CHAPTER V
ENHANCEMENT OF BIOCOMPATIBILITY ON ALIGNED
ELECTROSPUN POLY(3-HYDROXYBUTYRATE) SCAFFOLDS
IMMOBILIZED WITH LAMININ TOWARDS MURINE
NEUROBLASTOMA CELL LINE AND RAT BRAIN-DERIVED
NEURAL STEM CELLS

51 ABSTRACT

Electrospinning has been extensively used to construct tissue-engingered
scaffolds because it is a simple fabrication process that can easily produce nano- and
micro-size synthetic polymeric fibers. Electrospun fibers are structurally analogous to
the naturally occurring protein fibrils/fibers in the extracellular matrix (ECM) of the
body. Although electrospinning can produce sub-micron fibrous scaffolds,
modification of electrospun scaffolds with bioactive molecules is heneficial as this
can create an environment that consists of biochemical cues to further promote cell
adhesion, proliferation and differentiation. In the present contribution, we
investigated the feasibility to immobilized laminin onto the electrospun poly(3-
hydroxybutyrate) (PEIB) fibrous scaffold. Laminin was successfully added to
scaffold using covalent binding combination with physical adsorption. The potential
for use of the surface modified fibrous scaffolds for neural regeneration was
evaluated in vitro towards murine neuroblastoma Neuro 2a cell line and, mouse
brain-derived neural stem cells (NSCs). Both types of laminin coupled on the PHB
fibrous scaffold supported the attachment and the proliferation of Neuro 2a very
wells. Despite the good attachment and proliferation of Neuro 2a, NSCs were not
able to proliferate on the neat PHB, hydrolyzed PHB and laminin coupled on
hydrolyzed PHB fibrous scaffold.

(Keywords: Electrospinning; Nervous scaffold; Poly(3-hydroxybutyrate); Protein
immobilization)
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5.2 Introduction

Tissue engineering is an emerging technology in the contemporary human
health care administration, in which the basic understanding of cellular biology and
bioengineering are combined together for developing feasible substitutes to aid in the
clinical treatment [1], An attempt to repair the nerve injury has been explored for
several hundred years with a major problem associated with the spinal cord treatment
requires an additional care or new medical therapy, hecause axons do not regenerate
appreciably in their native environment [2-4], Clinically, recent advances in the
neural tissue engineering provide to mimic the biological structure by creating the
suitability environmental substitutes for neural regeneration [4 6], The primary
objectives of these substitutes are to restore, maintain and/or improve tissue
functions [5]. In addition, a functional scaffold should mimic the structure and
biological function of native extracellular matrix (ECM) proteins [7], so as to provide
mechanical support and maintain the normal differentiated state of cells within the
cellular compartment [8].

A wide variety of fabrication techniques have been used to generate 3D
polymeric scaffolds for potential use in neural tissue engineering [9-14J. Among the
various fabrication techniques, electrospinning has received more heavily study
because of their attractive features such as high surface area, interconnecting pores,
and good mechanical support [15-17]. In particular, electrospinning techniques have
allowed the production of fibers with average diameters in the submicrometer to
nanometer range which can mimic the architectural and topographic features of the
extracellular matrix (ECM) [7,15). These small fibers not only provide high surface
area, but also present a means to control cellular and behaviors, such as adhesion and
proliferation [14-16). In addition, the fiber diameter and fiber aligmnent has been
found to requlate cellular behaviors including contact guidance and differentiation
[14,18].

Recently, a number of biological and synthetic biomaterials have been
Investigated for their suitability as matrixes for nerve regeneration [10-14, 18-25).
Polyhydroxyalkanoates (PHAS) are a class of naturally occurring biodegradable and
biocompatible thermoplastic polyesters produced by various microorganisms,
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making them attractive materials to be used as scaffolds for engineered tissues.
Poly(3-hydroxybutyrate) (PHB) is the most thoroughly investigated member of the
PHA family and has shown good biocompatibility for in vitro and in vivo studies
[26-28], PHB is an ideal biomaterial, since it completely degrades to release a normal
component of blood and tissue, d,I-(3-hydroxybutyrate (HB) [29], These outstanding
properties render PHB good candidates for tissue-engineered scaffolds. However, the
sole use of scaffolding materials may not be sufficient for the treatment of an injured
nerve, likely as a result of the lack of chemical cues that help to promote the neural
regeneration [3-6]. In order to enhance the cell-scaffold interaction, polymer surface
modification may potentially be used to create the suitability environment. These
modifications generally involve enriching surfaces with extracelluar matrix (ECM)
components such as the adhesive protein (e.g. fibronectin (FN) [30-31]. and laminin
[32-33]), or their functional domains biomolecules [34-41], Laminin, a family of
glycoproteins which is an integral part of the basement membrane is known to be
important on cell differentiation, migration and adhesion, will be used as the contact
guidance biochemical cues for axonal outgrowth [42-45]. Several studies have
illustrated that even as Schwann cells could proliferate and migrate along axons,
differentiation of myelinating phenotype was not observed without the presence of
laminin [46.47]. Furthermore, in vitro experiments have shown that neurite
outgrowth is enhanced on scaffolds that were covalently bound or physical
adsorption with laminin [48-50]. Therefore, the incorporation of laminin onto
nanofibers can potentially improve the ability of neural regeneration.

Despite the numerous reports on the in vitro responses of difference cell
lingages on the various substrates coupled with laminin, a similar report that study
and compare the in vitro responses and cellular behavior of any type of chemical
surface modification is still lacking. In the present contribution, we report the in vitro
biological evaluation of surface modified aligned electrospun PHB fibrous substrate
to serve as scaffold for neural regeneration. The study was preliminary evaluated in
vitro towards murine neuroblastoma Neuro 2a cell line (American Type Culture
Collection : ATCC). However, for potential uses in specific application, all of the
fibrous scaffolds were further evaluated with mouse brain-derived neural stem cells
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(MNSCs). The neat electrospun PHB fibrous scaffold was used as the internal
controls,

5.3 Experimental

531 Materials

Materials used in the fabrication of the fibrous scaffolds were poly(3-
hydroxybutyrate) (PHB; Mw = 300,000 g-mol't, Sigma-Aldrich, USA). Chloroform
used as the solvent, was purchased from Lab-scan (Asia), Thailand. For the surface
modification of the electrospun PHB fibrous scaffolds, natural mouse laminin and
phosphate buffer saline (PBS; pH = 7.4), were purchased from Invitrogen
Corporation, USA. 1,6-hexamethylenediamine (HMD), N-Hydroxysuccinimide
(NHS), N-Ethyl-N'-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC)
and (N-morpholino) ethanesulfonic acid (MES) were purchased from Sigma-
Aldrich, USA. Sodium hydroxide and isopropanol (IPA) were purchased from
UNIVAR-Ajax Finechem, Australia. All other chemicals were of analytical reagent
grade and used without further purification.

5.3.2 Fabrication of the Aligned Electrospun PHB Fibrous Scaffolds

The aligned electrospun PHB fibrous scaffolds were prepared
according to the conditions previously described [51]. Briefly, the spinning solutions
were prepared by dissolving 14% (w/v) PHB in chloroform at 60 °c. Each of the
spinning dopes was contained in a 50-ml glass syringe, the open end of which was
connected to a gauge 20 stainless steel needle (OD=0.91mm), used as the nozzle. A
rotating drum (width and OD of the drum ~ 15 ¢m; rotational speed = 1000 rpm) was
used as a collector. The outer surface of the rotating drum was covered with an
aluminum sheet and set about 20 cm from the tip of the needle. The temperature of
the spinning solution was maintained at 60 °C via a home-made programmable
heater band, wrapped around the glass syringe. A Gamma High Voltage Research
DES30PN/M692 power supply was used to generate a fixed dc potential of 15 kv.
The collection time was also fixed at about 8 h. Fiber alignment was quantified by
measuring the mean fiber angle from 5 SEM images. These values were then
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normalized to 90 degrees and plotted in a histogram. Closer to 90 degrees indicates
more alignment,
5.3.3 Covalent Binding of Laminin onto Nanofibers

Figure 5.1 summarized the strategy used to immobilize laminin on the
surface of the electrospun PFIB fibrous scaffolds. The PHB fibrous scaffold was first
immersed in an ethanolic aqueous solution (1:1 v/v) for 2 to 3 h to clean the fiber
surface and then washed with a large quantity of deionized water. The surface
aminolysis was performed according to the modified method reported by previous
work [37]. To maintain enough mechanical properties for practical application,
electrospun scaffold was aminolyzed for 15 min in 0.04 g/ml of HMD/IPA solution
at room temperature. The aminolyzed scaffold was then rinsed successively with
deionized water to remove unreacted HMD and dried in vacuo to rich a constant
weight. For surface hydrolysis, the neat scaffold was performed according to the
method reported by Cai et al [39], After cleaned the fiber surface, the scaffold was
subsequently immersed in an aqueous solution of 1.0 M NaOH for 15 min at room
temperature. After which time, the scaffold was taken out, washed with 10 M HC1 to
neutralize the residue NaOH. Finally, the hydrolyzed scaffold was rinsed
successively with deionized water to remove unreacted HC and dried in vacuo to
rich a constant weight.

Subsequently the aminolysis and hydrolysis treatment, the surface
modified fibrous scaffold was immersed in (N-morpholino) ethanesulfonic acid
(MES) buffered solution (0.10 M, pH 5.0) contained of 5 mg/mL of |-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 5 mg/mL of N-
hydroxysuccinimide (NHS) for 4 h at room temperature. The scaffold was then
rinsed with MES buffer and immersed in laminin solution (L pg/mL) for 24 h at 4
°C. The laminin was immobilized through a condensation reaction between the
amino or carboxylic group on the fibrous surface and functional group of laminin,
Then, covalently bounded laminin-PHB fibrous scaffold was rinsed successively
with 0.10 M PBS to remove unreacted laminin that adsorbed on the fibrous surface
and finally dried at room temperature prior to further investigation.
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5.34 Characterization of Surface Modified PHB Fibrous Scaffolds

The morphological and fiber arrangement of electrospun fibrous
scaffold was studied by a JEOL JSM-5200 scanning electron microscope (SEM) with
an accelerating voltage of 15 kv. Before the observation, the scaffolds were coated
with gold using a JEOL JFC-1100E sputtering device for 3 min prior to SEM
observation. The diameter of the fiber was measured from the SEM photographs
using image analysis software (SemAfore; JEOL, InsinGbritoimisto J.Rimppi Oy,
Finland).

The wettability of the neat and surface modified fibrous scaffold was
assessed by water contact angle measurements. The static water contact angle was
measured by a sessile drop method using a Kriiss contact angle measurement
system. A distilled water droplet of about 8 pi was gently plated on the surface of
each specimen. At least 10 readings on different parts of the specimen were averaged
to obtain a data point. All samples were dried under vacuum at 30°c for 24 h and the
measurements were processed at room temperature.

To determine the amount of amino (-NH) groups on the surfaces of
aminolyzed fibrous membrane, ninhydrin assay was employed. First, the fibrous
scaffold was immersed in 1.0 M ninhydrin/ethanol solution for 1 min in a glass tube,
followed by heating at 80°c for 15 min to accelerate the reaction between ninhydrin
and the NH. groups that might be present on the surfaces of the scaffolds. As an
evidence for the actual presence of the NH. groups, the surfaces would turn blue.
After complete evaporation of absorbed ethanol, chloroform was added in the tube to
dissolve the scaffolds. IPA was then added to stabilize the blue compound. The
amount of NH. groups was finally quantified by observing the absorbance of the
obtained mixture at 538 nm using a Shimadzu UV-2550 EIV-Vis spectrophotometer
against a predetermined calibration curve that was obtained from HMD solutions in
chloroform/IPA (L:5 viv). For the amount of carboxyl groups on the surfaces of
hydrolyzed fibrous membrane, the reaction with TBO was determined. The
hydrolyzed fibrous scaffold was immersed into a 0.5 mM TBO agueous solution with
a pH value of 10. The formation of ionic complex between the COOH groups and the
cationic dye was allowed to proceed for 12 h at room temperature. After the
immersion, the fibrous scaffold was rinsed with 0.1 mM NaOH solution to remove
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the unbound TBO molecules. Finally, the bonded TBO on the fibrous surface was
desorbed by incubation in 4 mL 50% acetic acid solution for 10 min. The ahsorbance
at 633 nm was recorded against a predetermined calibration curve that was obtained
from TBO in 50% acetic acid solution. The calculation is based on the assumption
that Lmol TBO has complexed exactly with Imol carboxyl groups [52],

To quantify the surface atomic composition, X-ray photoelectron
spectroscopy (XPS) was also investigated. XPS was carried out using a Thermo
Fisher Scientific Theta Probe XPS instrument equipped with a monochromatic AL Ka
X-ray. The analysis area was 400 pm x 400 pm on the polymer surfaces. The
maximum analysis depth lay in the range of ~4-8 nm. The atomic ratio of carbon,
0Xygen and nitrogen on the surface was used as a marker to analyze the relative
amount of functional groups and laminin-immobilized on the modified PHB surface.

Since XPS only examined the surface of the functionalized fibrous
scaffold, quantification of laminin coupled onto the nanofibers was achieved using
BCA protein assay. The protein assay (The Thermo Scientific Pierce® BCA Protein
Assay Kit, USA) was used according to manufacturer’s test tube protocol for
analysis of the amount of laminin immobilized onto the surface fibrous scaffold.
Laminin concentration was calculated from laminin standard curve.

5.35 Cell Culture and Cell Seeding

To evaluate the potential for use of the modified electrospun PHB
fibrous membrane as neural scaffolding materials, their biocompatibility in terms of
cytotoxicity, cell adhesion, cell proliferation and neurite outgrowth toward muring
neuroblastoma Neuro 2a cell line (American Type Culture Collection ATCC) and
mouse brain-derived neural stem cells (mNSCs) was evaluated in comparison with
that of unmodified fibrous scaffold.

Neuro 2a were first cultured as a monolayer in MEM/EBSS medium
(HyClone), supplemented by 10% fetal bovine serum (HyClone), 2 mM L-glutamine
(Gibco) and IX Pen/Strep (Gibco). The cells were incubated at 37 °c in a humidified
atmosphere containing 5% CO-, and the culture medium was replaced once every 2
d. Each of the fibrous scaffolds was cut into circular disks (15 mm in diameter), and
the disk specimens were placed in the wells of a 24-well TCPS (Biokom System,
Poland), which were later sterilized in 70% ethanol for 10 min. The specimens were
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then washed with autoclaved deionized water and subsequently immersed in
MEMI/EBSS overnight. To ensure a complete contact between the specimens and the
wells, each specimen was pressed with a stainless steel ring (5 mm in diameter).
The reference cells from the cultures were trypsinized [0.25% Trypsin-EDTA
(Gibco)], and seeded on the fibrous scaffold specimens.

Primary culture of NSCs was prepared from neonatal one-day mice.
Briefly, rat cerebral cortices were dissected, cut into small pieces and mechanically
triturated in PBS. The dissociated cells were collected by centrifugation and were
resuspended in neuorobasal medium containing 20 ng/mL bFGF, 20 ng/mL EGF, 2
mM L-glutamine, IX Pen/Strep and IX B27 supplement. Cells were cultured in an
incubator which was maintained at 37°C in 5% CO.. After 1 day of culture,
suspended cells underwent cell division. Cell division continued for an additional 2 ~
3 days, after which proliferating cells formed neurospheres. Subsequently, adherent
cells were discarded and the suspended neurospheres were collected by
centrifugation, mechanically dissociated and replated as single cells in the fresh
culture medium at a density of 1x 105cells/ml,

5.3.6 Cytotoxicity Evaluation

The indirect cytotoxicity evaluation of the modified PHB fibrous
scaffolds was conducted in adaptation from the 150109935 standard test method.
First, the extraction media were prepared by immersing the specimens, cut from hoth
the fibrous and the film scaffolds (~7 mm in diameter), in wells of a 96-well TCPS in
a serum-free medium (SFM; containing MEM-EBSS, 1% L-glutamine, and 1%
Pencilinstreptomycin) and incubated for 24 h. In the preparation of the reference
cells, Neuro-2a cells were seeded in the wells of a 96-well TCPS at a density of 1.0 x
104 cells/well and incubated in 5% SFM to allow cell attachment on the plate. After
24 h, the culture medium was removed and the as-prepared extraction media were
added to the wells. The cells were incubated further for 24 h, after which time the
number of viable cells was quantified with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. The viability of the cells that were
cultured with fresh SFM was used as the control.
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5.3.7 Cell Attachment and Cell Proliferation

For the cell attachment study, the reference cells were seeded on both
the modified and unmodified fibrous scaffold specimens (~15 mm in diameter) in the
wells of a 24-well TCPS at a cell density of 4.0 x 104 cells/well and allowed to attach
to the scaffold specimens for 4 h. The viability of the cells on the unmodified
scaffold was used as the control. At specified seeding time, the viability of the
attached cells was quantified by the MTT assay. Each specimen was rinsed with
phosphate-buffered saline (PBS;Sigma-Aldrich) to remove unattached cells prior to
MTT assay.

For the cell proliferation study, the cells were first seeded on both the
modified and unmodified fibrous scaffold specimens (~15 mm in diameter) in the
wells of a 24-well TCPS at a cell density of 4.0 x 104 cells/well and allowed to attach
to the scaffold specimens for 24 h. After the attachment period of 24 h, the cells were
starved with SFM twice (i.e., the medium was changed with SFM once after the 24 h
attachment period and again after 2 d). The proliferation of cells on the specimens
was quantified by MTT assay after days 1and 3 of cell culture. Each experiment was
carried out in triplicate.

5.3.8 Quantification of Viable Cells (MTT Assay)

The MTT assay is the method used to quantify the viability of cells on
the basis of the reduction of the yellow tétrazolium salt to purple formazan crystals
by dehydrogenase enzymes secreted from the mitochondria of metabolically active
cells. The amount of purple formazan crystals relates to the number of the viable
cells in a linear manner. First, the culture medium of each cultured specimen was
removed and replaced with 500 pliwell of MTT solution (Sigma-Aldrich, USA) and
then the plate was incubated for 3 h. After incubation, the MTT solution was
removed. Then, 500 pi well of dimethyl sulfoxide (DMSO; Riedel-de Haon,
Germany) was added to dissolve the formazan crystals and the plate was left at room
temperature in darkness for 2 h on a rotary shaker. Finally, the absorbance at 570 nm,
representing the proportion of the viable cells, was recorded by a Tecan infinite
M200 instrument using microplates (Tecan, Germany).
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5.3.9 Statistical Analysis
The data are presented as means = standard errors of the means ( =
3). A one-way ANOVA was used to compare the means of different data sets and a
statistical significance was accepted at a 0.05 confidence level.
5.3.10 Morphological Ohservation of Cultured Cells
After the culture medium had been removed, the cell cultured fibrous
membranes were rinsed with PBS twice and the cells were fixed with 3%
glutaraldehyde solution (diluted from 50% glutaraldehyde solution with PBS) at 500
pliwell. After 30 min, they were rinsed again with PBS. After cell fixation, the
specimens were dehydrated in an ethanol solution of varying concentration (i..,
30%, 50%, 70% and 90%) and, finally, with pure ethanol for about 2 min each. The
specimens were then dried in 100% hexamethyldisilazane (HMDS; Sigma-Aldrich,
USA) for 5 min and later dried in air after the removal of HMDS. After being
completely dried, the specimens were mounted on copper stubs, coated with gold
using @ JEOL JFC-1100E sputtering device for 3 min and observed by a JEOL JSM-
5200 scanning electron microscope.
5311 Immunocytochemistry
Immunostaining on the various fibrous scaffolds were performed
after day 2 of culturing. Cells were fixed in-ice-cold 4% paraformaldehyde for 20
min at room temperature and washed twice in PBS. After incubation for 10 min with
0.3% Triton-X-100, the cells were further incubated with 10% goat serum for
another 15 min, followed by primary antibody incubation in PBS (anti-b-tubulin 11l :
Sigma) for 2 hat 37 ¢ or overnight at 4 °c. Following three washing processes with
PBS, FITC- or CY3-conjugated secondary antibodies (1:100, sigma) were added at
room temperature for an hour. After another thrice washes with PBS, all nuclei were
stained with DAPI dihydrochloride (Invitrogen) for 10 min at room temperature.
Images were taken under a fluorescence microscope equipped with a charge-coupled
device camera (Carl Zeiss Axio Observer ZI).
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5.4 Results and Discussions

The neural regeneration is a complex biological phenomenon. A major
problem associated with the treatment of nerve injury requires an additional care or
new medical therapy, because nervous do not regenerate appreciably in their native
environment. Recent advances in the artificial nervous scaffolds can be designed to
create a favorable environment for neural regeneration, have hecome an alternative
strategy for the restoration of nerve injuries. Many strategies have been developed to
fabricate the neural scaffolding materials. Among the various techniques, fibrous
scaffold derived from electrospinning exhibits an excellence candidate due to the
possibility of generating the fiber diameter analogous to the extracellular matrix
(ECM) of native tissue. A few studies demonstrated that surface topography
introduced by electrospun fibers of affects cell morphology and cell proliferation
[9,14-16]. In addition, electrospun fibers can be readily aligned in to uniaxial aray.
The resulting anisotropic material properties have been shown to be effective cue to
direct and enhance the neural regeneration process [9,14-16]. Recently, a number of
biological and synthetic biomaterials have been investigated for their suitability as
matrixes for nerve regeneration [10-14.18-25]. PHB is a promising scaffold material
due to its biocompatibility and biodegradability. Studies related to the in vitro
biocompatibility of electrospun PHB with different type of cells have usually been
studied [25-29], Despite the inherent biocompatibility and biodegradability of PHB,
actual utilization of this material as artificial scaffolding material is limited by its
hydrophobicity. Many chemical strategies were used to improve biocompatibility
such adsorption or immobilization of certain cell recognition molecules on the
surface of a substrate to obtain controlled interaction between cells and the synthetic
substrate [30-41].

Here, electrospinning technique was used to fabricate aligned PHB fibrous
membrane, to be used as artificial nervous scaffold. A selected SEM image of the as
spun PHB fibrous scaffold is shown in Figure 5.2a. Clearly, fibers with smooth and
beac-free structure were obtained and the diameter of these fibers was 2.15 + 0.22
pm with fiber alignment between -25° and +40° degrees normalized to 90 degrees
(see Figure 5.20). More than 35%, 25% and 15& of fibrous scaffold was found in the
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orientation of 0°, +5° and -5°, respectively. After consecutive spinning for 8 h, the
thickness of the fibrous scaffold was 364 £ 10 pm. As mention, the sole use of
scaffolding materials may not be sufficient for regeneration process due to its
hydrophobicity surface, likely as a result of the lack of chemical cues that help to
promote the cellular ingrowth [3-6]. One approach to solve this problem, polymer
surface modification may potentially be used to enhance the cell-scaffold interaction.
In the present work, the potential use of surface modified electrospun PHB fibrous
scaffold in neural tissue engineering was preliminary evaluated in vitro towards
murine neuroblastoma Neuro 2a cell line (American Type Culture Collection :
ATCC). However, the potential use in specific application such cell replacement in
central nerve injury was evaluated in vitro towards mouse brain-derived neural stem
cells (mNSCs). The evaluation was carried out in terms of the ability of the scaffold
to support the attachment of cells (i.e., the cell attachment study) and to promote the
increase in the number of the attached cells (i.e., the proliferation study). The
morphology and neurite outgrowth of the cultured cells on the membranes was also
evaluated. The neat electrospun PHB fibrous scaffold was used as the internal
controls.
54.1 Morphology and Physio-chemical Properties of Surface Modified

Electrospun PHB Fibrous Scaffolds

The major motivating factors supporting the use of electrospun fibrous
scaffolds in neural tissue engineering is the ability to mimic the scale and 3D-
dimensional arrangement of collagen fibrils in the ECM and ease of control the fiber
direction in order to provide the contact mediation for neural regeneration process.
However, such a hydrophobicity of various synthetic polyester polymers has been
known to be unfavorable for cell adhesion and growth. In the present work,
electrospinning was employed to produce the aligned electrospun PHB fibrous
scaffold, and further subject to surface modification via surface-specific lysis
reaction. For aminolysis, one amino group (-NH-) of HMD reacts with the ester
group (<€00—} of PHB to form the amide linkage (-CONH-), leaving another freg
amino group. However, for hydrolysis, the ester groups of polymer chain react with
hydroxide anion (HO'), leading to breakage of the ester linkage and formation of
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carboxyl (-COQH) groups on the chain termini. The introduction of -NH. or -COOH
groups onto the fiber surface not only improve the hydrophobicity, but also provide
the necessary active sites use for covalent binding with cell-adhesive protein.
Laminin is a well-known cell-adhesive protein that helps to promote the cellular
adhesion and spreading [42-45]. The morphological structures of aligned electrospun
PHB fibers hefore and after subject to the surface treatment reaction are shown in
Figure 2. The topographies of fibrous scaffold could possibly change as a result of
chemical modifications. SEM analysis showed that, while the original PHB fibers
had smooth texture (Figure 5.3a), the topographies changed to a somewhat small
wedge structure on the surface (Figure 5.20 and 5.3c) as they are subjected to
chemical modification. However, after protein immobilization, the fibers have
uniform textures with roughness suggesting that the thin layer of laminin is coverage
of the surface (Figure 5.3d and 5.3¢).

To assess the degree of surface aminolysis and hydrolysis, the
quantity of free amino and carboxyl groups existing on the surface of the A-PHB and
H-PHB fibrous scaffold was employed. Without the presence of chemical treatment,
amino and carboxylic groups could not be detected. In the presence of HMD, the
average areal density of the amino groups was 2.42 x 107 mol - cm'2, whereas the
average areal density of the carboxylic groups was 4.33 X 107 mol - cm?2 in the
presence of NaOH. The wettability of the surface modified PHB fibrous scaffold
with respect to double-distilled water was shown in Table 5.1. After the introduction
of hydrophilic group such amino and carboxylic onto the fiber surface, water contact
angles decrease from 135.3 + 0.47 for original PHB fibrous scaffold to 97.6 £ 0.96
and 89.5 £ 0.79 for surface aminolysis and hydrolysis, respectively. The difference in
hydrophilicity of aminolysis surface comparison with that of hydrolysis surface
should be a result of the surface roughness and the amount of surface functional
groups that presence on the fibrous surface. In addition, the water contact angles
decreased again after laminin was immobilized on the modified scaffold. These
results demonstrate that the surface wettability is greater enhanced by protein
immobilization.

The composition of the outermost layer of PHB fibrous scaffold
before and after surface modification was further determined by X-ray photoelectron
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spectroscopy (XPS), and the results are shown in Table 52 and Table 5.3. The
presence of nitrogen atom indicates the introduction of amino groups on the PHB
fibrous scaffold. In addition, the increase in the N/C ratio from 0.0133 for A-PHB to
0.0271 for LA-PHB also reveals the success of laminin binding on the fibrous
surface. For surface hydrolysis, there is a little difference between the o/c ratio of
PHB from 0.4245 to 0.4326 of H-PHB surface. This result indicated that the NaOH
treatment could not significantly alter the atomic composition of the top most layer of
polymers. The surface of LH-PHB scaffold contained nitrogen as was expected after
|laminin immobilization. However, the NIs peaks of LH-PHB scaffold were resolved
into two peaks with hinding energies of 401.9 and 399.7 eV, which were attributed to
nitrogen in C-N bond and -NH=+ respectively (see supporting information). The
presence of -NHa+also reveals the success of laminin binding on the fibrous surface
by complexation.

Since XPS only examined the presence of functionalized surface of
modified PHB fibrous scaffold, the quantification of laminin coupled on the surface
was achieved using BCA protein assay. The amount of laminin coupled on A-PHB
and H-PHB fibrous surface is shown in Table 54. The amount of laminin
immobilized on the H-PHB fibrous scaffold was significantly greater than that of
|laminin immobilized on the A-PHB fibrous scaffold. This result correlated to the
number of functional groups on the fibrous surface that provided the active site to
bind with laminin molecule.

5.4.2 Effect of Laminin-PHB Scaffolds on Neuro 2a and NSCs Cellular

Behavior

The incorporation of bioactive molecules on the tissue scaffolds has
been shown to enhance neural regeneration, since interaction between materials and
neural cells is tuned by materials’ interface. In this study, PHB fibrous scaffold was
modified with specific-surface lysis reaction and then immobilized with laminin
through covalent binding and physical adsorption. Aiming at promotion of neural
regeneration, we thus focused the cellular behavior of Neuro 2a cell line and NSCs
on the modified scaffolds by using an in vitro cell culture method. The ability to
support the attachment and to promote the proliferation of cells is one of the
foremost important aspects of tissue scaffold materials. To evaluate such
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characteristics, the reference cells were cultured on these scaffolds for various
culturing time intervals. The results were compared with that obtained for the
corresponding electrospun PHB fibrous scaffold (i.e.,control).
5.4.2.1 Cytotoxicity

Cytotoxicity is a basic property of scaffolding materials.
Figure 5.4 shows the viability of the cells obtained from MTT assay after the cells
had been cultured with extraction media from neat electrospun PHB and surface
modified (A-PHB, H-PHB, LA-PHB and LH-PHB) fibrous scaffolds as compared
with that obtained after the cells had been cultured with the fresh SFM. The viability
of the cells was reported as the percentage with respect to that of the control.
Evidently, the viability of Neuro 2a and NSCs cultured with the extraction media
from all of fibrous scaffolds were equivalent to that of the cells cultured with fresh
SFM. This indicated that the fibrous scaffolds do not release some cytotoxic
substance to the culture media, implying the biocompatibility of these materials
toward Neuro2a and NSCs. Previous reports showed that PHB had been repeatedly
demonstrated with a good hiodegradability and without cytotoxicity in vitro and in
vivo [25-29,53-57] Results from this work confirmed that the surface modification
PHB fibrous scaffolds obtained from the studied materials can be used as scaffolds
for Neuro 2a and NSCs culture.

5.4.2.2 Cell Attachment and Cell Proliferation

The biocompatibility of the neat PHB and the surface
modified fibrous scaffolds in terms of cell attachment and cell proliferation was
further investigated by observing the viability of Neuro 2a and NSCs that were
cultured on the surface modify fibrous scaffolds as well as the neat PHB fibrous
scaffold (i.e., control) for 4 h, 1, and 3 d (see Figure 55). The viability of the
attached cells at 4 h after cell seeding was taken as that of the attachment 4 h,
whereas the viability of the attached cells at day 1and day 3 after cell seeding was
taken as that of the proliferated cells. The viability of the cells that were cultured on
neat PHB fibrous scaffold at 4 h was used as the reference value to obtain the relative
viahility of the viability cells shown in the figure. Figure 5.5 shows the viability of
Neuro 2a on various fibrous surface modify scaffolds in comparison with that on neat
PHB fibrous scaffold (i.e., control) after the cells were seeded on these surfaces for 4
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h, day 1and day 3. The viability of cells on the neat PHB at 4 h after cell seeding
was used as the reference value to arrive at the relative viability of the cells shown in
the figure. For any given substrate, the viability of the attached cells increased with
increasing cell seeding time. At 4 h of cell seeding, the viability of the cells on any
given type of the fibrous scaffolds showed equivalent values. However, the viability
of cells that had been seeded on the surface modified scaffold for day 1and day 3
was inferior to that of the cells on the neat PHB scaffold. At day Lafter cell seeding,
the viahility of the cells on the LH-PHB fibrous scaffold was greater than A-PHB,
LA-PHB, H-PHB and neat PHB. At day 3 after cell seeding, the viahility of the cells
on the LA-PHB and LH-PHB fibrous scaffold was the greatest and appeared to be
quite comparable to one another.

The ability of the different substrates in promoting the
attachment and proliferation of the cells could be evaluated further by observing the
viability of the cells attached on a given type of substrates whether it was either
increased or decreased hetween two adjacent seeding time points. Between 4 h and
day 1after cell seeding, the largest increase in the viability of the cells was observed
on the LH-PHB fibrous scaffold. Between day 1and day 3 after cell seeding, the
largest increase in the viability of the cells was observed on the LA-PHB fibrous
scaffold. Among the various fibrous scaffolds, the LH-PHB and the LA-PHB fibrous
scaffolds showed better support for the attachment and proliferation of Neuro 2a cell
ling than the other fibrous scaffolds. This result indicated that the LA-PHB and LH-
PHB fibrous scaffold was a better support for Neuro 2a at any given cell seeding
time. Among the fibrous scaffolds, the viability of cells on the LA-PHB and LH-
PHB was the greatest, followed by that on the A-PHB, H-PHB, and neat PHB fibrous
scaffolds, respectively.

Tables 55 show selected SEM images of Nero2a that were
seeded on the surfaces of the neat PHB fibrous (i.e., control) and the surface
modified PHB fibrous scaffolds at 4 h, day 1 and 3 after cell seeding at
magnifications of 3500x (scale bar 5 pm). The difference in the cellular behavior was
observed when Neuro 2a were seeded on the fibrous scaffolds of different surface
topographies due to the variation in the surface roughness and hydrophilicity. At 4 h
after cell seeding time, the Neuro 2a cells attached rather well over the neat PHB
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fibrous scaffold and were still in a round shape, suggesting that the cells might not be
fully attached on the surfaces. For the cells that were seeded on the surface modify
fibrous substrates, at the same given cell seeding time, the cells attached well over
the surfaces and started to extend their cytoplasm. With increasing the cell seeding
time to day 1 and day 3, the cells on all other surfaces became more stretched and
elongated their cytoplasm along the fibrous surfaces, except for these on the surface
of the neat PHB fibrous scaffold, which were still in a round shape and slightly less
elongation. However, the sizes of most pores were much larger than those of the
cells, thus allowing the cells to penetrate to the inner side of the scaffolds.

For potential for uses as neural scaffold in specific
application such CNS disorders, all of the fibrous scaffolds were further evaluated
with NSCs. Figure 5.6 shows the viability of the attached and proliferated NSCs on
various surface fibrous scaffolds in comparison with that on the neat PHB fibrous
scaffold (i.e., control) after the cells were seeded on these surfaces for 4 h, day 1, and
3. The viahility of the cells on the neat PHB at 4 h after cell seeding was used as the
reference value to arrive at the relative viability of the cells shown in the figure. For
any given cell type, the viability of the cells on these substrates generally increased
with an increase in the cell seeding time. At any given cell seeding time point, the
viahility of the cells on any given type of the A-PHB and LA-PHB was superior to
that of the cells on the neat PHB, H-PHB and LH-PHB fibrous scaffold. Among the
various fibrous scaffolds, the viability of the cells on the LA-PHB fibrous scaffold, at
4 h after cell seeding, was the greatest. However, the viability of the cells on the neat
PHB, A-PHB, H-PHB and LH-PHB appeared to be quite comparable at this interval
time. At 8 h after cell seeding, the viability of the cells on the LH-PHB fibrous
scaffolds was the greatest, followed by that of the cells on the A-PHB fibrous
scaffolds, respectively. At 24 h after cell seeding, the viability of the cells on the LA-
PHB fibrous scaffold was still greater than that of the cells on the other fibrous
scaffolds.

In order to investigate the ability of the different substrates in
promoting the attachment and proliferation of the cells, the viability of the between
two adjacent seeding time points was evaluated. Comparatively, between 4 h and day
Lafter cell seeding, the largest increase in the viability of the cells was observed on
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the A-PHB and LA-PHB fibrous scaffold. Between day 1 and day 3 after cell
seeding, the largest increase in the viability of the cells was observed on the LA-PHB
fibrous scaffold. At any given cell seeding time, the viability of the cells on any
given type of the LA-PHB fibrous scaffolds was superior to that of the cells on the
other scaffold. Between the neat and the surface modified fibrous scaffolds, the A-
PHB and LA-PHB fibrous scaffolds showed better support for the attachment and
proliferation of NSCs than H-PHB, LH-PHB and neat PHB fibrous scaffolds. This
result indicated that the A-PHB and LA-PHB fibrous scaffold was a better support
for NSCs than neat PHB fibrous scaffold at any given cell seeding time.

Tables 5.6 show selected SEM images of NSCs that were
seeded on the surfaces of the neat PHB fibrous (i.e., control) and the surface
modified PHB fibrous scaffolds at 4 h, day 1 and 3 after cell seeding at
magnifications of 3500x (scale bar 5 pm). The difference in the cellular behavior was
observed when NSCs were seeded on the fibrous scaffolds of different surface
topographies. At 4 h after cell seeding time, the NSCs attached rather well over the
neat PHB, A-PHB and H-PHB fibrous scaffold and were still in a round shape,
suggesting that the cells might not be fully attached on the surfaces. For the cells that
were seeded on the LA-PHB and LH-PHB fibrous scaffold, at the same given cell
seeding time, the cells attached well over the surfaces and started to extend their
cytoplasm. With increasing the cell seeding time to day Land day 3, the cells on LA-
PHB and LH-PHB fibrous scaffold became more stretched and elongated their
cytoplasm along the fibrous surfaces, except for these on the A-PHB, H-PHB and
neat PHB fibrous scaffold, which were slightly less elongation.

The successful nerve regeneration relies on the extensive
growth of axonal processes. To observe the orientation and outgrowth of neurites as
well as the relationship between the surface chemistry and cell recognition proteins
of the scaffolds, neurofilament immunocytochemistry staining and LSCM
observation was performed on the cell cultured scaffolds at day 2. Figure 5.7 shows
the LSCM micrographs of NSCs cultured on the various fibrous scaffolds. It can be
seen that the NSCs cultured on the LA-PHB and LH-PHB fibrous scaffolds exhibited
classical contact guidance by growing parallel to the fibers. However, some
exceptional cases were also found occasionally (Fig. 5.7b. arrows). It might be due to
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the neurites outgrowth was not affected by the fiber alignment at the initial period;
they all turned through large angles in order to grow parallel to the fiber alignment
[14]. This suggests that the favorite growing direction of NSC neurites is parallel to
the direction of fibers and the process is dynamically directed over time [14]
Interestingly, it can be seen that the amount of NSCs cultured on the A-PHB and LA-
PHB fibrous scaffolds greater than that of the cells on the H-PHB and the LH-PHB
fibrous scaffolds, which supports and cooperates with the results of the viability of
cells from MTT assay. Smetana et al. [58] provides the information on the behavior
of macrophages on the surface of the implanted hydrogel strips. The fusion of
macrophages into multinucleate cells was inhibited on the surface of materials
containing acidic groups such carboxylic group. However, the cellular mechanism
behind the surface chemistry of substrate on the behavior of NSCs needs to be
studied further.

The differences in the cellular behavior of Neuro 2a and
NSCs on the various fibrous scaffolds can be hypothetically explained by
electrostatic interaction between cell membrane and substrates as well as the cellular
characteristic of individual reference cell. The extracellular matrix (ECM) proteins
have the capacity to requlate cell behaviors such as adhesion, spreading, growth, and
migration [59]. Ina cell culture experiment, the factors influencing the adsorption of
proteins are surface wettability and surface charge [60, 61]. It is a known fact that
cells carry a negative surface charge at physiological pH and the magnitude of the
charge depends mainly on the composition of the cell membranes [62, 63]
According to the cellular characteristic, Neuro 2a is a cell line whereas NSCs is a
stem cell, so the sensitivity of the cells toward the surface chemistry and surface
topology were different. As a result of Neuro 2a, the difference in the viability of cell
on the scaffolds could be contributions from the enhancement of the adsorption of
specific proteins on the surface of a substrate. Thus scaffold coupled with laminin
(LA-PHB and LH-PHB) was postulated as the reason for the ability of the materials
to enhance the attachment and proliferation of Neuro 2a. However, NSCs seem to be
sensitive to various factors such contact guidance and chemical guidance [6]. In
addition, it is well known that laminin contains bioactive neurite binding sites for
neural cell attachment and differentiation (namely YIGSR and IKVAV), and studies
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had shown enhanced neurite extensions on substrates that were modified with
|aminin peptides [33]. Thus, the LA-PHB and LH-PHB fibrous scaffold was better in
supporting the neurite extension seen on the fluorescence microscope. However, the
neat PHB, H-PHB and LH-PHB exhibited cytostatic property (i.e., cytostatic
property: this is not cytotoxic but inhibits cell proliferation [64]) towards NSCs, as
suggested by the relative constancy in the MTT viabilities and the relatively low
number of cells seen on the fluorescence microscope.

55 Conclusions

Immobilization of laminin on the surface of the electrospun PHB fibrous
scaffolds was successfully accomplished by using the amino and carboxylic groups
introduced on the scaffold surface via surface-specific lysis reaction and further
covalent immobilization of the hiomolecules. The potential for use of the surface
modified fibrous scaffolds for neural regeneration was evaluated in vitro towards
murine neuroblastoma Neuro 2a cell line (ATCC, CCL-131). However, for potential
uses in specific application, all of the fibrous scaffolds were further evaluated with
rat brain-derived neural stem cells (NSCs). Both types of laminin coupled on the
PHB fibrous scaffold supported the attachment and the proliferation of Neuro 2a
very wells. Despite the good attachment and proliferation of Neuro 2a, NSCs were
not able to proliferate on the neat PHB, H-PHB and LH-PHB fibrous scaffold.
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Figure 5.1 Summarizes the chemical pathway for the immobilization of laminin on
the surface of the electrospun PHB fibrous scaffolds; a) aminolysis reaction and h)
hydrolysis reaction.
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Figure 5.2 Selected SEM image of neat electrospun PHB fibrous scaffold (a) and
histogram represent angular distributions of electrospun fibers (b).



120

Figure 5.3 Selected SEM images of neat electrospun PHB fibrous membrane (a),
Aminolysis PHB fibrous scaffold (A-PHB) (0.04 g/ml of HMD/IPA solution for 15
min at room temperature) (b), hydrolysis PHB fibrous scaffold (H-PHB) (1.0 M
NaOH solution for 15 min at room temperature) (c), laminin immobilized on
aminolyzed PHB fibrous scaffold (LA-PHB) (d), and laminin immobilized on
hydrolyzed PHB fibrous scaffold (LH-PHB) (e).
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Figure 5.4 Indirect cytotoxicity evaluation of various electrospun fibrous scaffolds
based on the viability of Neuro 2a and mNSCs that were cultured with the extraction
media from these materials for 24 h. The viability ofthe cells that were cultured with
fresh culture medium (SFM) (i.e., control) was used as the reference to arrive at the
viability of the attached cells shown in the figure.
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Figure 55 Attachment and proliferation of Neuro2a cells that were seeded on
various electrospun fibrous for 4 h, days 1, and 3. The viability of the cultured cells
that were seeded on the neat PHB fibrous scaffold for 4 h was used as the reference
to arrive at the viability of the cultured cells shown in the figure.  Significantly
different at p < 0.05.
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Figure 5.6 Attachment and proliferation of mNSCs that were seeded on various
electrospun fibrous for 4 h, days 1, and 3. The viability of the cultured cells that were
seeded on the neat PHB fibrous scaffold for 4 h was used as the reference to arrive at
the viability of the cultured cells shown in the figure. * #Significantly different at p <
0.05.
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Figure 5.7 Representative fluorescence microscope of mNSCs that were seeded on
neat PHB (a), A-PHB (b), LA-PHB (c), H-PHB (d) and LH-PHB) () at IOx
Magnification. The observation was performed on the cell cultured scaffolds at day
2.
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Figure 5.7 (cont.)
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Figure 5.7 (cont)
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Table 5.1 The resulting static water contact angles of the original and modified PHB

fibrous scaffolds.

Type of substrates

neat PHB
A-PHB
LA-PHB
H-PHB
LH-PHB

Static contact angle

(degree)

1353 £0.47
97.6 £0.96
61.2 +0.52
89.5+0.79
80.5 +0.41
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Table 5.2 Element composition of carbon, oxygen, and nitrogen on the surface of
original PHB and surface modified PHB fibrous scaffolds as determined by X-ray
photoelectron spectrometry.

Type of substrates c atomic 0 atomic N atomic
concentration (%)  concentration (%) concentration (%)
neat PHB 10.2 29.8 0
A-PHB 67.8 313 0.9
LA-PHB 66.3 319 18
H-PHB 69.8 30.2 0

LH-PHB 66.8 311 21
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Table 5.3 Atomic ratios of NIs/Cls and OlIs/Cls on the surface of neat PHB and
surface modified PHB fibrous scaffolds.

Type of substrates Nis/c1 ratio Ols/Cls ratio
neat PHB 0 0.4245
A-PHB 0.0133 0.4617
LA-PHB 0.0271 0.4811
H-PHB 0 0.4326

LH-PHB 0.0314 0.4656
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Table 54 The amount of laminin coupled on the surface modified PHB fibrous
scaffolds.

Quantity of laminin coupled per

Electrospun fibrous
surface area of polymer

membranes mylem)
neat PHB 0
LA-PHB 144 4

LH-PHB 1625
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Table 5.5 Representative SEM images of murine neuroblastoma Neuro2a cell line
(ATCC, CCL-131) that had been seeded or cultured on surface modified electrospun
PHB fibrous scaffold for 4 h, 1dand 3 d.

Type of Cell seeding/culturing time point
Substrate

Neat PHB

Aminolyzed ,, \
PHB (A-PHB) E

Laminin
coupled on
aminolyzed
PHB (LA-PHB)

Hydrolysis PHB
(H-PHB)

Laminin
coupled on
hydrolyzed
PHB (LH-PHB)
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Table 5.6 Representative SEM images of neural stem cells (NSCs) that had been
seeded or cultured on surface modified electrospun PHB fibrous scaffold for 4 h, 1d
and 3 d.

T
S

%pe of Cell seeding/culturing time point
u

strate

Neat PHB

Aminolyzed
PHB (A-PHB)

Laminin
coupled on
aminolyzed
PHB
(LA-PHB)

Hydrolysis PHB
(H-PHB)

Laminin
coupled on
hydrolyzed PHB
(LH-PHB)
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