6]. Also, PLLA crystallization reduced by 
the hydrogen bonding between PLLA and CS [36].

The fabrication method is one of the essential factors 
which has direct influence on the properties of the scaf-
fold. Several techniques have been well established to 
fabricate nanofibrous scaffolds such as electrospinning. 
However, preparing a three-dimensional (3-D) intercon-
nected macro-pore scaffold essential for transporting the 

cell metabolites and nutrients is difficult using the elec-
trospinning method [15, 34]. Thermally induced phase 
separation (TIPS) which has attracted much attention due 
to its plain, quick and relatively inexpensive technique [22, 
36]. TIPS is based on the thermodynamic dissociation of 
a homogeneous polymer–solvent system to the polymeric 
and solvent-rich phases by quenching the solution into its 
binodal region [25]. The quenching can be accomplished 
using either solid–liquid (SLPS) or liquid–liquid phase 
separation (LLPS). In practice, if the quenching tempera-
ture stays higher or reaches underneath the freezing point 
of the solvent, LLPS or SLPS happens, respectively. SLPS 
induced by the solidification of the solvent and contains 
anisotropic ladder-like structure with relatively small 
pores forms while LLPS in the unstable region, an open 
porous and well-interconnected structure can be obtained 
[21, 38].

Using the TIPS method, variety of 3-D nanofibrous 
polymer scaffolds have been successfully fabricated for 
tissue engineering applications [8, 19, 26]. The param-
eters which have effect on the morphology of the scaf-
folds in this method are type of polymer, solvent and 
quenching temperature [36, 40]. Therefore, the aim of 
this study was to utilize LLPS method to fabricate PLLA/
CS blend 3-D highly macroporous and nanofibrous scaf-
fold for nerve tissue engineering. In addition, we evaluated 
the effect of different polymeric concentrations on mor-
phology, mechanical properties, hydrophilicity, in vitro 
degradation rate, and pH alteration of the scaffolds. We, 
also, evaluated attachment, viability, and proliferation of 
human neuroblastoma cells on the scaffolds as candidates 
for nerve tissue engineering.

Materials and Methods

Materials

Chitosan  (Mw = 220,000, 90% deacetylation) was pur-
chased from Easter holding group, China. Dulbecco’s 
modified Eagle’s medium (DMEM) and fetal bovine serum 
(FBS) were purchased from Gibco, Grand Island, NY. Poly 
(L-lactic acid) (PLLA, intrinsic viscosity of ~ 2.0 dl/g), 
acetic acid, chloroform, DPPH (1, 1-diphenyl-2-picryl-
hydrazyl), DAPI (4’,6-diamidino-2-phenylindole), and 
all other reagents and solvents were bought from Sigma-
Aldrich, USA. All the materials were of analytical grade. 
Lactate Dehydrogenase Activity Assay Kit was purchased 
from Sigma-Aldrich, USA.
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Scaffold Fabrication

PLLA and chitosan were dissolved in chloroform and ace-
tic acid/water (50:50) at 60 °C for 4 h, respectively. We 
chose PLLA and CS with the ratio of 1:5 (v:v) because of 
appropriate mechanical properties and good biocompat-
ibility according to the literature [43]. To prepare PLLA/
CS blends, CS solutions 3, 4, 6, and 8w/v% was added 
to PLLA 3, 4, 6 and 8w/v% solutions, respectively, with 
the rate of one droplet per minutes using a syringe pump 
(SP1000, Fanavaran Nano-Meghyas, Iran), and stirred at 
60 °C for 2 h. To start LLPS, the solutions were rapidly 
pre-quenched from 60 °C to 20 °C and maintained at this 
temperature for 10 min. 20 °C was chosen to maintain the 
solutions over the freezing point of used solvents (-63.5 °C 
and 16 °C for chloroform and acetic acid, respectively). 
The cloud-point was determined by visual turbidimetry 
according to the method recently explained by Hua et al. 
[21]. After placing the scaffolds into a liquid nitrogen at 
− 196 °C for 3 h, they were instantly transferred into a 
freeze dryer at − 77 °C (121550PMMA, Christ, Spain) 
for 48 h. Crosslinking of CS was performed by placing it 
into glutaraldehyde solution [0.25% (w/w)] overnight at 
25 °C. Afterward, the scaffolds were washed several times 
and kept in the refrigerator at 4 °C for further assessments.

Scaffold Characterization

Scanning Electron Microscopy

The specimens were coated by gold using a sputter coater 
(SCD 004, Balzers, Germany), and observed with a Scan-
ning Electron Microscope (SEM, DSM 960A, Zeiss, Ger-
many) at 15–20 kV.

Porosity Measurement

Liquid displacement method was considered for porosity 
measurement with regard to this equation [18]:

V1 is initial volume, V2 is volume after the scaffold was 
soaked into 96% ethanol, and V3 is the volume of ethanol 
after the scaffold was removed.

Porosity =
V1 − V3

V2 − V3

× 100

Mechanical Properties Measurement

Both tensile and compressive strengths of the scaffolds were 
measured. For tensile strength measurement, rectangular 
samples (60 × 10 mm) were stretched using Instron 5566 
(Instron, USA) at a strain rate of 1 mm/min. For compres-
sive strength measurement, cylindrical samples (height of 
35 mm and diameter 20 mm) were squeezed using a dynamic 
testing machine (HCT400/25, Zwick/Roell, Germany) at a 
crosshead speed of 1.3 mm/min.

Contact Angle Measurement

The hydrophilicity of the specimens was evaluated by utiliz-
ing static water contact angle measurements with a sessile 
drop method (contact angle measuring system G10, KRUSS, 
Germany). The water contact angles of scaffolds were evalu-
ated by the Zisman method [35].

In Vitro Degradation and pH Alteration

In order to measure scaffold weight loss, the specimens were 
immersed in 10 ml of three different media; distilled water, 
DMEM, and DMEM supplemented with FBS (10% v/v) for 
30 and 60 days. The medium was replaced with the fresh one 
every week. After each interval, the samples were filtrated, 
washed with distilled water, and dried under vacuum. The 
weight loss was measured using this equation [5, 24]:

where W0 is the initial weight of samples and W1 is the dry 
weight after being removed from the media.

Scaffolds were kept in normal saline (pH 6.70) at 37 °C 
for a total period of 6 weeks. The pH was evaluated every 
week using Inolab pH 720 (WTW, Germany).

In Vitro Study

Cell Culture and Seeding

Human neuroblastoma cell line (BE (2)-C) (Pasteur Insti-
tute national cell bank, Tehran, Iran) was used. The cells 
were cultured in DMEM supplemented with 10% (v/v) 
FBS in a humidified incubator at 37 °C with 5% CO2. 
For scaffold sterilization, the samples were immersed into 
75% ethanol for 1 h and dried under vacuum for 12 h, then 
exposed to ultra-violet (UV) radiation for 30 min. The 
scaffolds were put into a 96-well plate and 1 ×  104 third 
passage cells were seeded on each scaffold and incubated 
for 3 h. Then, 0.5 ml cell culture medium was added into 

Weight loss =
W0 −W1

W0

× 100
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each well. The medium was replaced every day. The sam-
ples were triplicate for each further analysis.

Cell Attachment on the Scaffold

Morphology of human neuroblastoma cells attached to the 
scaffolds was evaluated 72 h after cell seeding using SEM. 
The attached cells were fixed with glutaraldehyde 2.5% for 
2 h, dried with ethanol 30, 70, 80, 90, and 100% each for 
10 min, respectively, and freeze-dried in -55ºC for 24 h.

The number of attached cells was measured using MTT 
(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 
Bromide) assay. The cells were seeded on the scaffolds 
and immediately incubated for 6 h; then, the scaffolds 
were washed twice with PBS for 30 s. MTT assay was 
performed on the scaffolds placed in new wells, and the 
percentage of attached cells was computed according to 
the bellow equation: [7]

where ODt is the mean absorbance value of the specimens 
and ODc is the mean absorbance value of the positive 
control.

Cell Proliferation and Viability on the Scaffold

Cell proliferation was assessed by MTT analysis after 24 
and 72 h of cell seeding. After removing the medium, 
0.2 ml of 0.5 mg/ml MTT was added to each well and 
incubated at 37  °C for 4 h. Then, after adding 0.1 ml 
dimethyl sulfoxide (DMSO) to dissolve formed purple 
formazan crystals, absorption was determined at 570 nm 
using a microplate spectrophotometer (Stat fax-2100, 
Awareness technology Inc, USA). The positive control 
was the medium without the scaffold.

In order to assess the effects of free radical released 
from the scaffolds on cell viability, a DPPH assay was 
performed after 72 h of cell seeding. The violet DPPH 
solution was prepared by adding 4.3 mg DPPH powder to 
3.3 ml methanol on a magnetic stirrer for 20 min. The scaf-
folds were soaked in distilled water for 20 min and after 
being transferred to a 96-well plate, 0.05 ml methanol was 
added to each well. After 45 min, 0.1 ml of DPPH solu-
tion was added and the plate was placed in a dark room for 
15 min. The absorption rate was observed by a microplate 
spectrophotometer at 490 nm.

The rate of cell death on the scaffold was analyzed 
using a lactate dehydrogenase (LDH) activity assay after 
72 h of cell seeding using Lactate Dehydrogenase Activity 

Cell attachment (%) =
ODt

ODc
× 100

Assay Kit. Changing the color was quantified after 15 min 
using a microplate spectrophotometer at 450 nm.

Statistical Analysis

SPSS version 21 (Microsoft, IL, USA) was used for data 
analysis. The data were expressed as the mean and stand-
ard deviation. An independent sample t-test was performed 
for comparing the differences in terms of absorbance 
obtained from MTT, DPPH and, LDH analyses. P < 0.05 
was considered statistically significant.

Results and Discussion

Morphology of the Scaffolds

In this study, we used the LLPS method to fabricate a 
desirable highly porous PLLA/CS blend scaffold which 
can be utilized in nerve tissue engineering. The morphol-
ogy of the fabricated scaffolds is shown in Fig. 1. The 
SEM images showed that the diameter of pores decreased 
by increasing total concentration of polymeric solutions. 
With changing the PLLA solvent of 1,4 dioxane/water 
(87:13) used in a previous study [36] with chloroform in 
the current study, the formation of nanofibrous structure 
could be observed in PLLA/CS blend scaffolds.

The porosity of the scaffolds was evaluated using the 
liquid displacement method [Table1]. Data indicated 
that the porosity of the prepared scaffolds was decreased 
by increasing the polymeric concentration. In fact, the 
increase of the polymeric concentration which leads to 
the reduction of the volume of solvent can be the reason 
of decreasing the porosity and pore size since it causes 
the rise of viscosity which leads to the reduction of phase 
separation process kinetics and slow growth of the poly-
mer-rich and solvent-rich [20].

Mechanical Properties of the Scaffolds

Proper flexibility is an essential factor for the engineered 
conduit to resist rearing and stretching forces [28, 42]. 
However, it should be noticed that the high rigidity of the 
conduit may exert chronic compression to the regenerated 
nerve. Panseri et al., also, demonstrated that electrospun 
nerve conduits without enough mechanical support could 
not bear forces and collapse in vivo [29]. Mechanical prop-
erties of the current scaffolds are shown in Table 2. Both 
compressive and tensile strength of the PLLA/CS blend 
scaffolds was in the favorable range for not only nerve tis-
sue engineering but also for cartilage tissue engineering 
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[33, 45]. The tensile strength of PLLA/CS blend scaffolds 
was greater than CS scaffold but lower than PLLA scaf-
fold. Although the incorporation of CS reduced the tensile 
strength of the PLLA, it increased compressive strength 

and the more desirable behaviors of human neuroblastoma 
cells on the scaffolds (according to the part of 3.5). Also, it 
can be observed that increasing the polymeric concentra-
tion can lead to a decrease of tensile strength in PLLA/CS 

Fig. 1  SEM images of (A) 
PLLA/CS (3w/v%), (B) PLLA/
CS (4w/v%), (C) PLLA/
CS (6w/v%), (D) PLLA/CS 
(8w/v%), (E) PLLA (3w/v%) 
and (F) CS (3w/v%)

Table 1  Porosity of the scaffolds measured by liquid displacement 
method

Samples Porosity

PLLA/CS (3 w/v%) 84.5 ± 2.44%
PLLA/CS (4 w/v%) 77.5 ± 5.21%
PLLA/CS (6 w/v%) 67 ± 1.56%
PLLA/CS (8 w/v%) 57.1 ± 3.31%
PLLA (3 w/v%) 86 ± 6.29%
CS (3 w/v%) 82.1 ± 7.02%

Table 2  Mechanical properties of the scaffolds

Scaffolds Compressive 
strength (MPa)

Tensile strength (MPa)

PLLA/CS (3w/v%) 4.1 ± 0.17 2.79 ± 0.19
PLLA/CS (4w/v%) 4.6 ± 0.32 2.45 ± 0.11
PLLA/CS (6w/v%) 4.9 ± 0.45 2.1 ± 0.25
PLLA/CS (8w/v%) 5.6 ± 0.23 1.93 ± 0.43
PLLA (3w/v%) 2.97 ± 0.32 3.08 ± 0.18
CS (3w/v%) 3.6 ± 0.46 1.96 ± 0.11
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blend scaffolds; therefore, PLLA/CS (3w/v%) showed the 
best tensile strength compared to other blend scaffolds. 
Furthermore, the compressive strength was enhanced by 
blending PLLA with CS. In addition, it was increased by 
increasing the polymeric concentration in PLLA/CS blend 
scaffolds; in fact, increasing polymeric concentration 
led to a decrease in the percentage of porosity and pore 
size, which can be the reason of the mechanical strength 
increasing.

Hydrophilicity of the Scaffolds

The hydrophilicity of the scaffolds was measured using 
water contact angle measurement. The water contact angle 
of the scaffolds is shown in Table 3. It can be observed 
that the contact angle of PLLA/CS blends was greater than 

chitosan and less than pure PLLA. To illustrate, the hydro-
phobicity of pure PLLA which is due to the methyl groups 
decreased by blending with CS due to its hydroxyl (OH) 
and  NH2 groups [36]. It was reported that optimal water 
contact angle values should be in the range of 45–70° or 
in the region of 30–60° in order to obtain maximal cell 
adhesion [12]. Increasing the polymeric concentration 
in PLLA/CS blend scaffolds led to decrease of the water 
contact angle value and more hydrophilicity. Indeed, in a 
very low contact angle value, protein adsorption which is 
necessary for cell recognition and attachment is reduced 
because of increasing the water uptake of scaffolds. Also, 
at very high contact angle values, cell-conductive behav-
iors are excessively low, and protein denaturing response 
can be observed [12].

In Vitro Degradation and pH Alterations 
of the Scaffolds

The proper degradation rate is an important factor to retain 
the stability of engineered conduit shape during the nerve 
regeneration process [14, 42]. In vitro degradation of the 
scaffolds was measured after 30 and 60 days post immersing 
scaffolds in 3 different media [Table 4]. The results indi-
cated that weight loss in DMEM/FBS medium was greater 
than others, which can be attributed to the presence of some 
enzymes in FBS [5, 24]. La Carrubba et al. reported weight 
loss of PLLA scaffolds fabricated by TIPS method after 30 
and 60 days about 1.1 and 1.3% in DMEM and 22.1 and 
24.6% in DMEM/FBS, respectively [5, 24]. Increasing the 
polymeric concentration in PLLA/CS blend scaffolds led 
to slow degradation rate in the three different media. How-
ever, scaffolds consisting of CS revealed more weight loss 
compared to other scaffolds. In fact, the high hydrophilicity 
of CS made this polymer highly degradable in the medium.

The pH changes are shown in Fig. 2. After 3 weeks, the 
PLLA scaffold revealed a significant decreasing in the pH 

Table 3  The contact angle measurement of the specimens

Sample Contac angle (°)

PLLA/CS (3w/v%) 78.36 ± 0. 79
PLLA/CS (4w/v%) 77.61 ± 0. 32
PLLA/CS (6w/v%) 74.22 ± 0. 44
PLLA/CS (8w/v%) 69.26 ± 0. 12
PLLA (3w/v%) 103.8 ± 0.52
CS (3w/v%) 46.4 ± 0.12

Table 4  Weight loss measurement (%) of the scaffolds after 30 and 
60  days placing in distilled water, DMEM, and DMEM (90%)/FBS 
(10%)

Sample Media After 30 days(%) After 60 days(%)

PLLA/CS 
(3w/v%)

D.W 10.5% 21%
DMEM 17.6% 36%
DMEM/FBS 40% 67%

PLLA/CS 
(4w/v%)

D.W 10. 2% 20.5%
DMEM 17.1% 34.5%
DMEM/FBS 39.4% 66.5

PLLA/CS 
(6w/v%)

D.W 9.5% 18.7%
DMEM 17% 33.8%
DMEM/FBS 37% 63%

PLLA/CS 
(8w/v%)

D.W 9% 16%
DMEM 15.5% 32%
DMEM/FBS 35.2% 61%

PLLA (3w/v%) D.W 0% 0.5%
DMEM 1.9% 2.8%
DMEM/FBS 21.6% 29.4%

CS (3w/v%) D.W 24.3% 41%
DMEM 38% 65%
DMEM/FBS 49% 89%

Fig. 2  PH of the scaffolds placed in normal saline within 42 days
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value from 6.7 to 5.21, but pH value of the CS and PLLA/
CS scaffolds reduced slowly from 6.7 to 6.49 and a mini-
mum of 6.34, respectively. Hydrolytic degradation of steric 
bonds in PLLA results in non-toxic byproducts of lactic acid 
which decreases the pH range [47].While the decline of the 
pH value can increase the degradation rate of the polymer 
[41], the degradation of the PLLA scaffold followed by the 
further release of lactic acid into the medium can cause a 
significant decrease in the pH value. Nevertheless, CS can 
increase the pH value because of the amino  (NH2) groups 
on its chains, so slow down of the pH value reduction can 
be seen in PLLA/CS blend scaffolds.

Attachment, Viability, and Proliferation of Human 
Neuroblastoma Cells on the Scaffolds

The human neuroblastoma cells attachment on the scaffolds 
is shown in Fig. 3. The cells attached on the PLLA scaffolds 
showed almost spherical morphology with a poor spread-
ing tendency (Fig. 3E). Better cell adhesion and spreading 
were observed in both CS and PLLA/CS scaffolds. It can 
be due to the suitable hydrophilicity of the fabricated blend 
provided by functional groups of CS.

The percentage of attached cells on the scaffolds was 
evaluated by MTT assay is shown in Fig. 4A. All of the 
scaffolds provided a favorable environment for cell adhesion. 
The control human neuroblastoma undoubtedly showed the 
highest cell attachment percentage to the plate and consid-
ered as a reference. Cell attachment enhanced from 78.2% 

Fig. 3  SEM images of attached 
cells on (A) PLLA/CS (3w/v%), 
(B) PLLA/CS (4w/v%), (C) 
PLLA/CS (6w/v%), (D) 
PLLA/CS (8w/v%), (E) PLLA 
(3w/v%) and (F) CS (3w/v%)
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in PLLA to 94.3% in PLLA/CS 3w/v%. Cell attachment 
decreased by increasing the polymeric concentration in 
PLLA/CS blend scaffolds.

MTT assay, also showed cell viability and proliferation on 
all scaffolds after 24 and 72 h of cell seeding (Fig. 4B). The 
PLLA/CS blend scaffolds showed more cell viability com-
pared to both PLLA and CS scaffolds; however, there were 
no statistically significant differences between all of the scaf-
folds (P > 0.05). Also, PLLA/CS (3w/v%) had more opti-
cal density compared to others. PLLA/CS blend scaffolds 
demonstrated increasing cell viability compared to PLLA 
scaffold; in fact, not only high hydrophobicity of pure PLLA 
be the main cause of this result, but also the cationic nature 
of CS improve cell proliferation and attachment due to the 
negative charge of the cell surface[46]. CS scaffolds despite 
the fact that had higher hydrophilicity compared to PLLA/

CS, they were unable to increase the cell attachment com-
pared to PLLA/CS blend scaffolds, as PLLA/CS blend scaf-
folds showed favorable cell viability in the literature [43].

The results of DPPH assay of cells seeded scaffolds after 
72 h displayed significantly decreasing of cell viability on 
PLLA scaffolds compared to the other scaffolds Fig. 4C. It 
could be noticed that the effect of free radical release could 
be more exhibited by increasing the polymeric concentration 
in PLLA/CS blend scaffolds. DPPH assay prepares facilitate 
way to measure the free radical release of scaffolds which 
can be cytotoxic for the cells. In the presence of free radi-
cals, the color of DPPH solution changes from deep violet to 
light yellow. Implement this method on the scaffolds showed 
that the pure PLLA was more potent to release free radicals 
and decline cell viability, but the blend form of PLLA with 
CS could decrease the free radical release.

Fig. 4  A Cell proliferation tested by MTT assay after 24 and 72  h, 
B The percentage of cells attached on the scaffolds tested by MTT 
assay, C Free radical released by the scaffolds tested by DPPH, D The 

rate of cell death tested by LDH assay, asterisk shows significant dif-
ference with PLLA (3w/v%)
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The results of the LDH assay showed no significant dif-
ferences between scaffolds 72 h after cell seeding (P > 0.05) 
(Fig. 4D). Nonetheless, LDH activity was higher in PLLA 
group than others. Cell death processes finally cause an 
increasing in cell membrane permeability leading to the 
release of cytoplasmic enzymes like LDH into the culture 
medium [44]; in other words, LDH release into the culture 
medium indicates compromised membrane integrity, so the 
greater LDH activity the greater cell damage. Pure PLLA 
showed more cell death compared to others even though 
the differences were not statistically significant. It can be 
because of more free radical release from pure PLLA con-
sistent with the results of DPPH assay. However, blending 
with CS diminished the cytotoxicity of pure PLLA.

Conclusions

In the present study, we successfully introduced the PLLA/
CS nanofibrous 3-D scaffold fabricated by the LLPS method 
as a suitable candidate for nerve tissue engineering. We 
demonstrated improvement of physical characteristics by 
blending PLLA with CS. Also, the PLLA/CS blend scaf-
folds demonstrated not only favorable cell compatibility, 
but also desirable proliferation and attachment of human 
neuroblastoma cells. Moreover, increasing the polymeric 
concentration in PLLA/CS blend scaffolds can influence 
their characteristics and cell behaviors.
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