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A novel nanofiber membrane was fabricated by electrospinning composed of polyvinyl phosphonic acid (PVPA) and polyvinyl
alcohol (PVA). Stabilization was done due to the high dissolvability of the membrane when in contact with water. Physical
treatment was done by exposure to heat at 150°C in a vacuum environment at different periods of time. Chemical crosslinking was
done by immersion in methanol and methanol/ glutaraldehyde. A heat-exposed membrane was also further crosslinked chemically.
All conditions were compared with regards to its effect on the material properties of the membranes and its biological response
in vitro with MG-63 osteoblast-like cell line. Visual examination and dimensional analyses showed that heat treatment produced
discoloration on the membrane surface and chemical crosslinking reduced membrane dimensions. Tensile strength and strain
improved in crosslinked membranes compared to noncrosslinked counterpart. Swelling and degradation was also investigated and
was seen to vary depending on the crosslinking condition. Biocompatibility was observed to be more favorable in heat-treated

membranes.

1. Introduction

Electrospun membranes comprise a major part of scaffolds
being studied for tissue engineering [1] due to its resem-
blance to the native extracellular matrix at the microscopic
level [2]. The method of electrospinning is clearly advan-
tageous since it can be manipulated in a variety of ways
depending on the desired application. Adjustment of solu-
tion concentration, injection rate, supplied voltage, and col-
lecting distance was shown to have an effect on the resulting
fiber morphology [3]. The mechanical property, hydrophilic-
ity and hydrophobicity and degradation of the membranes
depend on the starting material used [4]. A wide range
of polymers, both of natural and of synthetic origin, have
been utilized in electrospinning for different target organ
applications. In this study, an electrospun membrane using
a novel polymer combination was fabricated with an aim to
be used in tissue engineering applications.
Polyvinylphosphonic acid (PVPA) is an acidic polymer
that shares a similar structural formula to poly(alkenoic
acids) [5]. It is synthesized by free-radical polymerization of

vinylphosphonic acid (VPA) or initial polymerization of VPA
followed by hydrolysis of the polymer [6, 7]. It is used as an
additive hardening ingredient in dental cements which has a
quality similar to that of glass polyalkenoates [8]. Aside from
its hardening properties, the abundance of phosphonate
groups of PVPA has been shown to be beneficial due to
its similarity to the phosphate groups of the natural bone
hydroxyapatite [9], which can assist in the bone-bonding
between the restorative material and the native bone tissue.
Polyvinyl alcohol (PVA) is a polymer widely used in the
medical and food industry. PVA has been used solely and
combined as a starting material in electrospinning for dif-
ferent applications, such as tissue engineering scaffolds and
drug delivery systems [10—14]. This polymer has been shown
to possess mechanical reliability and the ability to support
cell adhesion and growth. In this study, PVA was combined
with PVPA to fabricate a novel electrospun nanofiber mem-
brane. However, the initial characterization of the fabricated
membrane showed compromised strength and high water
dissolvability. In this instance, crosslinking and stabiliza-
tion of the membrane was a necessity. Two methods were



used: physical stabilization by heat treatment at 150°C in a
vacuum environment and chemical crosslinking by immer-
sion in methanol and combined methanol/glutaraldehyde.
The effects of the crosslinking methods with regards to the
material property and biocompatibility were examined.

2. Materials and Methods

2.1. Reagents. Polyvinyl phosphonic acid (PVPA, 30% solu-
tion) was obtained from Polysciences, Inc. Poly(vinyl alco-
hol, fully hydrolyzed) (PVA) was purchased from Sigma-
Aldrich., methanol from Merck, Co., glutaraldehyde, 25%
from Shiwa, Korea., and dimethysulfoxide (DMSO, 99.0%)
from Samchun Pure Chemical Co., LTD, Republic of Korea.
Dulbecco’s Modified Eagle Medium (DMEM) was pur-
chased from HyClone Thermo Scientific. Fetal bovine serum
(FBS), Penicillin and Streptomycin antibiotics, Dulbecco’s
phosphate buffered saline (PBS, without calcium and mag-
nesium), MTT solution, and Trypsin-EDTA were pur-
chased from GIBCO (Carlsbad, CA). Hexamethyldisilazane
(HMDS) was from Sigma, USA. The water used in the entire
experiment was deionized through Milli-Q System (Milli-
pore, USA). All other chemicals used were of reagent grade.

2.2. Membrane Fabrication. PVPA was diluted to 0.1% with
addition of deionized water and heated to 80°C. PVA,
12%w/v, was added and dissolved at 80°C until no solid
particles remained. The solution was mechanically stirred
and boiled until completely homogenous. The solution was
electrospun with solution flow rate of 0.5mL/hr, voltage
application of 20kV, 12 cm distance from 19-G needle to
metal collector, and 150 rpm speed of the collecting drum
wrapped with aluminum foil. The thickness was optimized
at around 1.2 mm with a fixed amount of solution.

2.3. Membrane Stabilization and Crosslinking. Membrane
stabilization was done by heat treatment and chemical cross-
linking by methanol and combination of methanol/glutar-
aldehyde to compare the optimum condition in strength-
ening the membranes. Heat stabilization was done by placing
the membrane in a vacuum furnace oven set at 150°C for 2,
10 and 24 hours (P2H, P10H, and P24H, resp.). Chemical
crosslinking was done by immersing the membrane in
absolute methanol and methanol with 1% glutaraldehyde. A
membrane that was heat-stabilized for 24 h was subsequently
immersed in methanol to determine the effect of combined
treatment methods.

2.4. Material Characterization

2.4.1. Morphological and Dimensional Analyses. Morpholog-
ical changes in the membranes were noted before and after
treatment by optical inspection and microscopic visualiza-
tion. Properties such as water dissolvability, discoloration,
and size reduction were observed.

Nanofiber membranes were sputtered with platinum
sputter coater (Cressington Sputter Coater) and were
viewed using field emission scanning electron microscope
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(JSM701F, JEOL, Japan) with acceleration voltage of 15kV.
The fiber diameters were measured with an accompanying
image analyzer. The average fiber diameters were determined
from a random sample lot (n = 50) across different sites of
the fabricated membrane.

Calculations on the change in surface area, thickness, and
density were calculated following measurements made on
the membrane dimensions before and after the crosslinking
methods were applied. The surface area and thickness were
measured with four replicates. About 50 fibers (n = 50) were
measured across different membrane sites.

2.4.2. Mechanical Strength. Assessment of the mechanical
property of the PVPA/PVA and PVA nanofiber membranes
was done by measuring the tensile strength with a universal
testing machine (R&B Co., Ltd., Republic of Korea). An
accompanying Helio-X software program determined the
tensile strength and strain values of the materials. Rectangu-
lar strips of 33 mm X 2mm XT (where T is the thickness)
were cut from each sample of electrospun PVPA/PVA and
PVA membranes. Thickness of the membrane was de-
termined by photomicrographs from SEM and scaled to
measure. The ends of membrane strips were glued to a paper
frame to anchor it to the tensile tester. The sides of the frame
were cut upon application of strain at crosshead speed of
1 mm/min with 1 kg load cell.

2.4.3. Swelling Property. Preweighed, treated PVPA/PVA
membranes were cut in circles with 1 mm diameter and
were placed in a 24-well tissue culture plate containing 1 mL
of PBS (pH 7.4) per well. PBS-immersed membranes were
incubated at 37°C for 1 hour and 24 hours. Membranes were
immediately blotted with filter paper to absorb excess water
and then weighed. Immersion in PBS was extended for 14
days to determine weight changes.

2.5. Biocompatibility

2.5.1. Cell Culture. MG-63 osteoblast-like cells were ob-
tained from Korean Cell Line Bank and were subcultured
per laboratory procedures [15]. Cells were washed with
PBS, dissociated with trypsin-EDTA, and then centrifuged.
Supernatant was discarded and cells were resuspended with
DMEM with 10% (v/v) of fetal bovine serum (FBS) and
1% penicillin/streptomycin antibiotics in tissue culture flasks
(Nunc) at 37°C, 5% CO;, and 95% humidity. Culture
medium was replaced every two days.

2.5.2. Cytotoxicity. Determination of the material cytotoxi-
city was done following the ISO 10993-5 protocol. Mem-
branes, 20 mm X 40 mm, were incubated in DMEM media
to obtain extract solutions after 1 day of incubation with
shaking at 37°C humidified environment. Extract solutions
were filtered with 0.20 ym DISMIC filter (Advantec) for
sterilization and then diluted with fresh media to obtain
different concentrations: 12.5%, 25%, 50%, and 100%. A
fresh media without extract solution was designated as
control (0%). Diluted and nondiluted extract solutions
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TasLE 1: Crosslinking conditions and morphological evaluation of the membranes.

Sample Crosslinking condition Exposure time Dissolvability in water ~ Discoloration  Size reduction
PO X X (+) X X

PH2 Heat (150°C) 2 hours (-) (+) (=)
PH10 Heat (150°C) 10 hours (=) (++) (-)
PH24 Heat (150°C) 24 hours (-) (+++) (=)

PM Methanol 15 mins (=) (=) (++)
PMG Methanol/glutaraldehyde 15 mins (=) (=) (++)
PH24M  Heat (150°C) + Methanol/glutaraldehyde 24 hours + 15 mins (=) (=) (+)

were then used to treat the MG63 osteoblast-like cells, 104
cells/mL, grown for 24 hours. Optical density was quantified
after another 24 hours using MTT assay. Cell viability was
quantified as optical density of the treated wells relative to
the nontreated wells (0%).

2.5.3. Cell Proliferation Analysis. MG63 osteoblast-like cells,
10* cells/mL, were seeded on the electrospun PVPA/PVA
membranes that were 15 mm in diameter and were incubated
for 1, 3, and 5 days in 24-well culture plates. Media were
replaced every other day. After each incubation time, media
were discarded and MTT solution was added as substrate and
reincubated for another 4 hours of mitochondrial enzyme
conversion. DMSO was then added to dissolve the formed
formazan salts and plates were shaken for 1 hour. The
absorbance was read using an ELISA plate reader (Tecan
Infinite F50, Switzerland). Cell viability was equated with the
obtained optical density at 595 nm.

2.5.4. Cell Adhesion Behavior. SEM visualization of cell adhe-
sion behavior was done by seeding electrospun P24H mem-
branes with MG63 osteoblast-like cells, 10* cells/mL. Sam-
ples were incubated for 1 and 5 days. Cell-seeded samples
were visualized under FE-SEM after glutaraldehyde fixation,
dehydration with graded ethanol series and critical-point
drying with hexamethyldisilazane.

Cell-seeded scaffolds were also viewed under laser
scanning confocal microscope (Olympus FV 1000, Japan)
after staining with DAPI (4’-6-Diamidino-2-phenylindole,
Sigma) and DiOCg (3,3'-dihexyloxacarbocyanine iodide,
Invitrogen).

2.6. Statistical Analyses. All experiments are done in repli-
cates of 4 unless otherwise stated. Values are expressed as
mean average of 4 replicates and standard deviation. Analysis
of variance (ANOVA) was done to determine if differences in
values were statistically significant.

3. Results

3.1. Morphological and Dimensional Analyses. Treatment of
the PVPA/PVA membranes by both physical and chemical
means showed morphological changes in the macroscopic
appearance and the microstructure of the membrane. Table 1

enumerates the qualitative data obtained from visual obser-
vation on the membranes before and after crosslinking.
Noncrosslinked PVPA/PVA membrane (P0) was highly dis-
solvable to water but this was prevented after crosslinking
was done. Discoloration was observed in the membranes
which underwent heat stabilization. The intensity of the
discoloration was observed to increase when the exposure
time was lengthened (P2H < P10H < P24H) (Figure 1).
No discoloration was noted in the chemically crosslinked
membranes. However, a notable reduction in the size was
seen after 15 minutes immersion in methanol (PM) and
methanol/glutaraldehyde (PMG) which reduced the mem-
brane surface area to less than 50% (Figure 1(b)). Membrane
density was also seen to change with noted decrease in
samples treated with heat but increased to about twofold
when chemically treated (Figure 1(c)).

The microstructure of the membrane fibers was also
observed after treatment and the changes were noted to
vary depending on the method applied. The average fiber
diameter of nontreated PVPA/PVA membrane was measured
at 124.25 = 13.37 nm. Figure 1(d) shows the enlargement
of membrane fibers after physical stabilization with rel-
atively slight increase as the heat exposure was length-
ened. Methanol and methanol/glutaraldehyde crosslinking
increased membrane fibers by 40.20% and 30.35%, respec-
tively.

Figure 2 shows the SEM micrographs of representative
samples after crosslinking. In comparison with the non-
crosslinked fibers (Figure 2(a)), the heat-stabilized fibers ap-
peared relatively flattened and more compressed compared
to the nontreated sample (Figure 2(b)). Chemical crosslink-
ing by methanol immersion produced a more com-
pressed fibrous network which appeared swollen or melted
(Figure 2(c)). It was noted that in P24HM (Figure 2(d))
the membranes appeared to retain its morphological integ-
rity but fibers were relatively larger in appearance compared
to noncrosslinked fibers. Membranes treated with similar
conditions to the ones presented were no longer included due
to similarity in morphology.

3.2. Mechanical Strength. Improvement of mechanical prop-
erties was observed to be varied for treated membranes
when compared to the nontreated sample (Figure 3). It
was observed that in the heat-stabilized membranes, stress
improvement was not statistically significant (P > 0.05)
for P2H, P10H, and P24H. However, strain values increased
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FiGureg 1: Optical image of non-crosslinked PVPA/PVA membrane (P0) with heat-stabilized samples (P2H, P10H, P24H), chemically
crosslinked samples (PM, PMG), and membrane with combined crosslinking methods (P24HM) and its corresponding change in surface
area (b), density (¢), and fiber diameter (d) relative to the non-crosslinked membrane.

FIGURE 2: SEM micrographs of PO, noncrosslinked PVPA/PVA membrane (a), P24H, heat-stabilized for 24 hours (b), PM, methanol-
crosslinked membrane (c), and P24HM, heat- and methanol-crosslinked membrane (d).
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FIGURE 3: Stress and strain values of heat-stabilized samples
(P2H, P10H, P24H), and methanol (PM), methanol/glutaraldehyde
(PMG), and heat and methanol-crosslinked (P24HM) PVPA/PVA
membranes compared to noncrosslinked membrane (P0). Statisti-
cally significant values are indicated for stress (*) and strain (**) as
compared with PO values.

upon crosslinking with higher values when crosslinking time
was relatively shorter (P2H 19.36% > P10H 13.03% > P24H
10.73% > P0 8.71%).

Tensile strength values of methanol- (PM) and methanol/
glutaraldehyde- (PMG) crosslinked samples were signifi-
cantly higher than the PO, but the difference between PM
and PMG was not statistically significant (P > 0.05) (PM =
PMG > P0). Strain at break was observed to be more pro-
nounced when glutaraldehyde was added to the methanol
as seen in the increased strain value of PMG compared to
PM. When PVPA/PVA membrane was initially heated and
then treated with methanol for crosslinking (P24HM), stress
improved compared to the heat-treated and noncrosslinked
membranes but lower than the methanol-immersed mem-
branes (PM, PMG > P24HM > P2H, P10H, P24H). The
strain value of P24HM was compared with the strain value
of PO using statistical analysis and the difference was not
statistically significant (P > 0.05).

3.3. Swelling Property. Figure 4(a) shows the swelling capa-
bility of the treated PVPA/PVA membranes after 1-hour
and 24-hour immersion in PBS. It was observed that the
all membranes exhibited the capability to hold/attract water
molecules. The methanol-immersed membranes displayed
higher swelling ratios than its heat-stabilized counterparts.
Swelling ratio for PM and PMG was more than 500% and
600% after 1 hour and 24 hours, respectively. Heat-stabilized
membranes showed a slight decrease in the swelling ratio
as the length of exposure was increased. P24HM displayed
swelling ratio higher than P24H but significantly reduced
compared to PM and PMG.

Immersion in the PBS was done for an extended period
of 14 days to determine if there are weight changes. After
sufficient drying, no significant weight change was noted
but SEM micrograph showed swollen fiber network of P24H

(Figure 4(b1)) and flattened, film-like appearance of PM
membrane (Figure 4(b2)). Membranes treated with similar
conditions to the ones presented were no longer included due
to similarity in morphology.

3.4. Material Cytotoxicity. Cytotoxicity of the membrane was
determined by exposing cultured cells to diluted extract
solutions of the cross-linked membranes as prescribed in
ISO-10993-5 protocol. Cell response to the diluted extract
solutions was shown in Figure 5. Cell viability was more
than 80% at 100% extract solution for all heat-stabilized
samples. However, significant reduction in cell viabil-
ity was observed in samples treated with methanol and
methanol/glutaraldehyde. Cell viability in wells treated with
PM extract solutions was about 80% with 100% extract
solution while it was about 60% with 100% extract solution
of PMG. In comparison, cell viability increased in wells
treated with extract solutions of P24HM with about 70% cell
viability with 100% extract solution.

3.5. Cell Proliferation Analysis. Cell proliferation behavior
of MG63 osteoblast-like cells was seen in Figure 6 wherein
it was observed that varying the time of the heat exposure
did not affect the cell growth as it showed values which are
not statistically significant in all sampling days (*P > 0.05).
However, it was seen that membranes that were chemically
crosslinked showed reduced biocompatibility even after sev-
eral days of incubation. Particularly, PMG showed significant
reduction of cell viability compared to other membranes
after 1 day of incubation with an observed further decrease
in the optical density after 3 days and 5 days of incubation.

3.6. Cell Adhesion Behavior. After characterization of the
material properties and the biocompatibility of the treated
membranes, P24H membrane was chosen as an optimized
condition and cell adhesion behavior was demonstrated
using this membrane. Cell elongation and shape changes
were observed after 1 day of incubation in P24H membrane
(Figures 7(al) and 7(b1)). This growth was observed to be
more pronounced after 5 days of culture with the extracellu-
lar material almost covering the majority of the membrane
surface (Figures 7(a2) and 7(b2). Confocal images show
increased cell density with the DAPI-stained nucleus from 1
day to 5 days of incubation (Figures 7(c1) and 7(c2)).

4. Discussion

The novel combination of PVPA and PVA as an elec-
trospun membrane showed promising characteristics as
tissue engineering scaffold. PVA has already been used in
different studies as a tissue engineering scaffold due to
its favorable material properties [16]. However, PVA alone
displays limited biocompatibility since cell adhesion to this
material is compromised due to a lack of cell adhesion sites.
Combinations with different polymers and surface modifi-
cation have been used to improve the material properties
and enable successful cell growth in these scaffolds [17—
20]. In this study, PVPA was combined with PVA due to
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Figure 6: Cell proliferation of MG63 osteoblast-like cells on
crosslinked PVPA/PVA membranes assessed by MTT assay. Heat-
crosslinked membranes (*) showed cell growth that are higher than
membranes exposed to chemical crosslinking (**) with PMG show-
ing reduced growth during prolonged incubation time (***) (P >
0.05).
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(a2)
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FIGURE 7: SEM micrographs (a), magnified images (b), and confocal images (c) of MG63 osteoblast-like cells showing adherence on P24H

after 1 day (1) and 5 days (2).

its ability to bind to natural bone hydroxyapatite because of
the abundance of phosphonate groups, which shares similar
structural formula with phosphates [9]. This is the first study
where PVPA was used in the electrospinning method. PVPA
is highly hydrophilic and quickly reacts with water. However,
when it was combined with PVA, a highly miscible solution
was produced due to its shared affinity for water.

PVA fibers are known to be stable at a temperature of
150°C [21] and copolymer PVPA membranes showed high
thermal stability at temperatures up to 300°C [9]. Heat
treatment, which exposes the PVPA/PVA membrane to a rel-
atively high temperature of 150°C, dehydrates the membrane
since water starts to evaporate at 100°C. The phosphonic
acid in PVPA does not self-condense at 150°C [9]. The
elevated temperature resulted in the formation of crystals
that rendered the PVA insoluble in water [22].

The fabricated PVPA/PVA membranes contained uni-
form and consistent fibers that were randomly deposited
on the collecting surface. PVPA is acidic, which may have
contributed to its high conductivity [6] and facilitated the
formation of uniform fibers at collection. The fabricated
membrane quickly dissolved in water; thus physical and
chemical treatments were performed in order to stabilize
the membrane. Exposure to high temperature produced
slight changes in the fiber microstructure since dehy-
drated fibers became flattened and compressed against each
other (Figure 2(b)). Moreover, a notable discoloration were
observed on the macroscopic membrane surface, which

increased with intensity with exposure time (Figure 1(a)).
The discoloration may be due to the acids of PVPA, which
were deposited on the membrane surface when the water
evaporated during heat treatment. Increased exposure time
further released more water and, consequently, a greater
amount of acidic residues was observed on the surface.
Chemical crosslinking allows the linking of one polymer
bond to another in order to enhance material properties that
will make it more suitable for a desired function. Previous
studies have used glutaraldehyde and hydrochloric acid
[23], UV light exposure [24, 25] hexamethyl diisocyanate
[26], and maleic acid with heat treatment [27], which all
produced more favorable material characteristics for PVA
than its noncrosslinked counterparts. PVPA, on the other
hand, had been crosslinked with different aldehydes to
increase compressive strength [7]. Methanol crosslinks the
hydroxyl groups of both PVA and PVPA. In a previous
study by Yao et. al., it was shown that methanol dehydrates
the PVA which replaced the polymer-water hydrogen with
intermolecular polymer hydrogen bonding [28]. While this
principle theoretically works for both polymers, significant
changes were observed in both membrane microstructure
and macrostructure. Immersion in methanol dehydrated the
membrane which affected the membrane macrostructure,
which contributed to membrane shrinkage upon drying
(Figure 1). Membrane fibers are highly compressed against
each other due to the high evaporative rate of methanol.
Reimmersion in PBS allowed water molecules to enter the



fiber network, which increased the high swelling rates and
affected the swollen fiber morphology (Figure 4).

Addition of glutaraldehyde may produce a more stable
membrane [29] since it theoretically crosslinks the free -OH
groups of PVA and PVPA to the aldehyde group of glu-
taraldehyde more efficiently. While the stress values of PM
and PMG were similar, the material strains of the two sam-
ples were statistically different. Immersion in methanol alone
produced a more brittle membrane compared to when
glutaraldehyde was present. Additional crosslinkers may
have allowed more deformation without breaking. When
compared with the heat-stabilized samples, the mechanical
properties of methanol-crosslinked membranes were about
fourfold higher. This may be due to more stable ionic
bonding between the —OH groups of the PVPA and PVA
with methanol and, subsequently, with the aldehyde groups
of glutaraldehyde in PGM compared to heat stabilization of
P2H, P10H, and P24H. The P24M membrane had similar
stress and strain values of the initially heated membranes
with few discrepancies. After heat exposure, methanol may
not have been able to bind with the polymers due to
dehydration after treatment.

PVPA and PVA are both hydrophilic polymers and highly
dissolvable in water. Treatment of the membranes prevented
dissolution in water but allowed water permeation within
the fiber structure as indicated by the increased weight
and relative increase in diameter following PBS immersion
(Figure 4). Both heat treatment and methanol immersion
dehydrate the membrane fibers, which rendered them insol-
uble in water. When membranes were immersed in PBS,
the samples were rehydrated but the rate of rehydration
depended on the length of heat exposure and method
used. At longer heating time, membranes exhibited reduced
swelling, which may be due to a higher degree of membrane
crystallization when exposure to heat occurred at higher
temperature or longer exposure time [27].

Material biocompatibility is an important factor in the
utilization of tissue engineering scaffolds. When investigating
the material cytotoxicity of the crosslinked membranes,
extract solutions were obtained and used as treatment for
a commercial cell line in accordance with the ISO-10993-5
protocol. In this study, heat-stabilized membrane displayed
relatively higher cell viability compared to the mem-
branes exposed to methanol (PM, P24HM) and metha-
nol/glutaraldehyde (PMG). Chemical residues on the mem-
branes may have affected cell adhesion on the membrane sur-
face, which could have reduced cell viability (Figure 5) and,
subsequently, decreased the proliferation rate (Figure 6).

Material properties (except for the strain values and
swelling), cytotoxicity, and cell proliferation rates were
relatively similar for all heat-treated membranes. Thus, the
heat-treated P24H membrane was used to determine the
cell adhesion behavior of MG63 osteoblast-like cells in
consideration of its potential to maintain its integrity because
of its reduced swelling rate. It was observed on that the 5th
day of culture, the extracellular material almost completely
covered the membrane surface, indicating the potential of
this material as a tissue engineering scaffold.

Journal of Nanomaterials

5. Conclusion

A novel nanofiber membrane composed of PVPA and PVA
was fabricated by electrospinning method. Resulting mem-
brane necessitated treatment due to high dissolvability in
water. Two methods of stabilization were compared. Physical
treatment by heat was done by exposing membranes to
150°C at different lengths of time. Chemical crosslinking was
done by methanol and methanol/glutaraldehyde immersion.
A membrane sample was also prepared with combined treat-
ment methods. Membrane morphology was observed to be
affected as discoloration intensified with prolonged heating
period and surface area reduction and fiber morphology was
significantly changed after chemical exposure. Mechanical
strength as well as swelling and degradation was affected
by the type of treatment employed wherein these properties
were more pronounced when membranes were chemically
modified. Biocompatibility was seen to significantly reduce
in chemically crosslinked membranes as it showed higher
cytotoxicity rates and reduced proliferation.
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