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Abstract

We compared the viability, proliferation, and differentiation of human Mesenchymal Stromal Cells (MSC)
after culture on poly(lactic-co-glycolic acid) (PLGA) and PLGA/chitosan (PLGA/CH) hybrid scaffolds. We applied
conventional and emulsion electrospinning techniques, respectively, for the fabrication of the PLGA and PLGA/
CH scaffolds. Electrospinning under optimum conditions resulted in an average fiber diameter of 166 + 33 nm
for the PLGA/CH and 680 + 175 nm for the PLGA scaffold. The difference between the tensile strength of the
PLGA and PLGA/CH nanofibers was not significant, but PLGA/CH showed a significantly lower tensile modulus
and elongation at break. However, it should be noted that the extensibility of the PLGA/CH was higher than that
of the nanofibrous scaffolds of pure chitosan. As expected, a higher degree of hydrophilicity was seen with PLGA/
CH, as compared to PLGA alone. The biocompatibility of the PLGA and PLGA/CH scaffolds was compared using
MTS assay as well as analysis by scanning electron microscopy and confocal microscopy. The results showed that
both scaffold types supported the viability and proliferation of human MSC, with significantly higher rates on PLGA/
CH nanofibers. Nonetheless, an analysis of gene expression of MSC grown on either PLGA or PLGA/CH showed a
similar differentiation pattern towards bone, nerve and adipose tissues.
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Introduction

Mesenchymal Stromal Cells (MSC) are considered as a heterogenous
cell source for tissue engineering approaches and have received a great
deal of attention during the past decade [1-3]. MSC have the capacity
to replicate in an undifferentiated state, as well as the potential, when
stimulated, to develop into distinct mesodermal tissues, including bone,
cartilage, fat, tendon, muscle, and other lineages, both in vitro and in
vivo. Although several sources of adult stem cells have been described,
bone marrow is the most widely utilized as a source of autologous MSC
in the clinic. These multipotent stem cells can give rise to differentiated
cells found in adult tissues, have proliferative potential, and facilitate
immunomodulatory effects [3,4].

One of the most exciting applications of stem cells is their potential
for use in regenerative medicine [5,6]. Autologous human MSC
have previously been used in combination with artificial engineered
scaffolds in attempts to regenerate new tissues or organs [7]. In order to
develop tissue engineered scaffolds that are suitable for preclinical and
clinical applications, it is necessary to investigate the biocompatibility
of the biomaterial and its capacity to support the lineage/tissue-specific
differentiation of stem cells. Several studies have indicated that three-
dimensional (3D) synthetic scaffolds are suitable for stem cell-based
tissue engineering applications [8,9], but stem cell differentiation and
organization can be influenced by the scaffold architecture. An ideal
implantable scaffold is expected to recapitulate many features of the
native Extracellular Matrix (ECM) in the target tissue, in addition to
topographical and biochemical cues. Electrospinning is one of the most
adopted techniques with the capability of fulfilling such requirements.
Electrospun nano/microfibers could not only mimic the ECM 3D
structural organization but also make use of a high surface area-to-

volume ratio that provides cells with abundant area for attachment,
migration, and proliferation [10,11].

Thus far, both synthetic biodegradable materials such as PLA
(polylactic acid), PGA (polyglycolic acid), PLGA (poly(lactic-co-
glycolic acid)), and PCL (polycaprolactone) and naturally derived
materials such as fibrin, gelatin, chitosan, and collagen have been well
used in tissue engineering and regeneration [12-16]. Synthetic materials
usually suffer from poor cell-scaffold attachment interactions because
of their hydrophobic structure [17], although they are biodegradable
and have good mechanical properties. On the other hand, naturally
derived polymers suffer from poor mechanical properties [18,19],
despite their biocompatibility and favorable support for cell-scaffold
interactions. Therefore, a polyblend of synthetic/natural polymers is of
interest for experimental investigations involving stem cells.

In the present study, a polyblend nanofibrous scaffold of PLGA/
chitosan (PLGA/CH) was produced through emulsion electrospinning
[20,21], and the adhesion, growth, and differentiation properties of
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human MSC seeded onto this scaffold were compared to those of PLGA
electrospun scaffolds. PLGA is a biodegradable polymer with excellent
mechanical properties and processability which is used in most of
FDA approved therapeutic devices. PLGA electrospun scaffolds have
shown mechanical stability to withstand implantation and to support
the regeneration of new tissue [22-24]. However, PLGA is a synthetic
polymer (with a hydrophobic nature) that suffers from a low affinity
for cell attachment. It has been shown that introducing naturally
derived polymers such as collagen [24], gelatin [25], or chitosan [26]
to PLGA can introduce cell recognition sites and/or improvement of
protein adsorption to the scaffold surface to induce better interaction
between cells and scaffold. Here, chitosan has been selected as the
natural polymer to enhance the biological behavior of the PLGA
scaffold. This naturally occurring, biocompatible, biodegradable,
and non-toxic polysaccharide is a cationic polymer with a structural
similarity to various Glycosaminoglycans (GAGs) of the ECM [27].
Specific interactions between GAGs and growth factors, receptors, and
adhesion proteins suggest that the bioactivity of chitosan is a result of
its analogous structure to GAGs [28].

Chitosan has been widely used in research for many tissue
engineering applications, especially in combination with MSC for
bone [28-30] (enhancing osteogenesis) and neural tissue engineering
[31,32]. Previous studies have shown that MSC cultured on non-
fibrous scaffolds composed of PLGA and chitosan facilitate cell
viability, proliferation, and adhesion [31-33]. Considering the key role
of autologous human MSC in combination with synthetic scaffolds in
regenerative medicine, our aim in this study was to evaluate whether
an electrospun polyblend of PLGA/CH, when seeded with human
MSC, would demonstrate cell-scaffold superior interactions to those of
scaffolds electrospun from PLGA alone.

Materials and Methods
Reagents

Chitosan (MW = 200,000 g/mol, degree of deacetylation = 90%)
and PLGA (MW 66,000-107,000 g/mol, L-lactide/glycolide, 75:25) were
purchased from Sigma-Aldrich (Munich, Germany). Polyvinyl alcohol
(PVA, MW = 72,000 g/mol), 1,1,1,3,3,3-hexafluor-2-propanol (HFP),
hexamethyldisilazane (HMDS), and glacial acetic acid were obtained
from Merck KGaA (Darmstadt, Germany). All solvents were used as
received without further purification. Paraformaldehyd (PFA, 1%) was
purchased from Sigma (St. Louis, MO, USA) and CellTiter 96 AQueous
One solution was purchased from Promega (Madison, W1, USA).

Fabrication of electrospun PLGA and PLGA/CH scaffolds

Two different scaffolds of PLGA and PLGA/CH were fabricated
in the present study. A PLGA solution (16% w/v) was prepared
by dissolving PLGA in HFP at 50°C, with magnetic stirring for 3 h.
PLGA/CH scaffolds were electrospun from emulsions of PLGA/CH/
PVA. In brief, PLGA was dissolved in HFP (16%w/v), chitosan (4%
w/v) was dissolved in acetic acid (14%) at room temperature, and a
PVA solution (8% w/v) was prepared by dissolving PVA (emulsifier)
in double-distilled water at 90°C. The electrospinning emulsion was
prepared by adding PVA and chitosan solutions to PLGA solution,
followed by mixing with a magnetic stirrer. The volume ratio of the 3
solutions was 1:1:1. The final mixture was stirred at room temperature
for 12 h to obtain a homogenous emulsion. Electrospinning of the
prepared emulsion was carried out, with a voltage of 14-16 kV applied
to the blunt needle (21-gauge) tip of the 1-mL syringe (filled with
the solution/emulsion) and the grounded aluminum foil collector.

J Bioprocess Biotech
ISSN:2155-9821 JBPBT, an open access journal

The feed rate was 1 mL/h for PLGA and 0.25 mL/h for PLGA/CH/
PVA. The needle tip-to-collector distance was 15 cm for both of the
scaffolds. Nanofibers collected on aluminum foil were dried overnight
under vacuum and then used for the characterization and cell culture
experiments. To obtain PLGA/CH nanofibers, PVA was removed
from final composites of PLGA/CH/PVA using an aqueous solution
containing 50% ethanol. Weight reduction measurements showed that
8 h was sufficient for the PVA removal.

Morphology and
nanofibers

characterization of the electrospun

The morphology of the electrospun nanofibers was studied with
the help of scanning electron microscope (SEM) (Seron Technologies
AIS 2100, Seron Technologies Inc., Gyeonggi-do, Korea) micrographs.
The average diameter of the electrospun nanofibers was measured by
applying Image J software (Image J, National Institutes of Health, USA)
to the SEM micrographs. Statistical analysis was carried out using SPSS
8.0. (SPSS Inc. Chicago, IL, USA).

The hydrophilic/hydrophobic nature of the electrospun
nanofibrous scaffolds was measured by sessile-drop water-contact
angle measurement using a video-based optical contact angle meter
(Data Physics OCA 15EC). A 6 pL drop of distilled water was placed
on the sample surface. The contact angles on the left and right sides of
the drop were measured by SCA software. The average of ten angles is
reported for each sample.

The tensile properties of the electrospun nanofibrous scaffolds were
determined under both dry and wet conditions using a tensile tester
(Instron 3345, Canton, MA, USA), with a load cell capacity of 10 N.
Test specimens, 10 mm in width x 60 mm in length, with a thickness
of 70-80 um, were tested at a crosshead speed of 10 mm/min and a
gauge length of 20 mm, under ambient conditions. A minimum of six
specimens of each individual scaffold were tested. Wet specimens were
prepared by soaking the samples in Phosphate-Buffered Saline (PBS)
for 8 hat 37°C.

The porosity of the PLGA and PLGA/CH fibrous scaffolds was
determined using an AutoPore III mercury porosimeter (Micromeritics
Instrument, Norcross, GA, USA), based on the total pore volume
measured with the mercury intrusion technique.

Isolation and culture of bone marrow-derived MSC

MSC were isolated and expanded from Bone Marrow (BM)
of healthy donors as previously described [34] following approval
by the ethics committee at Huddinge University Hospital and
thereafter cultured and utilized at Uppsala University (EPN Uppsala,
Dnr2013/410). The release criteria for MSC was based on spindle
shaped morphology, cell viability >95% and flow cytometry of cells
with >95% positivity for CD73, CD90, CD105, HLA-ABC and <5% for
CD14, CD31, CD34, CD45 and HLA-DR as previously described [34].
The cultures were negative for bacteria, fungi and Polymerase Chain
Reaction (PCR)-negative for Mycoplasma pneumoniae. The MSC were
cultured in MSC medium consisting of Dulbecco's modified Eagle's
medium-low glucose (DMEM-LG), supplemented with 10% heat-
inactivated fetal bovine serum (FBS from PAA Laboratories GmbH,
Pasching, Austria). In this study, MSC in passages 5-8 from two
different donors were used.

Mesenchymal stem cell culture on scaffolds

Prior to seeding, the nanofibers were sterilized by ultraviolet
irradiation of both top and bottom surfaces in a laminar flow hood
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(each side for 20 min). To avoid detaching the scaffold from the glass
into the medium, sterile plastic rings were used on each scaffold, and
0.5 mL of culture medium was added to each well (including scaffolds)
of a 24-well plate; the plate was then incubated at 37°C overnight. The
next day, the medium on the scaffold surface was removed, and MSC
suspended in 100 pL of culture medium were added to each scaffold at
a density of 25,000 cells/cm?. Cells were incubated with the scaffolds for
2 h, and then an additional 1 mL of culture medium was added to each
well. The incubation of the cells on the scaffolds was then continued as
indicated.

Cell and scaffold morphology

Morphological studies (by SEM) of MSC grown on electrospun
PLGA and PLGA/CH nanofibers were performed after 1, 4, and 7 days
of cell culture. Cell-seeded nanofiber constructs were harvested and
washed with PBS, then fixed in 2.5% glutaraldehyde for 3 h. The scaffolds
were dehydrated with increasing concentrations of ethanol (30%,
50%, 70%, 90% and 100%) for 10 min each. Finally, the cell-scaffold
constructs were treated with hexamethyldisilazane (HMDS; Fluka
Chemical, Milwaukee, WI, USA) to allow further water extraction.
The dehydrated, cell-seeded constructs were maintained in desiccators
equipped with a vacuum for overnight drying. After sputter-coating
with platinum, SEM was used to observe cell and scaffold morphology
and cell attachment to the nanofiber scaffolds.

Metabolic activity and proliferation of MSC

Cell viabilityand metabolicactivity in response to various substrates,
Tissue Culture Polystyrene cover slips (TCP), and electrospun samples
of PLGA and PLGA/CH, were measured using the MTS cytotoxicity
assay (CellTiter 96'AQueous Non-Radioactive Cell Proliferation
Assay, Promega, Madison, WI, USA) according to the manufacturer’s
instructions. The MTS substrate [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] is bioreduced by
the mitochondria of live cells into a soluble formazan product, which can
be quantified by absorbance measurement once it is excreted into the
culture medium. Cells were seeded at a density of 15,000 cells per cm?,
and the cell activity was evaluated during a 7-day period. On days 1, 4,
and 7, the cell-seeded, electrospun samples were washed with PBS and
transferred to new plates containing 500 pL of culture medium in each
well. Thereafter, 100 uL of MTS solution was added to each well. Cells
were maintained for an additional 4 h in a humidified incubator at 37°C
with 5% CO,. The absorbance was read at 450 nm on a Labsystems
Multiskan MS plate reader (Labsystems Diagnostics Group, Vantaa,
Finland), and the response was defined as (cell-seeded scaffolds A450 -
mean blank)/(mean TCP 1 day A450 -mean blank) x 100%. In this way,
the cell activity on each substrate at different time points was compared
to that of TCP on day 1. These assays were done in triplicate, followed
by calculation of the mean values and standard deviations.

Cell proliferation was determined by counting the number of
DAPI-stained cell nuclei that were associated with the PLGA or
PLGA/CH nanofibrous scaffolds. Cell nuclei were counterstained with
4,6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich;
1 ug/mL) in three separate samples (PLGA or PLGA/CH) per time
point, at 1, 4 and 7 days. A minimum of five randomly selected visual
fields were selected and analyzed in a Zeiss 510 confocal microscope
(Carl Zeiss AG, Obercochen, Germany).

Cell tracking and confocal analysis of MSC on scaffolds

MSC grown on electrospun PLGA and PLGA/CH nanofibers were
stained with fluorescent 5-chloromethylfluorescein diacetate (CMFDA
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cell tracker green, Molecular Probes, Life Technologies, Stockholm,
Sweden) for observation by fluorescence microscopy of the cells on/
in the scaffolds at 4 and 14 days. In short, cells were incubated prior
to the time of examination with 5 mM of CMFDA for 60 min at 37°C
in the incubator. The dye was removed after incubation, and the cells
were washed with PBS and supplemented with the respective culture
medium. The MSC were cultured for an additional 24 h period, then
washed with PBS, fixed in 1% PFA for 1 h, mounted in mounting
medium, and observed with a Zeiss 510 confocal laser scanning
microscope (Carl Zeiss).

Quantitative PCR analysis of human MSC

PLGA and PLGA/CH scaffolds were rinsed with PBS and placed
in 500 pL of RNALater (Life Technologies, NY, US) for 24 h. Total
RNA was extracted using an RNAeasy Micro Kit according to
the manufacturer’s instructions (Qiagen, Holden, Germany) and
transcribed into cDNA with a Superscript II Reverse Transcriptase
Kit (Life Technology). Gene-specific polymerase chain reactions were
analyzed using the Applied Biosystems StepOne Plus Real-Time PCR
Systems machine (Life Technology) during 40 cycles with Applied
Biosystems SYBR Green Supermix (Life Technology). All targets
(RUNXI1, NES, PPARG) were detected with QuantiTect primers
(Qiagen GmbH, Hilden, Germany), and the PCR reaction was set up
according to the Qiagen QuantiTect protocol. Quantitative values were
obtained from the threshold cycle number, and the x-fold change in
expression as compared to control samples (MSC grown on tissue-
culture plastic) was calculated using the threshold cycle number
method. Target genes from each individual sample were normalized
against a mean threshold cycle number of the target genes SDHA and
18s. Selection of reference target genes was determined by geNorm
algorithm analysis and analyzed using gbase plus software (www.
biogazelle.com) according to the company’s protocol.

Statistical analysis

Statistical analysis was performed using one-way analysis of
variance (ANOVA) and Student’s t-test to determine the statistical
significance between the two means, evaluated at p<0.05.

Results

Characterization of the electrospun scaffold

SEM analysis of PLGA (Figure 1A) and PLGA/CH nanofibers
(Figure 1B) demonstrated that PVA removal did not affect the fibrous
structure of PLGA/CH nanofibers, and the scaffold kept its integrity,
with an average fiber diameter of 166 + 33 nm, as compared to a
diameter of 680 + 175 nm for the PLGA scaffold. To obtain uniform,
bead-free fibers, electrospinning conditions were optimized for both
the PLGA solution and PLGA/CH/PV A emulsion. It was observed that
the average diameter of nanofibers in the PLGA/CH scaffold was much
lower than in the PLGA scaffold.

Water contact-angle measurements of PLGA and PLGA/CH
scaffolds demonstrated a large decrease from PLGA (105 + 4.3) to
PLGA/CH (27 % 8.1) nanofibers, revealing the hydrophobic nature
of the PLGA material as well as the role of chitosan in conferring
hydrophilicity on the PLGA/CH scaffold.

A comparison of the tensile mechanical properties of the PLGA,
PLGA/CH/PVA, and PLGA/CH nanofibers (Table 1) revealed that
the addition of chitosan and PVA to PLGA led to a strong reduction
in the extensibility of the scaffolds, demonstrated as an "elongation
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bars represent 10 umin A, B and 1 pmin C.

WA, T LT VI ?!
]
GA/CH

P gt

Sample Tensi(lnen;t;)ength Tensi(l;)strain Modulus (MPa)
PLGA 56+1.10 107 £ 20 354.7 + 57.6
E PLGA/CH/PVA 5.4 +0.57 14.7+6.6 296 + 32
PLGA/CH 4.3+0.68 32+ 11 75+10.8
PLGA 5.35+0.80 88 + 32 2279+ 57.6
g PLGA/CH/PVA 4.9+0.60 125+7.2 211+ 24
PLGA/CH 4.14 £1.05 28+94 44 £18.5

Table 1: Tensile mechanical properties of PLGA, PLGA/CH/PVA, and PLGA/CH
scaffolds in dry and wet state.

at break" (dry, from 107% + 20 to 14.7% * 6.6; wet, from 88 + 32 to
12.5 £7.2), whereas there were no significant differences in stiffness
(Young’s modulus) or tensile strength (maximum tensile stress). Also,
PVA removal resulted in a sharp decrease in Young’s modulus, from
296 + 32 MPa in PLGA/CH/PVA to 75 + 10.8 MPa in PLGA/CH under
dry conditions. A similar trend was seen for wet samples, from 211 +
24 MPa to 44 + 18.5 MPa. However, PVA removal led to an increase
in the extensibility of the hybrid structure for both dry (14.7% + 6.6 to
32% + 11) and wet (12.5% + 7.2 to 28% + 9.4) samples. The porosities of
the PLGA and PLGA/CH scaffolds were calculated as 77.3% + 4.6 and
81.7% + 2.8, respectively.

Cell studies

MSC were cultured on PLGA and PLGA/CH scaffolds and
analyzed by SEM after 1, 4 and 7 days (Figure 2). The morphology
of the MSC cultured on both scaffolds changed over time. One day
after seeding, the MSC had a rounded shape, in contrast to a more
elongated cell shape after 4 days (Figure 2), suggesting that the seeded
MSC increasingly attached to both PLGA and PLGA/CH nanofibers.
Moreover, in continuous culture, the cells covered the substrate to a
greater extent (day 7). Length measurements of the cells on PLGA and
PLGA/CH showed increased elongation of MSC over time in culture
(Figure 3).

To study the proliferation and viability of MSC cultured on the
nanofibers, counting of cell nuclei by DAPI staining (Figure 4A and
4B, quantification in Figure 4C) and MTS analysis (Figure 4D) were
performed after 1, 4, and 7 days of culture. Both PLGA and PLGA/CH
scaffolds supported the proliferation of MSC, as shown by the higher
count of DAPI-positive nuclei in PLGA/CH nanofibers (Figure 4B,
white bars in Figure 4C) than in PLGA nanofibers (Figure 4A, black
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bars in Figure 4C) and an increased metabolic activity in PLGA/CH
scaffolds, as compared to PLGA (Figure 4D, white and black bars,
respectively). Significantly higher absorbance was observed after 4 and
7 days when compared to one day of culture in both PLGA and PLGA/
CH nanofibers (Figure 4D), with higher viability seen in PLGA/CH
(Figure 4D, white bars) at all-time points when compared to PLGA
(Figure 4D, black bars) and MSC cultured on control tissue-culture
plastics (Figure 4D, gray bars).

To examine the morphological changes in MSC seeded onto PLGA
and PLGA/CH scaffolds after 4 and 14 days, we cell-tracked the MSC
in green (CMFDA) and analyzed them by confocal microscopy (Figure
5). In addition to an increased number of viable cells on PLGA/CH
scaffolds as shown in Figure 4, we also found that the MSC elongated
over time, making a connected network through interacting filopodia
on both PLGA and PLGA/CH scaffolds by 14 days of culture (Figures
3 and 5).

In parallel with our morphologic analysis of MSC after 14 days,
we analyzed the differentiation of MSC into different lineages, bone,
neuronal and fat by qPCR. An increased expression of bone-(RUNX2),
neuro-(NES) and adipose-(PPARG) related genes was detected in cells
on both PLGA and PLGA/CH on day 14 when compared to MSC
grown on tissue-culture plastic (Figure 6).

Discussion

Considering the recent attention that has been paid to scaffolds
made from mixtures of polymers, especially synthetic-natural
polyblends, we have fabricated PLGA/CH nanofibrous scaffolds and
compared their behavior to that of PLGA nanofibers. Here we show
that by the inclusion of two desired characteristics, the increased
strength and durability of the synthetic polymer and the specific cell
affinity of the natural one [18,35,36], we have produced an electrospun
hybrid with enhanced physical properties and the required biological
functionality to support human MSC, when compared to scaffolds
made from pure chitosan and PLGA, respectively.

Reports in the literature have noted the potential application of
PLGA/CH nanofibrous scaffolds for wound healing and skin tissue
reconstruction [37-39]. However, no study has been carried out thus
far to investigate the interaction of MSC with this hybrid scaffold.
It should be noted that several researchers have focused upon the
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PLGA

PLGA/CH

Figure 2: Adhesion of MSC onto electrospun scaffolds under in vitro culturing conditions. MSC were seeded onto PLGA and PLGA/CH scaffolds, and visualized
by SEM after 1, 4, and 7 days in culture. MSC adhered, proliferated and stretched out on both of the PLGA and PLGA/CH scaffolds. Scale bars represent 20 pm.
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Figure 3: Morphology of MSC seeded onto PLGA and PLGA/CH nanofibers after 1 and 14 days in culture visualized by SEM. 1 day post seeding the MSC have
adhered to PLGA and PLGA/CH scaffolds and demonstrate stretched out shape to over 100 um after 14 days in culture. Scale bars represent 20 ym.
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Figure 4: Proliferation and metabolic activity of MSC seeded onto PLGA and PLGA/CH nanofibers. MSC nuclei were stained with DAPI (blue) on (A) PLGA and (B)
PLGA/CH scaffolds at 1, 4, and 7 days post seeding. Scale bars represent 100 pm. (C) Proliferation measured as total cell count of MSC seeded onto PLGA and
PLGA/CH nanofibers at 1, 4, and 7 days in culture. Cell proliferation increased up to 7 days post seeding on both PLGA (black) and PLGA/CH (white) scaffolds. The
total cell count of MSC on PLGA/CH was significantly higher at all of the investigated time points compared to PLGA (p<0.05). (D) Metabolic activity measured as a
reflection of mitochondrial function using an MTS assay in MSC seeded onto PLGA (black) and PLGA/CH (white) nanofibers and tissue-culture plastic (TCP, gray).
Metabolic activity of MSC was significantly increased when growing on PLGA/CH compared to PLGA (p<0.05) and TCP (p<0.05).
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interaction between polyblend materials and adult stem cells. They have
demonstrated improved attachment and growth of stem cells, enhanced
mechanical performance, and increased wettability as compared to
scaffolds prepared from either of the individual polymers making up
the blend [40]. The interaction of MSC with PLGA/CH scaffolds has
also been previously studied [31,33], but the scaffolds applied were not
nanofibrous. For instance, Kuo et al. showed that MSC seeded onto
PLGA/chitosan scaffolds fabricated by crosslinking and lyophilization
were prone to differentiate toward osteoblasts without guidance, and
toward neurons after introduction of nerve growth factor (NGF) [31].
In another work, Xue et al. incorporated autologous MSC into a neural
scaffold consisting of a chitosan conduit with inserted PLGA filaments
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[33]. They showed satisfactory repair and rehabilitation of large gaps
after peripheral nerve injury in dogs, suggesting that a combination
of autologous MSC with PLGA/CH could be used for neural tissue
engineering.

Here, our comparison of PLGA/CH and PLGA nanofibers has
demonstrated that PLGA/CH is more hydrophilic than PLGA, that it
supports higher rates of cell proliferation, and that it has a mechanical
strength similar to that of PLGA. We also demonstrated that both
the scaffolds showed high porosities (77.3% for PLGA and 81.7% for
PLGA/CH), which are characteristic of electrospun scaffolds. The
difference between the porosity of two scaffold types was not statistically
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Figure 5: Morphology of MSC seeded onto PLGA and PLGA/CH nanofibers after 4 and 14 days in culture visualized by confocal microscopy. MSC are labeled with
a cell tracking dye (CMFDA) here seen in green and nuclei stained with DAPI (blue). At 14 days post seeding the MSC stretched out to over 100 um and the total
number of cells covered the surface at a higher density on both nanofibers. Scale bars represent 100 uym.
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Figure 6: Genetic profile of MSC grown on PLGA and PLGA/CH on day14
(n=3). MSC grown on PLGA and PLGA/CH were analyzed by quantitative
PCR for genetic markers in (A) bone (RUNX2): mean-fold difference, PLGA,
2.17; PLGA/CH, 1.46; (B) neurological marker (NES): mean-fold difference,
PLGA, 3.33; PLGA/CH, 2.94; and (C) fat (PPARG): mean-fold difference,
PLGA, 1.72; PLGA/CH, 3,63, when each was compared to MSC grown on
tissue-culture plastic. .
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significant. It should be noted that our final construct contained 80%
PLGA and 20% chitosan. This ratio was selected because of the role of
PLGA as a mechanical support (the main part of the construct) and
chitosan as the agent to improve the cell-scaffold interaction (used
in a lower ratio). As mentioned earlier, such hybrid scaffolds are
expected to demonstrate improved mechanical properties over those
made from the natural polymer only. According to previous studies,
chitosan nanofibers undergo a sharp decrease in mechanical strength
and Young's modulus when hydrated [41]. This property limits their
biomedical application, given that specimens are kept in culture and/
or implanted in the body. However, the trends seen in the variation
in mechanical properties of chitosan nanofibers under dry and wet
conditions were not seen for our hybrid scaffold. As shown in Table 1,
only a small decrease in strength and stiffness was seen for the PLGA/
CH scaffold when dry and wet conditions were compared. Moreover,
the difference in tensile strength between PLGA/CH and PLGA was
almost insignificant.
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It should also be noted that PVA extraction resulted in an increase
in the extensibility of the hybrid structure. This increase could be a
result of the longitudinal shrinkage of ~30% that was seen after PVA
extraction; the increase provides an advantage for the PLGA/CH
scaffold over chitosan nanofibrous scaffolds, which show only very little
elongation at the break [41,42]. Taken together, our findings suggest
that, given its improved mechanical properties when compared to
chitosan nanofibers and strength similar to that of our PLGA scaffold,
the hybrid PLGA/CH scaffold can be considered an appropriate
candidate for biomedical and tissue engineering applications.

Our biocompatibility studies showed that both the PLGA and
PLGA/CH scaffolds supported cell proliferation after 1, 4, and 7 days of
culture. However, the increased metabolic activity and proliferation of
MSC with PLGA/CH suggested that the polyblend construct provided
more favorable growth and survival conditions for MSC than did PLGA
alone. The improved attachment and growth of cells on substrates
made from chitosan might be due to the cationic nature of the amine
groups in chitosan, which enhances the attraction for negatively
charged cells as well [28]. As we grow our MSC in media containing
serum it is more likely that cells attach to adsorbed serum proteins.
It should be taken into account that having chitosan incorporated
into PLGA as a biopolymer to make it more bio-receptive also led to
a decrease in the average diameter (and hence increased surface area)
of the PLGA/CH nanofibers. Others have also reported a decrease
in fiber diameter in polyblends of PLGA/gelatin and PLGA/collagen
when compared to PLGA, as a result of adding a biopolymer to PLGA
[43,44]. In our study, we performed electrospinning under optimal
conditions that led to the formation of nanofibers of PLGA and PLGA/
CH with an average diameter of 680 nm and 166 nm, respectively. The
improved viability and attachment of MSC to PLGA/CH as compared
to PLGA could be a function of the higher bioactivity, smaller fiber
diameter, and larger surface area [45] of the hybrid construct. There
are several studies investigating various nanofibres and their capacity
to affect proliferation and function of stem cells [46-48]. Here we
have investigated the effect of adding the natural polymer chitosan
to PLGA nanofibers, showing increased proliferation and metabolic
activity of human MSC most likely to an increase in biofunctionality
of the scaffold. Our morphological studies using SEM and confocal
microscopy not only confirmed that an increased number of cells
reached confluency in 14 days but also showed extension of individual
cells on both PLGA and PLGA/CH scaffolds that formed a connected
network through interacting filopodia.

Quantitative PCR analysis demonstrated that both PLGA and
PLGA/CH nanofibrous scaffolds supported the gene regulation of
MSC into bone, fat and neuronal cells. The quantitative PCR results
confirmed that the blending and electrospinning of chitosan with PLGA
did not hamper the ability of PLGA [49] to promote the differentiation
of bone, fat, and neuronal cells from MSC.

Conclusions

Herein, we have shown that the nanofibrous scaffold composed
of PLGA/CH created a favorable substrate supporting the adherence,
survival and proliferation of MSC with potential use in tissue
engineering. Not only were the tensile strength and porosity similar
to those of the electrospun scaffold of PLGA, but we saw increased
hydrophilicty and higher viability and proliferation of MSC with the
hybrid scaffolds than with PLGA alone. Our quantitative PCR analyses
confirmed that both PLGA/CH and PLGA scaffolds could potentially
have the ability to direct the MSC phenotype.
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