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A B S T R A C T   

In this research, nanocomposite poly (lactide-co-glycolide)-Graphene (PLGA-Gr) microribbons were developed 
for neural tissue engineering. Moreover, the effects of Gr concentration (0, 0.1, 0.5 and 1 wt %) on the chemical 
and physical structure, mechanical properties, thermal stability and biological properties were evaluated. Our 
findings proved that incorporation of Gr nanosheets in the PLGA matrix resulted in the formation of aligned 
groove-shaped roughness on the surface of microribbons. In addition, Gr nanosheets could significantly promote 
the electrical conductivity and hydrophilicity of PLGA microribbons. In addition, the tensile strength and elastic 
modulus of the PLGA-Gr microribbons significantly promoted (upon 2 times and more than 3 times, respectively) 
compared to PLGA microribbons. The results demonstrated enhanced differentiation rate of SH-SY5Y cells to 
mature neurons on PLGA-Gr compared to PLGA. In summary, our findings discovered that aligned PLGA-Gr 
microribbons presented appropriate chemical, physical and mechanical properties to promote neuroblastoma 
cells. It is anticipated that the offered PLGA-Gr scaffolds might have great potential to develop a favorable 
construct for central nerve regeneration. However, further biological in vivo studies are required to assess the 
role of PLGA-Gr microribbons on the nerve regeneration.   

1. Introduction 

Central nervous system (CNS) injuries which are accompanied by 
nerve cell death and tissue defects could result in the permanent 
disability for the rest of life. Neural tissue engineering is a complex 
approach for clinical regeneration of damaged brain. Tissue engineering 
needs many factors to be involved for functional repairing of neural 
tissue [1]. An important factor for having successful tissue engineering 
process is development of a scaffold made of biocompatible and biode-
gradable materials for stimulating and directing the cell functions. In 
order to provide an ideal scaffold for neural tissue engineering, some 
physical properties such as porosity, surface roughness and alignment of 
scaffolds should be involved [2]. Moreover, in the case of neural tissue 
engineering, fibrous scaffolds having a high potential in the alignment of 
cells can end up to cell growth, migration, proliferation, and differen-
tiation [3]. 

Nowadays, many researchers are working on the development of 
new scaffolds using a wide range of biomaterials via different techniques 
to establish successful constructs for regeneration of neural cells [4]. 
Between them, synthetic polymers like poly (lactide-co-glycolide) 
(PLGA)-based scaffolds have been investigated in neural tissue engi-
neering thanks to their biocompatibility and biodegradability with 
tunable degradation rate, easy fabrication process and good mechanical 
strength [5]. In addition, PLGA has been widely applied as vehicles for 
growth factor delivery [6], cell delivery [7] and scaffolds for tissue en-
gineering applications [8]. However, the cell affinity of PLGA is not 
strong enough as it is a hydrophobic polymer with lack of cell recogni-
tion site on the surface [9]. 

One of the pivotal factors to induce the alignment and directional 
growth of cells during brain development is contact guidance which is 
dependent on the physical shape, surface geometry and topography of 
the substratum [10,11]. Because of the positive effects of patterning of 
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the substrates on the directing the neurite growth and neural cell 
development, many in vitro studies have been performed on the 
degradable [12,13] and non-degradable substrates [14–16] with the 
ability to perform as a contact guidance. For instance, previous studies 
have demonstrated the effect of topographical features of micro-
patterned PLGA on the neurite growth [16,17]. Lee et al. [18]also 
fabricated nanoscale ridge-groove patterns via lithography technique on 
a polyurethane acrylate substrate and found that this substrate was 
effective in directing selective differentiation of embryonic stem cells to 
different neural cell lines. The micro-patterned poly-
methyl-methacrylate grooved surface was also reported to be helpful in 
mature astrocyte differentiation from radial glia-like cells without any 
soluble inducers [19]. One of the common and easy techniques to 
develop suitable contact guidance is spinning approaches such as elec-
trospinning and wet-spinning. Wide researches revealed that aligned 
nano and micro-electrospun polymers could provide a contact guidance 
for directing neural cell growth, migration and proliferation [20–22]. In 
vivo studies indicated that aligned electrospun PLLA fibers could 
conduct neonatal nerve capillary growth along with fiber orientation to 
support nerve functional regeneration [23]. Another method with 
capability to fabricate aligned polymeric fibers is wet (solution)-spin-
ning approach which has the ability to produce filaments with a broad 
range in size, shape, and morphology. Compared to the fiber 
morphology, formation of microribbons with higher aspect ratio could 
provide canal shape morphology which has more efficiency in cell 
attachment [24]. Besides, the small intervals between the ribbons could 
promote cell-cell interaction between the ribbons and as well, between 
different layers of ribbons. In other words, the ribbons were reported to 
be effective in cell sheet formation, which is potential in fabrication of 
functional scaffolds for tissue engineering [24,25]. Nelson et al. [26] 
reported the fabrication of PLGA microfilaments with repeatable 
wet-spinning method. They achieved PLGA microfilaments with 
different shapes (microfibers and microribbons) based on changing the 
fabrication factors. However, role of this structure on the cell behavior 
was not studied. Moreover, development of aligned PLGA microfila-
ments using wet spinning approach has not been evaluated, yet. 

In order to improve the biocompatibility and surface properties of 
polymeric scaffolds for nerve regeneration, various researches have 
focused on the surface modification of the scaffolds using various types 
of laminin and collagen [27,28]. Since laminin and collagen are avail-
able proteins in the extracellular matrix (ECM) of neural tissue, they 
have been applied to surface functionalization of fibrous surface. These 
proteins are expensive with poor process-ability and limited availability. 
Therefore, other materials like polypyrrole [29], nanodiamond [30] and 
graphene (Gr) [31,32] have been employed for chemical and mechani-
cal improvement of the scaffolds. Graphene and its derivatives have 
been widely used in biomedical applications, like biosensors, gene/drug 
delivery, cancer treatment and tissue engineering [33]. Gr based sub-
strates can enhance neurite outgrowth and extension, as well as neural 
differentiation [34,35]. It needs to mention that, low concentration of Gr 
nanosheets is not cytotoxic for PC12 cells [36]. Golafshan et al. [37] 
applied Gr incorporated poly (vinyl alcohol)-alginate matrix using 
electrospinning process and reported the enhancement of PC12 cell 
attachment, spreading and proliferation due to increased mechanical 
and electrical properties of scaffolds. 

Based on our knowledge, the fabrication of aligned nanocomposite 
PLGA-Gr microribbons using wet spinning approach has been investi-
gated for the first time. Moreover, the role of PLGA-Gr microribbons on 
the neural cell function has never been investigated. The aim of this 
research was to provide PLGA-Gr microribbons with aligned nano- 
features for central nerve regeneration. In this respect, the role of 
various concentrations of Gr nanosheets on the various mechanical, 
chemical and biological properties of aligned PLGA microribbons was 
evaluated. It is expected that optimized PLGA-Gr microribbons might 
stimulate neural stem cell function. 

2. Materials and methods 

2.1. Materials 

PLGA (50-50, MW ¼ 38000–54000 gr/mol), chloroform, dimethyl 
sulfoxide (DMSO) and ethanol were purchased from Sigma Aldrich. 
Pristine graphene nanosheets (less than 32 layers, purity> 99.5%) was 
purchased from Nanosany Corporation. Distilled water was used for all 
experiments. 

2.2. Fabrication of PLGA-graphene microribbons 

Aligned PLGA-Gr microribbons consisting of various amounts of Gr 
nanosheets (0, 0.1, 0.5 and 1 wt%) were developed using a wet-spinning 
method, according to the schematic presented in Fig. 1(a). After prep-
aration of 7.5 wt% PLGA solution in chloroform at room temperature 
based on Nelson et al. report [26] various concentrations of Gr nano-
sheets were added and ultra-sonicated for 3 h to provide a uniform so-
lution. Consequently, the solution was fed into a 3-ml plastic syringe 
with a blunt-ended needle with an inner diameter of 0.4 mm. The sy-
ringe was located in a syringe pump and the polymer was injected at the 
rate of 40 ml/min in a coagulation bath. The solution consisting of 
water: ethanol with a volume ratio of 2:8 was applied as the coagulation 
bath. In order to provide aligned microribbons, the ribbons were 
collected on a drum with a diameter of 100 mm. The rotation rate of the 
coagulation bath was considered based on the ability of fiber formation 
and stretching inside the bath. It was measured with a digital laser 
tachometer around 60 rpm. The precipitated microribbons collected on 
the collector had been taken out from the bath and dried in room tem-
perature. It needs to mention that according the concentration of Gr 
content (0, 0.1, 0.5 and 1 wt %), the samples were named PLGA, 
PLGA-0.1%G, PLGA-0.5%G and PLGA-1%G, respectively. 

2.3. Characterization of PLGA-graphene microribbons 

The morphology of microribbons was detected using a scanning 
electron microscope (SEM, Philips, XL30). Before imaging, the samples 
were sputtered with a thin layer of gold coating. Moreover, the average 
diameter of microribbons was estimated on the SEM images (n ¼ 50) 
using ImageJ software. Surface topography of microribbons was also 
inspected with an atomic force microscope (AFM Imaging Bruker) in 
tapping mode with silicone cantilevers in an air atmosphere. The water 
contact angle measurement was applied to estimate the hydrophilicity of 
the samples (n ¼ 3). 5 μL water droplet was added on the surface of 
samples and the contact angle between the drop and the substrates was 
then determined via a Drop Shape Analysis System (Sessile Drop, G10). 
The average contact angle with standard deviation (SD) was finally re-
ported. In addition, the four-point probe technique was applied to assess 
the electrical conductivity of the PLGA-Gr samples. In this regard, the 
samples with size of 10 � 40 mm2 were prepared and the electrical 
conductivity was measured. 

Differential scanning calorimeter (DSC) was applied to study thermal 
properties of the microribbons. DSC was performed with a thermal 
analyzer at a heating rate of 10 �C/min under nitrogen flow with DSC 
2920 TA Instruments apparatus. The chemical composition of the 
microribbons was also verified through Attenuated Total Reflectance- 
Fourier Transform Infrared spectroscopy (ATR-FTIR, Spectrum 2000). 
The existence of Gr nanosheets inside the microribbons was evaluated 
through X-ray diffraction (XRD, X’Pert Pro X-Ray diffractometer, Phi-
lips, Netherland) with CuKα radiation (λ ¼ 0.154 nm) at a generator 
voltage of 40 kV and a current of 40 mA. Mechanical properties of the 
microribbons (with the rectangular shape with a dimension of 
10 mm � 10 mm and an average thickness of 200 μm) were evaluated 
using a tensile tester (Hounsfiled H25KS) with a load capacity of 10 N at 
5 mm/min rate. By plotting the stress-strain curves (n ¼ 3), tensile 
strength and elastic modulus were calculated. 
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2.4. Cell culture 

To explore the role of PLGA-Gr microribbons on the cell function, we 
used 3rd passage of human neuroblastoma cell line SH-SY5Y (ATCC). In 
this regard, PLGA-Gr microribbons (n ¼ 3) were placed in each well of 
48-well plate (SPL) and rinsed with 70% ethanol overnight. Thereafter, 
the wells were washed three times with phosphate buffered saline (PBS) 
each for 2 min. Cells were seeded at an initial density of 1.5 � 104 cells/ 
well and incubated with Dulbecco’s Modified Eagle Medium (DMEM, 
Sigma Aldrich) supplemented with 10% fetal bovine serum (FBS, Gibco) 
and 1% penicillin/streptomycin (Biosera). In order to evaluate the role 
of microribbons on the cell function, cell culture was performed in 
growth factor-free media. The plates were kept at 37 �C in a humidified 
atmosphere containing 5% CO2 and were incubated over a period of 7 
days. 

2.4.1. Cell morphology evaluation 
Cell attachment and morphological changes were studied by SEM 

technique. After 7 days of culture, the cells were fixed with 2.5% 
glutaraldehyde (Sigma) for 3 h, rinsed with PBS and dehydrated in the 
graded concentrations of ethanol (30, 70, 90, 100% v/v) each for 
10 min. The fixed cells were air dried, gold coated and evaluated 
through observation by SEM. 

2.4.2. Cell survival assay 
At the specific time points, cell viability on the samples (n ¼ 3) was 

monitored by using 3- [4, 5-dimthyl-2-thiazolyl]-2, 5-diphenyl-2-H- 
tetrazolium bromide (MTT) assay. For this propose, the cell seeded 
samples were incubated with 5 mg/ml MTT solution (Sigma-Aldrich) for 
4 h. Then, the medium was discarded and each well was incubated with 
400 μl DMSO for 20 min to dissolve the formazan crystals, completely. 
As prepared solution was pipetted into a 96-well plate to quantify the 
absorbance (Optical Density ¼OD) at 570 nm by a microplate reader 
(Biotek). The OD value was expressed as the percent of the control (non- 
treated cells). 

2.4.3. Cell proliferation assay 
After the completion of the incubation period, the protein level of Ki- 

67 was monitored via flow cytometry. It was shown that cell entering 
proliferation had the ability to express a nuclear factor Ki-67. Therefore, 
we collected cells by using enzymatic solution TrypleLE® (Invitrogen) 
after 7 days. Following PBS rinsing, the cells were blocked and per-
meabilized by using a permeabilizing buffer (eBioscience) for 20 min. 
Thereafter, cells were incubated with the PE-conjugated mouse anti- 
human Ki67 antibody (eBioscience) for 30–40 min. Then, cells were 
washed three times with PBS and the number of Ki-67 positive cells were 
calculated by the FACSCalibure system and FlowJo software version 
7.6.1. 

2.4.4. Cell differentiation assay 
The potency of PLGA-Gr microribbons to induce differentiation to-

ward mature neural cell type was assessed by MAP-2 after 7 days of 
culture. After completion of cell culture on the microribbons, cells were 
snap-frozen by embedding in OCT compound (Cat no: 4583; Scigen). 
Then, 5-μm-thick cryosections on poly-L-lysine rich slides were pre-
pared. Slides were then exposed to 0.1% Triton X-100 (Merck) in PBS for 
5 min and blocked with 3% goat serum (Invitrogen) for 30 min followed 
by incubation with primary antibody (MAP-2, Invitrogen, 1:500) at 4 �C 
overnight. After being washed with PBS for two times, the cells were 
incubated with Alexa Fluor 488-conjugated secondary antibody (dilu-
tion 1: 1000; Invitrogen). For counterstaining, 1 μg/ml 40,6-diamidino- 
2-phenylindole (DAPI, Sigma-Aldrich) was applied to stain cell nuclei. 

2.5. Statistical analysis 

Data are shown in mean � SD. In this study, at least three set of ex-
periments were performed for each assay. To find statistical differences, 
we performed One-way ANOVA with Tukey post hoc analysis. P < 0.05 
was considered statistically significant between groups. 

3. Results and Discussion 

3.1. Characterization of PLGA-graphene microribbons 

The contact guidance of neural cells affecting by morphology of the 
substrate is shown to be effective on cell-cell interaction, alignment and 

Fig. 1. Structural properties of aligned PLGA-Gr microribbons: (a) The schematic of wet-spinning process illustrating the ribbon formation injected in the coagu-
lation bath. SEM images of (b) PLGA, (c) PLGA-0.1%G, (d) PLGA-0.5%G and (e) PLGA-1% G microribbons. (f) The average size of microribbons consisting of various 
amounts of Gr nanosheets (n ¼ 20). 
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guidance of cells for functional recovery. Previous results revealed that, 
microribbons are more efficient in this application compared to fibers as 
they have flat cross-section and could provide edges and ridges for 
neural cell attachment and growth [38]. Therefore, in this study, 
PLGA-Gr microribbons were developed using wet-spinning process. The 
morphology of PLGA and PLGA-Gr constructs consisting of various 
amounts of Gr nanosheets (PLGA, PLGA-0.1%G, PLGA-0.5%G and 
PLGA-1%G) was evaluated using SEM imaging and are presented in 
Fig. 1(b-e). Moreover, the average diameter of the microfilaments was 
estimated and is presented in Fig. 1(f). SEM images confirmed the for-
mation of microribbons in various samples, without the formation of any 
fiber. There are some important factors affecting the filament 
morphology during the wet-spinning process such as polymer concen-
tration, coagulation solution and filaments tension [26]. According to 
previous researches, type of coagulation solution is a determinant 
parameter to control the filament morphology. For instance, it was 
stated that range of alcoholic type coagulants could change the 
cross-section of the silk filaments from circular to flat one, based on the 
R group size of the alcohol [39]. Therefore, based on researches per-
formed before, we optimized the crucial parameters to get microribbons 
from PLGA solution (data are not show here). However, incorporation of 
Gr nanosheets to the polymer solution resulted in enhanced viscosity of 
solution. Therefore, changing the solvent and coagulant for the forma-
tion of ribbons was much more difficult than in the case of PLGA ribbon 
formation. Therefore, the morphology of ribbons which was based on 
the penetration of anti-solvent, could not be changed during the spin-
ning [37]. In another word, with the same factors for PLGA micro-ribbon 
formation, we could fabricate the PLGA-Gr ones, as well, without 
considerable change in morphology. However, depending on the Gr 
nanosheet content, the size of microribbons changed. Noticeably, the 
size of ribbons noticeably enhanced from 16 � 1 μm for PLGA micro-
ribbons to 33 � 6 μm for PLGA-1%G which might be due to higher vis-
cosity of polymer solution. Consequently, the entrance of coagulants in 
the PLGA-Gr microribbons would be more difficult which could hinder 
the formation of ribbons, leading to enhanced ribbon size. Zhang et al. 
[40] similarly found that with increasing the concentration of poly-
caprolactone (PCL) solution, the size of wet spun fibers increased. 

To investigate the role of Gr nanosheets on the topography of the 
microribbons, AFM study was performed (Fig. 2). The results showed 

that the surface of PLGA microribbons was smooth without any feature. 
However, incorporation of 0.1 wt% Gr nanosheets (PLGA-0.1%G sam-
ple) to the microribbons resulted in the formation of minor features on 
the surface. Nevertheless, it seems the concentration of Gr nanosheets 
was not enough to make these features all along the ribbons. Increasing 
the concentration of Gr nanosheets up to 0.5 wt %, resulted the forma-
tion of attractive aligned and micron-sized groove-like features with 
average size of 0.5 μm, similar to a folded paper. The increment of Gr 
nanosheets to 1 wt% resulted in slightly larger grooves with average size 
of 1 μm, with aligned features. The formation of groove-like surface 
features is crucial in neural cell type attachment, alignment and suc-
cessful differentiation of the cells to mature neurons [38]. Our results 
demonstrated that incorporation of Gr nanosheets within the PLGA so-
lution resulted in change in the size, and surface topography of micro-
ribbons. It might be due to effective role of Gr concentration on the 
viscosity of the suspensions. Similarly, He et al. [37] demonstrated the 
effect of graphene oxide(GO) on the surface roughness of alginate-GO 
wet-spun fibers. They demonstrated that the roughness of the inner 
surface of the needle orifice in wet spinning apparatus and shrinkage of 
the fabricated fibers during the drying process could make an ordered 
striped structure on the surface which was much clearer with the 
addition of GO nanosheets to the polymer solution. In other words, with 
increasing the amount of GO in the polymer solution, they had fibers 
with clearly ordered striped like surface roughness. Pinto et al. [41] also 
demonstrated the effect of Gr and GO nanosheets on the formation of 
groove-shaped surface roughness with size of 1–2 μm on PLA films. 
Appearance of groove shaped features on the surface of the polymer-Gr 
and polymer-GO composite film or fibers could also be due to flexibility 
of Gr and Go that can rumple the polymer structure during the fabri-
cation process [42]. 

In order to evaluate the role of Gr nanosheets on the hydrophilicity of 
PLGA, the water contact angle on surface of various samples was esti-
mated and is presented in Fig. 3(a). Results showed that incorporation of 
Gr nanosheets in PLGA significantly reduced the water contact angle 
from 138.2 � 2.1� to less than 116.2 � 1.4�(after incorporation of 1 wt% 
Gr). It might be due to the presence of some hydrophilic OH, C–O–C and 
COOH groups on the Gr nanosheets. Consequently, PLGA-Gr samples 
could provide oxygen functional groups on their basal planes and edges 
leading to improved hydrophilicity of the samples. Our results 

Fig. 2. Structural properties of aligned PLGA-Gr microribbons: AFM analysis for evaluating the surface roughness of (a) PLGA, (b) PLGA-0.1%G, (c) PLGA-0.5%G and 
(d) PLGA-1% G samples. 
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demonstrated that the presence of Gr nanosheets in the PLGA micro-
ribbons not only could modulate surface topography, but also could 
control the wettability of surface. According to previous researches, the 
enhancement in the hydrophilicity of the PLGA-Gr samples could pro-
mote the cellular functions such as attachment, proliferation and dif-
ferentiation, as similarly reported in previous researches [43]. 

In addition, the conductivity of the PLGA-Gr samples consisting of 
various amounts of Gr nanosheets was measured using four-point probe 
method(Fig. 3(b)). Our results demonstrated that the incorporation of Gr 
nanosheets could significantly promote the electrical conductivity of the 
PLGA. Noticeably, while PLGA scaffold was an insulator with conduc-
tivity of about 0.15 � 0.01 μS/m, incorporation of 1 wt% Gr nanosheets 
significantly promoted (for about 106 orders) the electrical conductivity 
to about 0.42 � 0.03 S/m. The improved electrical conductivity of PLGA 
via incorporation of Gr nanosheets was similarly reported in previous 
researches [44]. The promoted electrical conductivity may affect the 
active synapse formation and consequently may promote the regenera-
tion of nerve tissue. 

The chemical composition of the PLGA-Gr microribbons at different 
concentrations of Gr nanosheets was also studied by XRD analysis (Fig. 3 
(c)). Accordingly, the characteristic peak of Gr nanosheets detected at 
2θ ¼ 21.3� was overlapped by the broad characteristic peak of PLGA, 

indicating that most Gr nanosheets were exfoliated and uniformly 
dispersed in the polymer matrix [45,46]. Furthermore, intensity of the 
wide peak of PLGA at 2θ ¼ 21� enhanced with increasing the concen-
tration of Gr nanosheets. The same attitude was detected by Meng et al. 
[47] during the fabrication of electrospun PCL-multiwall carbon nano-
tube (MWCNT) fibers. This observation could be due to retarding of the 
flexibility of polymer chains and consequently crystallization improve-
ment of PLGA during the spinning process of PLGA-Gr microribbons 
[47]. ATR-FTIR spectra of the PLGA-Gr microribbons was also studied to 
investigate the interaction between Gr and PLGA matrix. According to 
Fig. 3(d), the spectrum of the PLGA consisted of five characteristic 
absorbance bands at 2995, 1745, 1452, 1178 and 1091 cm� 1 which 
were related to (C–H), (C––O), (O–H), (C–O epoxy) and (C–O alkoxy), 
respectively (indicated by signs in the spectra) [45]. These peaks could 
be clearly detected at the spectra of PLGA-graphene microribbons. 
However, the spectra of PLGA-Gr samples did not show any character-
istic peak of Gr nanosheets, due to physical interaction of PLGA and Gr. 
Soltani et al. [44] similarly evaluated the effect of Gr on the chemical 
properties of chitosan and PLGA and purposed that FTIR spectra of these 
polymers did not change during physical interaction with Gr nanosheets. 
It could be concluded that due to the absence of significant functional 
groups on the surface of Gr nanosheets, the physical interaction was 

Fig. 3. Chemical properties of aligned PLGA-Gr microribbons: (a) Water contact angle, (b) electrical conductivity (*:P < 0.05), XRD patterns, (b) ATR-FTIR spectra 
and (d) DSC curves of PLGA and PLGA-Gr microribbons. The Tg of the samples is illustrated on the DSC curves. 
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occurred between the PLGA matrix and Gr nanosheets and consequently 
FTIR characteristic peaks of PLGA did not significantly modulate after 
incorporation of Gr nanosheets, as similarly reported previously [37]. 

DSC analysis was studied to evaluate the thermal stability of PLGA 
and PLGA-Gr microribbons (Fig. 3(e)). From DSC curves, the glass 
transition temperature (Tg) was found to be around 50 �C for PLGA 
which slightly enhanced with increasing Gr content from 0.1% to 1% in 
PLGA-Gr microribbons. This increment was due to good dispersion of Gr 
nanosheets in polymer matrix which could restrict the movement of 
polymer chains and thus enhancing the crystallinity [45]. Yoon et al. 
[48] also reported the effect of GO incorporation to PLGA fibers on 
thermal properties. They investigated that incorporation of GO 
increased the Tg of composite fibers due to decreased mobility of PLGA 
chains. They also declared that H-bonding between GO and polymer 
chains was another reason for reinforcing effect of GO nanosheets on 
PLGA fibers. In another research, increasing the Tg of PLA-Gr samples 
with increasing Gr nanosheets was reported confirming our in-
vestigations [49]. 

The mechanical properties of the PLGA and PLGA-Gr microribbons 
were also evaluated using tensile testing. The representative tensile 
stress-strain curves of microribbons and data for elastic modulus (E), 
toughness and tensile strengths are shown in Fig. 4. According to Fig. 4 
(a), the tensile properties of PLGA-Gr microribbons increased compared 
to bared PLGA microribbons. Moreover, according to Fig. 4(b and c), the 
tensile strength and elastic modulus of PLGA-Gr microribbons were 
significantly enhanced with increasing Gr nanosheet content (P < 0.05). 
Noticeably, tensile strength and elastic modulus of PLGA microribbons 
(0.18 � 0.04 MPa and 5.04 � 0.5 MPa, respectively) significantly 
enhanced to 0.4 � 0.1 MPa and 17.1 � 1.2 MPa at PLGA-1%G, respec-
tively. This behavior could be attributed to the interfacial interactions 
between the polymer and Gr nanosheets which could restrict the 
movement of PLGA chains. Moreover, well-dispersion of Gr nanosheets 
in a polymer matrix could provide an efficient means for stress transfer 
and reinforcement in PLGA-Gr microribbons [48,50]. Generally, the 
mechanical properties are in the increasing mode with enhancement of 

the Gr content, in the consequence of uniform dispersion of Gr in 
polymer and good interactions between Gr and polymer matrix during 
the stirring, ultrasonication and spinning processes [51]. He et al. [37] 
similarly studied the effect of Gr nanofillers on the enhancement of 
mechanical properties of alginate-Gr composite fibers. They demon-
strated that the tensile strength of alginate fibers enhanced with 
increasing Gr nanosheets up to 4% in fibers. They could also show the 
enhancement of Young modulus to the highest amount with 4% loading 
of G to the polymeric fibers. However, the stress-strain curves revealed 
that the addition of Gr nanosheets in PLGA matrix led to decrease in 
elongation as composites became more brittle. The changes of toughness 
of various samples consisting of various amounts of Gr nanosheets 
(Fig. 4(d)), confirmed that incorporation of Gr nanosheets significantly 
reduced the ductility of samples. This behavior was similarly reported 
for other nanocomposite structures consisting of various kinds of carbon 
based materials such as carbon nanotube [52,53] and Geraphen [54,55]. 
The diminishing toughness was initiated most likely by the stiffening 
role of these nanofillers and improved crystallinity of PLGA. 

3.2. Cell culture 

The SEM images of the cells cultured on the microribbons are pre-
sented in Fig. 5. Clearly, attachment and spreading of the cells enhanced 
with increasing the concentration of Gr nanosheets. The cells cultured 
on the PLGA and PLGA-0.1%G microribbons were in the round shapes 
and could not spread out their filopodia in favor of better attachment. 
These features improved with increasing the Gr nanosheet concentration 
from 0.1 to 1 wt%. According to Fig. 5 (c, d), the nano-sized cellular 
projections by engaging filopodia could be detected at PLGA-Gr samples, 
showing the cytoskeletal re-organization in favor of cell attachment to 
underlying substrate and maintaining physical connection with neigh-
boring cells which is essential to support functional cellular re-
generations [56]. Lee et al. [57] previously confirmed the superior effect 
of Gr nanosheets incorporated in the PDMS on the human mesenchymal 
stem attachment. The cells cultured on PDMS were morphologically 

Fig. 4. Mechanical properties of aligned PLGA-Gr microribbons: (a) Tensile stress-strain curves as well as (b) tensile strength, (c) modulus and (d) toughness of PLGA 
and PLGA-Gr microribbons. (*: P < 0.05). 
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different from Gr þ PDMS substrate. Cells on PDMS tended to acquire 
spherical shape while the addition of Gr nanosheets contributed to 
homogenously cell dispersion and filopodial extensions. They showed 
that more Gr nanosheets deposition on the surface enhanced protein 
adsorption by π-electron cloud from G side and hydrophobic core of 
proteins, leading to promoted cell attachment and proliferation rate. We 
noted extensive neurite-like outgrowth on PLGA-0.5%G and PLGA-1%G 
samples, supporting the generation of neurite network [22]. 

The cell viability was also assessed using MTT assay (Fig. 6(a)). 
Obviously, the PLGA and PLGA-Gr microribbons did not show any 
cytotoxicity for the cells during 7 days of culture. Based on the data, cell 
survival increased and reached the highest amount at day 7. Moreover, it 
seems that the increasing level of Gr nanosheets resulted in a decreased 
cell survival. In addition, further analysis by flow cytometry technique 
indicated the positive effect of Gr nanosheets on the proliferation rate of 
SH-SY5Y cells (Fig. 6(b)). The values reached 33.6% in cells from bared 
PLGA to 72%, 71.6% and 76.2% after incubation with PLGA-0.1%G, 
PLGA-0.5%G and PLGA-1%G, respectively. MTT and the flow cytometry 
assays are two different techniques to measure the proliferation of cells 
via two different approaches. In addition, the sensitivity of both MTT 
and flow cytometry assays are different. While MTT assay is based on the 
evaluation of mitochondrial bioactivity of the target cells on the goal 
substrates, the flow cytometry analysis could estimate the proliferation 
potential of cells by monitoring the nuclear factor Ki67, located in 
distinct sites inside the cells. Based on our data, we could conclude that 
the scaffold consisting of higher concentration of Gr may have detri-
mental effects on mitochondrial activity. However, we found a non- 
significant difference in the proliferation rate of cells exposed to 
different concentrations of Gr, based on flow cytometry analysis. 

Immunofluorescence imaging of SH-SY5Y cells cultured on micro-
ribbons stained with MAP-2 (a mature neuron biomarker) is illustrated 
in Fig. 7. Based on the data, while no cell differentiation was detected for 
the cells cultured on the PLGA group, increasing amount of Gr nanosheet 
content from 0.1 wt% to 1 wt% promoted cell maturation and differ-
entiation via the induction of MAP-2 protein. These findings possibly 
highlighted the positive effect of Gr nanosheets on the cell orientation 
toward mature neuron type. Moreover, it was discovered that the Gr- 
based nanomaterials have the ability to enhance the protein synthesis 
and adhesion in neurons by providing wrinkled and rippled surfaces 
[58]. In addition, these nanoscale materials could accelerate the 
regeneration process with their high conductivity rate required for 
neuronal electrophysiology [58]. Based on the current experiment, we 
showed that Gr nanosheets incorporated in the PLGA-Gr microribbons 
played a pivotal role in enhancing the maturation of human neuroblasts. 
It seems that the enrichment of PLGA backbone with Gr nanosheets 
could promote a novel cell phenotype via cell adaptation to surface 
roughness [59]. 

Generally, the physical and chemical characteristics of the scaffold 
are effective to control the cell function [60,61]. In the present study, 
incorporation of Gr nanosheets could simultaneously control electrical 
conductivity, mechanical property, hydrophilicity and surface topog-
raphy of PLGA microribbons leading to modulation of cell functions. In 
this regard, the size of surface roughness is crucial on the cell adhesion to 
the distinct surfaces. Nano-size roughness could cluster cell surface 
integrins, determining cell adhesion capacity and morphology while in 
the case of micro-size roughness, cell arrangement and maturation by 
applying focal adhesion mechanisms are more important [62]. Chou 
et al. [63] proved that small micrometric scale features (25–50 μm) 
which were close to the dimensions of the cells could be helpful in 
guiding adhesion and spreading at the single cell scale. It has been 
established that the cells could be aligned along the groove-like features 
and changed their shape in the direction of specific grooves [64]. 
However, the researchers suggested that neural differentiation could 
take place at both nanoscale and microscale-size features [65]. In this 
research, formation of aligned microgrooves on the nanocomposite 
microribbons consisting of high amounts of Gr content along with 
improvement of hydrophilicity and electrical conductivity of the sub-
strate could promote the adhesion, spreading and differentiation of 
neural stem cells. In contrary, the expanding of filopodia and favored 
attachment were not detected in the case of pure PLGA and PLGA-0.1%G 
microribbons (Fig. 5(a) and b) due to the absence of surface micro-
grooves, less hydrophilicity and weak electrical conductivity. Similarly, 
Dowell-Mesfin et al. [66] illustrated that rat hippocampal neurons could 
grow and extend their neurites on the topography of periodic micropillar 
after loading on a silicon substrate with 1 μm height. As a result, the 
axonal reaction was indicated in response to topographies within 
microscale size pattern. Another important property which could affect 
cell behavior, is the fiber/microgroove diameter. Bashur et al. [67] 

Fig. 5. Biological properties of aligned PLGA-Gr microribbons: SEM images 
showing the attachment of neuroblasts and neurites extension on (a) PLGA, (b) 
PLGA-0.1%G, (c) PLGA-0.5%G and (d) PLGA-1%G microribbons. 

Fig. 6. Biological properties of aligned PLGA-Gr microribbons: (a) cell viability 
on PLGA and PLGA-Gr microribbons determined using MTT assay (*:P < 0.05). 
(b)The proliferation of neuroblasts on different microribbons based on 
Flow cytometry. 
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showed that the fiber diameter of electrospun PLGA was crucial to 
control the morphology and orientation of fibroblasts. They found that, 
the critical size of 1 μm was effective in cell alignment and elongation on 
various types of topographical substrates and could be attributed to the 
extension of focal adhesion. In this research, we found that incorpora-
tion of Gr nanosheets to the polymeric solution resulted in the formation 
of aligned microgrooves with the size of less than 2 μm on the surface of 
microribbons. According to Fig. 5(a and b) and Fig. 7, the aligned 
microribbons without any microgroove on the surface did not have 
potential to guide the cell attachment and differentiation to mature 
neurons. In other words, the effect of smaller aligned microgrooves on 
guiding stem cells for attachment, spreading out the filopodia and dif-
ferentiation is more than the effect of aligned polymeric ribbons. 

4. Conclusion 

In summary, highly aligned PLGA-Gr microribbons consisting of 
various amounts of Gr nanosheets were successfully developed using 
wet-spinning approach. Encapsulated graphene (Gr) nanosheets 
improved mechanical properties of the PLGA-Gr constructs, depending 
on the Gr content. In addition, electrical conductivity and hydrophilicity 
of PLGA microribbons noticeably promoted with increasing Gr content 
upon 1 wt%. We also demonstrated the combined effect of Gr nanosheets 
and aligned microribbons of PLGA with specific aligned nano-feature on 
the dynamics of neuronal lineage. Moreover, PLGA-Gr microribbons 
promoted SH-SY5Y cells growth and regulated cell orientation toward 
mature type phenotype while extending neurite growth. Our results 
demonstrated that, PLGA-Gr microribbons may have the great potential 

of applications in the regeneration of central nervous systems. 
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