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ABSTRACT



This work can be separated into 3 parts: a) to evaluate influence of key processing parameters on formation,
size and morphology of poly(caprolactone) (PCL) fibers that were produced by electrospinning method, b) to
preliminary evaluate potential toxicity and cell attachment of obtained PCL fiber mats, and c) to study effect of solution
concentration and applied voltage on formation, size and morphology of gelatin type A and type B electrospun fibers.
Experimental results showed that by choosing appropriate set of processing parameters, i.e. solution concentration,
applied voltage, solvent system, collecting distance and polymer molecular weight, one can dictate the size of PCL
electrospun of desired within the range of 0.16 - 5 micrometers. Preliminary study also showed that the obtained PCL
fibers were nontoxic to L929 cell lines. In addition, fiber size also seemed to affect cell adhesion and distribution inside
PCL matrix. For electrospun fibers of gelatin type A and B, we found that solution concentration played an important
role governing formation, size and morphology of obtained objects. Under experimental condition, we can produced sub-

microparticles and ultrafine fibers, which ranging in size from about 150 nm to larger than 4.0 micrometer.

Keywords: poly(caprolactone), gelatin, nanofiber, electrospinning
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Size (nm)
Concentration Morphology of
Particle/Bead on Fiber Fiber
(Yow/v) Obtained Structure
Average SD Average SD
Gelatin Type A
2.5 Particle 667 309 - -
5.0 Particle 435 243 - -
7.5 Bead on string 675 205 52 10
10.0 Bead on string 670 263 98 24
12.5 Bead on string 737 157 132 33
15.0 Bead on string 1,370 773 75 24
20.0 Fiber - - 124 29
25.0 Fiber - - 143 49
30.0 Fiber - - 252 107
40.0 Fiber - - 593 109
50.0 Fiber - - 898 244
60.0 Fiber (ribbon) - - 1,507 303
70.0 Fiber (ribbon) - - 1,954 494
Gelatin Type B
5.0 Particle 431 202 - -
7.5 Particle 2,525 608 - -
10.0 Bead on string 561 292 73 24
12.5 Bead on string 1,218 592 100 23
15.0 Bead on string 1,180 754 117 27
20.0 Fiber - - 149 21
25.0 Fiber - - 128 24
30.0 Fiber - - 226 58
40.0 Fiber - - 616 134
50.0 Fiber (ribbon) - - 997 187
60.0 Fiber (ribbon) - - 4,373 622
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This work has investigated the factors influencing the production of electrospun gelatin fibers including
electrical potential and concentration of gelatin solution. Electrospun gelatin fibers were prepared from
both type A and B gelatin solutions at the concentration of 2.5-60% w/v and 10-25 kV. Concentration of
gelatin solution at 20-40% w/v was found to be the optimized range to produce the gelatin fibers with
smooth surface throughout the fiber length. The electrical potential did not exhibit a dominant effect on
the gelatin fibers obtained. Further study of the different crosslinking techniques for the gelatin fiber mats

Ié?l/:;?;d&' showed the various effects on the crosslinking degrees and fiber structure. Physical crosslinking such as
Fiber dehydrothermal treatment, plasma treatment and their combination resulted in low crosslinking extent
Electrospinning of gelatin fiber mats due to the crosslinking occurring only at the surface of the material. Combination

of dehydrothermal and chemical crosslinking using 1-ethyl-3-(3-dimethylamino propyl) carbodiimide
hydrochloride (EDC) or glutaraldehyde (GA) indicated higher crosslinking degree since both the surface
and the bulk of the material were crosslinked. Spraying/immersion in EDC solution, a modified technique,
resulted in swollen fibers while interconnected pores remained. Merged fibers were obtained from the
crosslinking by GA vapor. We concluded that crosslinking is one of the key methods to control structure
and degradation of the gelatin fiber mats. Various structures of gelatin fiber mats are expected to be
useful for numerous applications.

Physical crosslinking
Chemical crosslinking

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Electrospun fiber mat has emerged as a useful platform for
various advanced application developments in many fields espe-
cially in biomedical application, for example as a media for
drug delivery system, smart wound dressing material, and arti-
ficial scaffold for tissue engineering [1-4]. During the past few
years, numerous biopolymers, more specifically, synthetic poly-
mers such as poly(lactide), poly(glycolic acid), poly(caprolactone),
and poly(ethylene glycol), naturally derived biopolymers such
as collagen, silk fibroin, alginate, gelatin and chitin and a
blend of various biocompatible polymer pairs, have been under
extensive investigation for their processing characteristics and
the influence of the obtained fibrous media on cellular activ-

* Corresponding author. Tel.: +66 2 218 6862; fax: +66 2 218 6877.
** Corresponding author.
E-mail addresses: ratthapol.r@chula.ac.th (R. Rangkupan),
siriporn.d@chula.ac.th (S. Damrongsakkul).

0141-8130/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijbiomac.2010.06.008

ities of several cell linage [5-8]. Results indicated promising
use of electrospun fiber mat as an artificial scaffold for tissue
engineering and controlled release applications [9]. Despite its
advantages and potential, the electrospun fiber of some biopoly-
mers still is constrained by fast degradation, total dissolution,
or mediocre mechanical properties. Thus, further treatment to
improve these drawbacks such as crosslinking is required. The
treatment can improve not only the water-resistant ability but
also the thermo-mechanical performance of the treated nanofiber,
leading to an enhanced mechanical strength. Crosslinking can be
performed via several methods including physical crosslinking
such as dehydrothermal treatment (DHT), plasma treatment and
ultraviolet (UV) treatment, and chemical crosslinking by some
crosslinking agents such as glutaraldehyde (GA) and 1-ethyl-
3-(3-dimethylamino propyl) carbodiimide hydrochloride (EDC).
Generally, physical treatment results in a low crosslinking degree
because the reaction occurs only at the surface of the materi-
als. Chemical treatment provides a higher extent of crosslinking
but sometimes changes the material structure [10]. Selection
of suitable crosslinking technique for the electrospun nanofiber
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Table 1

Groups of gelatin fiber mats treated with various physical and chemical crosslinking techniques.
Group Crosslinking technique Name
1 Dehydrothermal DHT
2 Pulsed inductively coupled plasma (PICP) PLAS
3 Dehydrothermal followed by PICP technique DHT/PLAS
4 Dehydrothermal followed by immersion in EDC/NHS in water DHT/EDCw
5 Dehydrothermal followed by immersion in EDC/NHS in absolute ethanol DHT/EDCe
6 Dehydrothermal followed by spraying and immersion in EDC/NHS in water DHT/sEDCw
7 Dehydrothermal followed by spraying and immersion in EDC/NHS in absolute ethanol DHT/sEDCe
8 Dehydrothermal followed by incubation in vapor of glutaraldehyde (GA) DHT/vGA

mats is then necessary in order to reach the aim of a particular
application.

In this study, gelatin, a protein derived from partial hydroly-
sis of collagen, was chosen to prepare the electrospun fiber mat
because of its wealth of merits such as biological origin, biocom-
patibility, bioresorbability, non-immunogenicity, biodegradability
and commercial availability. Generally, gelatin is divided, based on
the production process, into 2 types: A and B. Type A gelatin is
produced from an acid process while type B gelatin is obtained
from an alkaline process. Different processes lead to differences
in the isoelectric point (pI) and the pH of gelatin. Because gelatin is
water soluble and mechanically weak, its electrospun mat must be
crosslinked, especially for use in biomedical implants. The tech-
niques widely used to crosslink gelatin are DHT, GA and EDC
[11-13]. Electrospun gelatin fiber mats were reported to be suc-
cessively crosslinked by GA vapor and could be used as carriers for
drug delivery [14,15].

This work aimed to study the influences of various crosslinking
techniques on the degradation rate of electrospun type A and type
B gelatin fiber mats. The crosslinking techniques included phys-
ical methods, i.e. DHT, plasma, and combined methods of DHT
and chemicals such as EDC and GA. The electrical potential and
the concentration of gelatin solution which are factors influencing
the structure of electrospun type A and B gelatin fibers were also
investigated.

2. Experimental procedures
2.1. Materials

Type A(pI9) and type B (pI 5) gelatin were purchased from Nitta
Gelatin Inc. (Osaka, Japan). Glutaraldehyde solution was procured
from Ajax Finechem (New Zealand). N-hydroxysuccinimide (NHS)
and 1-ethyl-3-(3-dimethylamino propyl) carbodiimide hydrochlo-
ride (EDC) were obtained from Nacalai tesque (Kyoto, Japan). All
reagents used were analytical grade.

2.2. Electrospinning

The gelatin solution was prepared by dissolving gelatin in formic
acid at various concentrations (2.5-60% w/v for type A gelatin
and 5-60% w/v for type B gelatin). For electrospinning, the gelatin
solution in a 10 ml-syringe was delivered into a blunted medical
needle spinneret (ID 0.6 mm). A polarity reversible high voltage
power supply was used to charge the spinning dope of gelatin
by directly clamping one electrode to the metal needle spinneret,
and another to an aluminum foil wrapped on a roller. The dis-
tance between the needle tip and the aluminum foil was set at
20 cm. An electric potential was controlled between 10 and 25 kV.
The gelatin fiber mats obtained after 24 h of electrospinning were
air-dried and then transferred to a desiccator prior to further
investigations.

2.3. Viscosity and conductivity of gelatin solutions

The viscosities and conductivities of the gelatin solutions in
formic acid at various concentrations were measured by a viscome-
ter (DV-II+, Brookfield, USA) and an electric conductivity meter
(LC116, Mettler, Toledo, USA), respectively.

2.4. Morphological observation

The shape and size of the electrospun gelatin fibers were
examined under a scanning electron microscope (SEM, Phillip
Model, Japan) with an accelerating voltage of 10-20kV. The aver-
age diameter (£SD) was randomly estimated from 100 fibers.
All of the samples were sputter-coated with gold prior to SEM
observation.

2.5. Crosslinking of gelatin fiber mats

Both type A and B gelatin fiber mats were cut into sizes of
5cm x 5cm and divided into 8 groups for various crosslinking
methods using the physical and chemical treatments summarized
in Table 1. In brief, the first three groups were crosslinked via
physical techniques while the combination of physical and chem-
ical treatments was applied to the other five groups. Group #1
was crosslinked by dehydrothermal treatment at 140°C for 48 h
(DHT). The gelatin fiber mats in group #2 were crosslinked by
pulsed inductively coupled plasma (PICP) treatment under argon
gas (Ar) at a pressure of 5Pa and for 1 pulse (PLAS). The details
of PICP treatment were reported elsewhere [16,17]. Group #3 was
the DHT treated gelatin fiber mats that were further crosslinked
via PICP technique at the same conditions described for group
#2 (DHT/PLAS). Groups #4 and #5 were the DHT treated gelatin
fiber mats (group #1) that were further crosslinked by immersion
into 14 mM EDC/5.5 mM NHS for 2 h in water (DHT/EDCw) and in
absolute ethanol (DHT/EDCe), respectively. Group #6 was treated
similar to group #4 except that the fiber mat was sprayed with
14mM EDC/5.5 mM NHS in water and left to dry for 5 cycles before
immersion in the same EDC solution for 2h (DHT/sEDCw) [10].
Group #7 was treated by the same method as for group #6 but
the EDC/NHS in absolute ethanol was used instead of DHT/SEDCw.
After EDC crosslinking, all gelatin fiber mats were washed in phos-
phate buffered saline (PBS) and deionized water to eliminate the
excess of carbodiimide groups. The last group (#8) was the DHT
treated gelatin fiber mat that was further incubated in the vapor of
GA (0.06% in 75/25 of Acetone/HCl) under dark vacuum at 4 °C for
48 h (DHT/vGA). The GA crosslinked fiber mats were washed with
0.1 M glycine for 1.5h, followed by deionized water to eliminate
the aldehyde residual.

2.6. Determination of crosslinking degree

The determination of crosslinking degree was carried out using
a modified TNBS (2,4,6-trinitrobenzene sulphonic acid) method
described by Nagai et al. [18]. The concept of this method was to
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Table 2

Summary of electrical conductivity and viscosity of type A and B gelatin solution at various concentrations; and morphological appearance and size of the obtained structure

electrospun from these solutions at 20 kV applied electrical potential.

Concentration (%w/v) Electrical conductivity (x10%S) Viscosity (cP) Morphology of obtained structure Size (nm)
Particle/Bead onfiber Fiber
Average SD Average SD

Type A gelatin

25 1.67 13 Particle 667 309 - -

5.0 2.05 23 Particle 435 243 - -

7.5 2.54 54 Bead on string 675 205 52 10
10.0 3.00 70 Bead on string 670 263 98 24
12.5 3.45 93 Bead on string 737 157 132 33
15.0 3.36 238 Bead on string 1370 773 75 24
20.0 4.10 384 Fiber - - 124 29
25.0 4.58 643 Fiber - - 143 49
30.0 4.67 1,338 Fiber - - 252 107
40.0 4.74 4,131 Fiber - - 593 109
50.0 5.25 10,303 Fiber (ribbon) - - 898 244
60.0 7.31 13,017 Fiber (ribbon) - - 1507 303
Type B gelatin

5.0 231 22 Particle 431 202 - -

7.5 291 40 Particle 2525 608 - -
10.0 3.41 68 Bead on string 561 292 73 24
12.5 3.85 118 Bead on string 1218 592 100 23
15.0 4.20 173 Bead on string 1180 754 117 27
20.0 4.74 329 Fiber - - 149 21
25.0 5.00 599 Fiber - - 128 24
30.0 5.14 913 Fiber - - 226 58
40.0 5.55 2,042 Fiber - - 616 134
50.0 6.15 8,908 Fiber (ribbon) - - 997 187
60.0 7.5 27,504 Fiber (ribbon) - - 4373 622

quantify the free amide ends of gelatin (which indicate uncrosslink-
ing groups) by their reactions with 2,4,6-trinitrobenzene sulphonic
acid (TNBS). Briefly, 5 mg of gelatin sample was weighed into a test
tube. 1ml of 0.5% w/v TNBS solution and 1 ml of 4% w/v sodium
hydrogen carbonate (NaHCOs3, pH 8.5) were added. It was then
heated at 40 °C for 2 h. The solution was further treated with 2 ml of
6N HCl at 60 °C for 1.5 h. The absorbance of the solutions was deter-
mined at 415nm after suitable dilution spectrophotometrically.
The degree of crosslinking was then calculated using the following
equation and the values were expressed as the mean =+ standard
deviation (n=3).

Crosslinking degree (%) = (1 - %) x 100

n
where A. and A, represent the absorbance of the crosslinked and
non-crosslinked gelatin solutions, respectively.

2.7. Degradation tests

The gelatin fiber mats were degraded in PBS containing
0.02 units/ml of Type I collagenase (1 mg=2.69 units, Sigma, St.
Louis, MO) at 37°C[19]. At 15, 30, 45, 60, 90, 120, 180 and 210 min
after degradation, the remaining gelatin fiber mats were collected
by centrifugation and dried in an oven at 60°C. The dried mats
were weighed and calculated for the weight loss using the following
equation:

Wi

Weight loss (%):L

W, x 100

where W; and W; represent the weight of the gelatin fiber mats
before and after crosslinking, respectively (n=4).

2.8. Statistical analysis

All statistical calculations were performed using MINITAB
(Statistical software, version 13.2, PA, USA). The differences of

the data analyzed using 2 sample t-test were considered at
p<0.05.

3. Results and discussion
3.1. Electrospinning of gelatin solution

3.1.1. Effect of electric field

Viscosities and conductivities of type A and B gelatin solutions at
various concentrations along with morphological appearance and
size of structures obtained from electrospinning these solutions at
20kV applied potential were examined and summarized in Table 2.
The viscosities of both gelatin solutions were gradually increased
(from around 10cP to about 600cP) at low to medium solution
concentrations (2.5-25%, w/v) before rising up rapidly at higher
concentrations (around 27,000 cP at 60% w/v solution concentra-
tion). The conductivities of both gelatin solutions, on the other
hand, rose up gradually from around 1.6 mS to around 7.5mS as
the solution concentration increased. Fig. 1 shows the structure of
the electrospun type A and B gelatin fibers prepared from 25% w/v
solution at various electrical potentials from 10 to 25kV. Spinning
of both types of gelatin solutions at all voltage resulted in smooth
fibers without any beads. The diameter of type A gelatin fibers was
approximately 190-300 nm while that of type B gelatin fibers was
127-187 nm. However, the electrical potential seemed not to affect
the smoothness of gelatin fibers. This observation agrees with the
work of Ki et al. in which it was reported that the gelatin nanofibers
in the mean size of 76-95 nm prepared by controlling the electric
field between 0.75 and 2.5 kV/cm [7].

3.1.2. Effect of solution concentration

Viscoelastic property of polymeric fluid is arguably the most
important material parameter needed to be considered in the elec-
trospinning process operation. The viscoelastic force within the
polymer charged jet is the key force acting against the Coulombic
repulsion which is the main force causing elongation of the jet after
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Fig. 1. SEM photographs of electrospun type A and B gelatin fibers prepared from 25% w/v solution at various electrical potentials from 10 to 25kV (a) type A gelatin at 10kV,
(b) type B gelatin at 10kV, (c) type A gelatin at 15kV, (d) type B gelatin at 15kV, (e) type A gelatin at 20 kV, (f) type B gelatin at 20kV, (g) type A gelatin at 25kV and (h) type

B gelatin at 25 kV (scale bar=10 pm).

emission from the Taylor cone apex. While it is impractical to mea-
sure the necessary viscoelastic property of the polymer solution
during the operation as it continually changes due to the solvent
evaporation, a simple measurement of solution viscosity could pro-
vide a good indication of spinnability, size and morphology of the
structure obtained being fiber or particle. Numerous studies have
shown the effect of the solution viscosity on the size of the fiber
obtained. In general, the greater the viscosity is, the larger the fiber
size will be.

In this study, the effect of gelatin concentration on size and mor-
phology of fiber electrospun at 20 kV applied potential was investi-
gated. The results were summarized in Table 2 and Fig. 2 elucidates
the relationship between solution viscosity and size of the struc-
tures produced. Based on the morphology of the structure obtained,
the process is classified into 4 regimes, i.e. (I) microparticles, (II)
particle/bead on fiber, (III) fiber, and (IV) ribbon fiber formation.

Inregime I, where the solution concentration was 5% w/v or less,
only microparticles and sub-microparticles were found for both
types of gelatin solution, as shown in Fig. 2(a). The solution vis-
cosities were also very low which suggested that an entanglement
between gelatin molecules at these concentrations was not suffi-

cient to prevent a break up of the charged jet into small droplets
via Rayleigh’s instability [20].

In regime II, when the range of concentration was approxi-
mately 7.5-15% w/v, the combination of beads and fibers was
noticed as seen in Fig. 2(b) and (c). As the viscosity of the solu-
tion rose, the molecular entanglement of the gelatin chains was
also increased to a high enough level to prevent a complete break
up of the charged jet, but not high enough to suppress capillary
instability to occur, resulting in the formation of bead on the string
morphology.

In regime III, where the concentration of both type A and type B
gelatin solution was increased to 20-40% w/v, long smooth fibers
without beads were obtained as shown in Fig. 2(d) and (e). The
viscoelastic force from the entanglement became dominant, and
suppressed the capillary instability occurrence resulting in a for-
mation of smooth fiber. The size of the fibers also depended on the
concentration, the higher solution concentration produced fibers
with larger diameters. The solution concentration in this range
should be the most appropriate concentration of gelatin solution for
the production of electrospun gelatin fiber at the electrical potential
of 20kV.
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Fig. 2. SEM photographs of electrospun type A and B gelatin fibers prepared from various solution concentrations (a) 5%, (b) 10%, (c) 15%, (d) 20%, (e) 40% and (f) 60% w/v at
electrical potential of 20kV (scale bar=10 wm).

In regime IV, with the polymer concentration above 40% w/v, before reaching the counter electrode. The surface of those fibers
ribbon-like fibers of both type A and type B gelatin were generated. was then solidified and the hollow fibers were obtained instead. The
As described by Koombhongse et al. [21], this observation might be resulting hollow fibers were collapsed, resulting in the ribbon-like
the result of the rapid evaporation of formic acid from the fibers fibers.

Fig. 3. Crosslinking degrees of electrospun type A and B gelatin fiber mats after crosslinking with different techniques: DHT, PLAS, DHT/PLAS, DHT/EDCw, DHT/EDCe,
DHT/sEDCw, DHT/sEDCe and DHT/vGA (*presented significant difference relative to DHT #1 within same gelatin type at p <0.05).
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Fig. 4. SEM photographs of electrospun type A gelatin fiber mats before and after crosslinking with different techniques (a) non-crosslinked, (b) DHT, (c) PLAS, (d) DHT/PLAS,
(e) DHT/EDCw, (f) DHT/EDCe, (g) DHT/sEDCw, (h) DHT/sEDCe and (i) DHT/vGA (scale bar=10 wm).

From the study above on electrical potential and gelatin con-
centration, the electrospun gelatin fibers from 40% w/v at 20kV
were selected for further investigation on the effects of crosslink-
ing methods. As-spun gelatin fibers dissolved quickly in aqueous
media, which limited its potential utilization in biomedical appli-
cations. Further investigation on the effect of crosslinking methods
on degradation time of gelatin electrospun fiber mat were stud-
ied using the mat electrospun from 40% w/v gelatin solution at
20kV.

3.2. Crosslinking of electrospun fiber

3.2.1. Effect of crosslinking methods on degree of crosslinking

In this study, physical treatments (DHT and plasma) and chemi-
cal treatments (EDC and GA) were combined to crosslink the gelatin
fiber mats. Fig. 3 demonstrates crosslinking degrees of electrospun
type A and B gelatin fiber mats after crosslinking with 8 different
techniques. For type A gelatin fiber mats, DHT and PLAS treat-
ments yielded a crosslinking degree of 55 and 45%, respectively.

Fig. 5. SEM photographs of electrospun type B gelatin fiber mats before and after crosslinking with different techniques (a) non-crosslinked, (b) DHT, (c) PLAS, (d) DHT/PLAS,
(e) DHT/EDCw, (f) DHT/EDCe, (g) DHT/sEDCw, (h) DHT/sEDCe and (i) DHT/vGA (scale bar=10 pm).
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Fig. 6. Percentage of weight loss of electrospun (a) type A and (b) type B gelatin fiber mats crosslinked with different techniques after degradation in collagenase solution at

37°C for various time periods.

DHT treatment generates chemical bonding between the amino and
carboxyl groups of collagen molecules due to thermal dehydration.
Crosslinking by DHT can occur only when the amino and carboxyl
groups are close to each other [11]. Plasma treatment was reported
to be able to crosslink the surface of the materials since it pro-
duces activated species having sufficient energy to create radicals
to interact within polymeric chain [22]. In this work, plasma treat-
ment generated radicals at the aromatic residuals of gelatin amino
acids such as tyrosine and phenylalanine, resulted in crosslink-
ing formation. When the combined technique of DHT/PLAS was
employed, a slightly higher crosslinking degree of type A gelatin
and an unchanged crosslinking degree of type B gelatin, compared
to DHT alone were observed. This implied that PLAS treatment
could not further crosslinked fiber mats, due to the limitation of
this physical method.

The crosslinking degrees of type A gelatin fiber mats, which were
treated by the combination of DHT and chemical crosslinkings with
different techniques, increased up to 60-70%. For type B gelatin
fiber mats, DHT treatment yielded a crosslinking degree of approx-
imately 78%. The combination of DHT and chemical crosslinkings
resulted in higher crosslinking degrees of type B gelatin fiber mats

(80-90%) than those treated by DHT alone. The combination of
physical and chemical treatments allowed the crosslinking to occur
both at the surface and in the bulk of the gelatin fiber mats, resulting
in improved crosslinking compared to the physical treatment alone
[10]. EDC/NHS is known to crosslink between amino and carboxyl
groups while GA is widely used to crosslink between amino groups
[11,23]. However, the significant difference in crosslinking degree
obtained from different combinations of physical and chemical
crosslinking techniques was not noticed. Considering the gelatin
type crosslinked using each treatment, the crosslinking degrees of
type B gelatin fiber mats were higher than those of type A gelatin
fiber mats, except for the case of the PLAS treatment. This might be
due to the fact that type B gelatin was produced from the alkaline
hydrolysis of collagen, resulting in more carboxyl groups than type
A gelatin obtained from acid hydrolysis [24,25]. Then, the higher in
the carboxyl groups led to the higher crosslinking degree, especially
for the crosslinking with EDC/NHS. On the contrary, crosslinking
degree obtained from the PLAS treatment did not depend on the
amount of carboxyl groups because its crosslinking mechanism
was explained by the free radical generation, as discussed previ-
ously. Furthermore, we noticed that EDC/NHS in water tended to
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be slightly more active than EDC/NHS in ethanol, leading to the
better crosslinking extent in both gelatin types.

Structures of electrospun gelatin fiber mats before and after
crosslinking with different techniques are shown in Figs. 4 and 5.
Figs. 4(a) and 5(a) present the as-spun type A and B gelatin
fiber mats, respectively. It was found that crosslinking by DHT
did not affect the morphology of the fiber mats, as shown in
Figs. 4(b) and 5(b). The structures of the fiber mats after PLAS
and DHT/PLAS treatments were similar. The fibers at the surface
melted while the fibers inside remained the same, as seen in
Figs. 4(c,d) and 5(c, d). This could be the result of surface effect from
high temperature plasma [16]. Chemical crosslinking by immersion
in EDC/NHS after DHT treatment caused fibers to become swollen
as shown in Figs. 4(e, f) and 5(e, f). However, some small inter-
connected pores among the swollen fibers remained. The spraying
technique could be used to induce the gelatin fiber mats with a
basket-weave structure as presented in Figs. 4(g, h) and 5(g, h). The
structures of the gelatin fiber mats obtained from the crosslinking
using the vapor of GA after DHT treatment were different from the
others. The fibers fused and merged. In this case, the interconnected
pores could not be observed, as demonstrated in Figs. 4(i) and 5(i).

From the results of both gelatin types, it could be concluded that
the crosslinking using DHT and plasma treatments occurred only
on the surface of the fiber mats resulting in a limited crosslink-
ing degree, while chemical crosslinking by direct immersion in
EDC/NHS allowed for more crosslinking between free amino and
carboxyl groups within the whole fiber mat [10]. Spray crosslink-
ing was introduced in this study in order to improve swelling and
reduce solubility of the fiber mats during the chemical crosslink-
ing. Crosslinking with the vapor of GA was occurred in a closed
system under vacuum in which the vapor of GA could permeate to
crosslink the whole fiber mat, not only at the surface. The crosslink-
ing degree from this technique was then as high as that from other
EDC spray/immersion techniques but a deformed structure of the
fiber mats was observed.

3.2.2. Degradation time

The percentages of weight loss of electrospun type A and
B gelatin fiber mats crosslinked with different techniques after
biodegradation in collagenase at 37°C for various time periods
are shown in Fig. 6. It was noted that only the dehydrother-
mal crosslinked gelatin fiber mats were selected as the physical
crosslinking model for this test. For both type A and B gelatin, the
fiber mats crosslinked by DHT exhibited the fastest degradation.
Other combinations of DHT and chemical crosslinking techniques
reduced the degradation of gelatin fiber mats. Also, type B gelatin
fiber mats showed a slightly slower degradation rate than type
A gelatin, i.e. after 210min, % weight loss of type A and type
B gelatin fiber mats were 80-90 and 70-80%, respectively. This
result agrees well with the results of crosslinking degree of these
samples.

4. Conclusions

This work has shown that the concentration of gelatin solution
had a strong influence on the production of electrospun gelatin

fibers by electrospinning technique while the electrical potential
did not induce a significant effect. Concentration range of gelatin
solution at 20-40% w/v was the optimized concentration to pro-
duce the electrospun gelatin fibers with smooth surface throughout
the fiber length. Crosslinking of the electrospun gelatin fiber mats
by different techniques resulted in different crosslinking degrees
and structures. Gelatin fiber mats crosslinked by DHT or plasma
treatments showed a low crosslinking degree but kept to the orig-
inal structure of fiber mats. High crosslinking degrees of swollen
fiber mats with interconnected pores were obtained from the
crosslinking by DHT followed with spaying/immersion in EDC/NHS
in water or ethanol. DHT followed by GA vapor resulted in merged
fibers without interconnected pores. This result emphasizes the
important role that crosslinking plays in controlling the structure
and degradation of the electrospun gelatin fiber mats.
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ABSTRACT: The adhesion of L929 cells to poly(e-capro-
lactone) (PCL) nanofibers was successfully improved via
coating with polyelectrolyte multilayer thin films (PEMs),
which enhanced the potential of this material as a scaffold in
tissue engineering applications. With the electrostatic self-as-
sembly technique, poly(diallyldimethylammonium chloride)
(PDADMAC) and poly(sodium 4-styrene sulfonate) (PSS)
were formed as four-bilayer PEMs on electrospun PCL nano-
fiber mats. Because PDADMAC and PSS are strong polyelec-
trolytes, they provided stable films with good adhesion on
the fibers within a wide pH range suitable for the subse-
quent processes and conditions. PDADMAC and gelatin
were also constructed as four-bilayer PEMs on top of the
PDADMAC- and PSS-coated nanofibers with the expectation
that the gelatin would improve the cell adhesion. L929 cells
from mouse fibroblasts were then seeded on both uncoated
and coated scaffolds to study the cytocompatibility and in

vitro cell behavior. It was revealed by the 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
that both the uncoated and coated nanofiber mats were non-
toxic as the cell viability was comparable to that of those cul-
tured in the serum-free medium that was used as a control.
The MTT assay also demonstrated that cells proliferated
more efficiently on the coated nanofibers than those on the
uncoated ones during the 48-h culture period. As observed
by scanning electron microscopy, the cells spread well on
the coated nanofibers, especially when gelatin was incorpo-
rated. The surface modification of PCL nanofiber mats
described in this research is therefore an effective technique
for improving cell adhesion. © 2009 Wiley Periodicals, Inc. J
Appl Polym Sci 114: 15741579, 2009

Key words: biocompatibility; fibers; polyelectrolytes; self-
assembly; thin films

INTRODUCTION

Tissue engineering, an emerging field in the area of
human heath care, has attracted growing interest in
the last few decades. One of the challenges in the
development of tissue engineering applications is
the need to preserve a cell’s ability to grow on syn-
thetic scaffolds and maintain tissue-specific function;
both depend critically on factors such as cell/scaf-
fold and cell/cell interactions." The key factors
involved during the in vivo growth of tissue forma-
tion and maturation are the viability, proliferation,
and spreading of cells. To improve each of these pa-
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rameters, increasing efforts have been made to de-
velop new coatings to improve the biocompatibility
of a given surface.” Surface modification using poly-
electrolyte multilayer thin films (PEMs) to develop
biocompatible materials has attracted attention lately
because of several advantages.” This technique is
very simple because it relies only on a dipping pro-
cess, and it can be applied to surfaces with a very
complex morphology and variable chemistry. The
assembly occurs most of the time in aqueous media
and does not require the use of organic solvents,
which can be a problem in further cytocompatibility
studies. Finally, biopolymers, oligomers, and other
proteins, which are key components of biocompati-
ble surfaces, can be readily used because of their
electrostatic nature. The stability of the coating is im-
portant especially when one tries to achieve surface
modification before cell adhesion. A loss of electro-
static interaction due to the neutralization of polye-
lectrolytes in PEMs can lead to decomposition or
excessive swelling of the coating, as previously
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reported.* In this article, we suggest that PEMs
assembled from a less pH-sensitive polyelectrolyte
such as poly(diallyldimethylammonium chloride)
(PDADMAC) could lead to more stable films. The
non-pH dependence of PDADMAC provides fully
charged polyelectrolytes in a pH range of 1-14.°
Although enhanced stability is of interest, the overall
cell interaction with the film should be as good in
the case of PDADMAC and gelatin.®”

Meanwhile, several researches have indicated that
electrospun nanofibers are very promising as cell
scaffolding materials because nanofibrous scaffolds
provide a high level of surface area to which cells
can attach on account of their three-dimensional fea-
ture and high surface area to volume ratio.” Among
the various types of nanofibrous scaffolds, poly(e-
caprolactone) (PCL) is one of the most interesting
materials because of its biocompatibility, low cost,
easy processability, and slow hydrolytic degradation
rate. It has been reported that PCL is a good sub-
strate for promoting cell attachment and prolifera-
tion.”'° Its application as a scaffold in cell
transplantation is of great interest.

To explore the possibility of using PCL nanofibers
as nanofibrous scaffolds for tissue engineering, this
work was aimed at improving cell adhesion on PCL
nanofibers by coating them with PEMs from PDAD-
MAC, poly(sodium 4-styrene sulfonate) (PSS), and
gelatin. 1929 cells were used to study the cytocom-
patibility of the nanofibers and the PEMs. The effects
of PEMs on L1929 cell behavior in terms of cell
attachment and proliferation were also investigated.

EXPERIMENTAL
Electrospinning of PCL nanofibers

It is commonly known that the concentration of a
polymer solution or the corresponding viscosity is
one of the most important variables in controlling
fiber morphology'' as well as other electrospinning
parameters, including the applied voltage, the dis-
tance between the needle tip and collector, the solu-
tion flow rate, the syringe and needle configuration,
and the rotational speed. In this study, the process
parameters were selected from preliminary work
done in the laboratory and in a previous study'
that identified a 10.5% (w/v) PCL solution (Sigma,
St. Louis, MO) in 1 : 3 (v/v) methanol/chloroform
(Labscan, Bangkok, Thailand), a distance of 20 cm
from the needle tip, and an applied voltage of 13 kV
as the acceptable spinning parameters to obtain con-
tinuous and bead-free PCL fibers. The morphology
of the obtained nanofiber mats was observed with a
Phillips (Eindhoven, The Netherlands) XL-30CP
scanning electron microscope.
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PEM formation by the electrostatic self-assembly
technique

PDADMAC, PSS, and gelatin (type B from bovine
skin) were purchased from Sigma-Aldrich (St. Louis,
MO). The uncoated and coated nanofiber mats were
manually immersed alternately at pH 7 in a 10 mM
PDADMAC solution as a positively charged polye-
lectrolyte for 2 min and in a 10 mM PSS solution as
a negatively charged polyelectrolyte for 2 min. After
each was dipped in the polyelectrolyte, the nanofiber
mats were rinsed for 20 s three times in deionized
water to remove excess polyelectrolyte. The dipping
was repeated until four bilayers of PEMs (a total of
eight layers of polyelectrolytes) had been obtained,
and these were labeled PDADMAC/PSS. Our pre-
liminary study indicated that PDADMAC/PSS was
stable within a wide range of pHs because both are
strong polyelectrolytes. With the same procedure,
four-bilayer PEMs were constructed from 10 mM
PDADMAC and gelatin at pH 9 on top of the previ-
ously coated nanofibers, and these were labeled
PDADMAC/PSS+PDADMAC /gelatin. It was exp-
ected that when gelatin was incorporated, the cell
adhesion would be enhanced. Our preliminary study
also pointed out that, although PDADMAC/gelatin
was not as stable as PDADMAC/PSS because gela-
tin is a weaker electrolyte, the primer coating with
PDADMAC/PSS provided film stability suitable for
subsequent processes and conditions.

Cell culture

L929 mouse fibroblasts were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Hyclone, Logan,
UT) supplemented by 10% fetal bovine serum (FBS;
Gibco, Invitrogen, Grand Island, NY), 1% r-gluta-
mine (Invitrogen), and a 1% antibiotic and antimy-
cotic formulation containing penicillin G sodium,
streptomycin sulfate, and amphotericin B (Invitro-
gen), and they were incubated at 37°C in a humidi-
fied atmosphere containing 5% CO, until the cells
reached 80% confluence.

Cytocompatibility test

Extraction media were prepared by the immersion
of samples cut from the uncoated and coated fiber
mats into a serum-free medium (SFM) containing
the same composition as DMEM but without FBS for
24 h. 1929 cells were cultured in DMEM for 16 h
and then in SEM for 24 h. The cells were then rein-
cubated for 24 h in the extraction media. The viabil-
ity of the cells cultured with fresh SFM (as a control)
and with extraction media was determined with a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

Journal of Applied Polymer Science DOI 10.1002/app



1576
bromide (MTT) assay to evaluate the cyto-
compatibility.

Cell viability by the MTT assay

For the MTT assay, the culture medium was aspi-
rated and replaced with 0.5 mg/mL 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl-tetrazolium  bromide
obtained from Sigma-Aldrich. After that, the plate
was incubated for 30 h at 37°C. The yellow tetrazo-
lium salt was reduced to purple formazan crystals
by the dehydrogenase enzymes secreted from the
mitochondria of metabolically active cells. The solu-
tion was then aspirated, and dimethyl sulfoxide
(DMSO; 900 pL/well) containing a glycine buffer
(125 pL/well) was added to dissolve the formazan
crystals. After 10 min of rotary agitation, the absorb-
ance of the DMSO solution at 540 nm was measured
with a Thermospectronic (Rochester, NY) Genesis 10
ultraviolet-visible spectrophotometer to determine
the amount of purple formazan crystals formed,
which was proportional to the number of viable
cells.

Cell adhesion and proliferation assessments

The uncoated and coated nanofiber mats were cut
into circular specimens 15 mm in diameter. The
specimens were placed in wells of a 24-well tissue-
culture polystyrene plate (TCPS; Nunc, Rockford,
IL), which were later sterilized in 70% ethanol for 10
min. The specimens were then rinsed with auto-
claved deionized water and subsequently air-dried.
L929 cells were seeded in the wells containing the
uncoated and coated nanofiber specimens as well as
the empty wells of TCPS, which were used as con-
trols, at an initial density of 5 x 10* cells per well.
After seeding for 4, 8, 24, and 48 h, each specimen
was rinsed with phosphate-buffered saline (PBS;
Sigma-Aldrich) to remove unattached cells before
the MTT assay. Cell attachment was evaluated at
4-8 h, whereas cell proliferation was evaluated at 24
and 48 h.

Morphological analysis by scanning electron
microscopy (SEM)

The morphological appearance of the cells during
the attachment and proliferation periods was
observed with a JEOL (Tokyo, Japan) JSM-6400 scan-
ning electron microscope. The cell-seeded scaffolds
were rinsed twice with PBS and fixed with 3% glu-
taraldehyde in 1% calcium chloride for 30 min at
5°C. After being washed in PBS, the scaffolds were
dehydrated consecutively in 30, 50, 70, 90, and 100%
ethanol for 2 min for each concentration. Further-
more, substitution with hexamethyl disiloxane
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(Sigma—Aldrich) was done. Samples were then crit-
ically point-dried and covered with a thin layer of
gold—palladium through sputtering under an argon
atmosphere before SEM observation.

RESULTS AND DISCUSSION

SEM micrographs of bead-free PCL nanofibers are
shown in Figure 1. The three-dimensional fibrous
mesh consisted of fibers with diameters ranging
from 400 nm to 2 pm. Most of the fiber diameters
were less than 1 um, and the average diameter was
507 + 251 nm. In addition to the broad fiber diame-
ter distribution, the fibers often had a nonuniform

Figure 1 SEM micrographs of PCL nanofibrous scaffolds:
(a) 5000x (scale bar = 5 um) and (b) 400x (scale bar = 50

pm).



POLYELECTROLYTE MULTILAYER THIN FILMS

Figure 2 Viability of the L.929 cell culture on fibrous scaf-
folds at 4, 8, 24, and 48 h as indirectly quantified by rela-
tive absorbance.

diameter; that is, the diameter varied along an indi-
vidual fiber. The fibers were randomly oriented, and
interconnected voids were presented.

The cytocompatibility evaluation, based on the vi-
ability of L929 cells as determined indirectly by the
MTT assay, indicated that, when the relative absorb-
ance in the case of 1929 cells cultured with fresh
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SFM for 24 h was normalized at 100%, the relative
absorbance in the case of L929 cells cultured for the
same period of time in the extraction media from
the uncoated nanofibers, the nanofibers coated with
PDADMAC/PSS, and the nanofibers coated with
PDADMAC/PSS+PDADMAC/gelatin was compara-
ble at 103.5, 110.2, and 108.8%, respectively. The ab-
sorbance values implied the cytocompatibility of the
uncoated and coated nanofiber mats with L929 cells.

The attachment and proliferation of L929 cells on
the uncoated and coated nanofiber mats were signi-
fied by the viability of the attached 1.929 cells at 4, §,
24, and 48 h after seeding on the uncoated and
coated scaffolds and on TCPS as the control. The
number of viable cells for each sample was quanti-
fied by its relative absorbance, as shown in Figure 2.
During the first 24 h, the attachment of L929 cells on
nanofiber mats was comparable to that on TCPS.
The proliferation of 1929 cells could be assessed
from the absorbance values after the cells were cul-
tured for 24 and 48 h. At 24 h after seeding, the via-
bility of attached L929 cells on the nanofiber mats

Figure 3 SEM micrographs of the 1929 cells on nanofibrous scaffolds after culture periods of 4, 8, 24, and 48 h at 500x

(scale bar = 50 pm).
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Figure 4 SEM micrographs of the L929 cells on nanofibrous scaffolds after culture periods of 4, 8, 24, and 48 h at 2000x

(scale bar = 10 pm).

was comparable to that on TCPS. At 48 h, the num-
ber of viable attached cells on TCPS and all the
nanofiber mats increased significantly. It was
obvious that the viability of the attached cells on the
coated nanofiber mats was greater than that on
TCPS and the uncoated one, especially for the nano-
fibers coated with PDADMAC/PSS+PDADMAC/
gelatin. This noticeable increase in cell proliferation
when gelatin was incorporated into the PEMs may
be explained by the presence of basic, negatively
charged lysine and arginine residues in the dena-
tured collagen molecule, which promoted electro-
static interactions with the cell surface, and the
presence of specific cell adhesion sites such as RGD
sequences. Moreover, fibroblast binding to gelatin-
modified PCL fibers was anticipated directly via the
prominent o4 and oyf; integrin recep’cors.12

It can be observed from the SEM micrographs
shown in Figures 3 that the area on the nanofiber
mats that the cells occupied increased with increas-
ing culture time. In Figure 3, the SEM micrographs
at a low magnification of 500x show the morpholo-
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gies of cells that were cultured on the uncoated
nanofibers, the nanofibers coated with PDADMAC/
PSS, and the nanofibers coated with PDADMAC/
PSS+PDADMAC /gelatin for different culture peri-
ods. After the first 8 h, some of the cells were spread
and flattened, but many were still round, and this
indicated an absence of strong cell-fiber interaction
at this time point. After 48 h, the adherence of cells
to the nanofibers coated with PDADMAC/
PSS4+PDADMAC/gelatin was densely distributed in
comparison with that of the uncoated nanofibers.

SEM micrographs at a higher magnification of
2000x are shown in Figure 4. Clearly, during the
first 4 h of cell culture, the morphology of the cells
was mostly round with a slight trace of filopodia. At
a longer time, the cells on coated nanofiber mats,
especially  those coated with PDADMAC/
PSS+PDADMAC/gelatin, expanded more, with evi-
dence of the anchoring ligands reaching out to help
support them on the fiber surface.

The high porosity of nanofibrous scaffolds pro-
vides more structural space for cell accommodation
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and makes the exchange of nutrient and metabolic
waste between the scaffold and environment more
efficient. The reason that cells enter the matrix
through small pores may be that the pores in an
electrospun structure are formed by differently ori-
ented fibers lying loosely on one another.'’ When
cells perform an amoeboid movement to migrate
through the pores, they can push the surrounding
fibers aside to expand the holes as the small fibers
offer little resistance to cell movement. These charac-
teristics are fundamental criteria for successful tissue
engineering scaffolds. According to the results, cells
seeded on the nanofibrous scaffolds had an appro-
priate interaction with their environment on the
basis of the following observations. First, the cells
maintained a normal phenotypic shape, and this
suggested that the cells functioned biologically
within this structure. Second, the cells favored this
structure, so they attached to the fibers and prolifer-
ated in the nanofibrous network. Third, these cells
crosslinked the nanofibers and integrated with the
surrounding fibers to form a three-dimensional
cellular network.

From this evidence, it can be concluded that cell
adhesion on PCL nanofibrous scaffolds can be
improved via coating with PDADMAC/PSS as the
primer to provide film stability and via further coat-
ing with PDADMAC/gelatin as a top coating to pro-
mote cell attachment, cell proliferation, and proper
cell spreading.

CONCLUSIONS

Bead-free PCL nanofibers were successfully pre-
pared by electrospinning. With the electrostatic self-
assembly technique, the as-spun nanofiber mats
were coated with four bilayers of PEMs constructed
from PDADMAC and PSS (denoted PDADMAC/
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PSS) and with four bilayers of PEMs constructed
from PDADMAC/gelatin on top of four bilayers of
PEMs constructed from PDADMAC and PSS
(denoted PDADMAC/PSS+PDADMAC/ gelatin).
These uncoated and coated nanofiber mats exhibited
cytocompatibility with L1929 cells. Various cell
behaviors revealed by the MTT assay and SEM—cell
attachment, proliferation, spreading, and morphol-
ogy—demonstrated an outstanding improvement of
cell adhesion on the coated nanofiber mats over the
uncoated ones, especially when the nanofibers were
coated with PDADMAC/PSS+PDADMAC/gelatin.
These results suggest that surface modification with
PEMs is an effective technique for increasing the
potential for using electrospun fiber mats as nanofi-
brous scaffolds for tissue engineering.
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