
CHAPTER V
HYBRID BIOM IM ETIC ELECTROSPUN FIBROUS MATS DERIVED 

FROM POLY (s-CAPROLACTONE) AND SILK FIBROIN PROTEIN FOR 
WOUND DRESSING APPLICATION

5.1 ABSTRACT

As the functionality of Bombyx mori silk fibroin (SF) on tissue scaffolding, in 
this study, we combined the unique properties of SF with poly (s-caprolactone) 
(PCL) electrospun fibers, which demonstrate excellent biocompatibility and desirable 
physical properties, to develop biomimetic fibrous substrates for tissue engineering 
applications. The biomimetic fibrous structure was fabricated by conventional 
electrospinning of PCL. To achieve hybrid function of each individual electrospun 
fiber, the surfaces of PCL electrospun fibers were coated with silk fibroin protein 
using a lyophilization technique. The smooth surfaces of fibers were obtained with 
average fiber size increased from 508±155 nm to 514±132 nm after coating. The 
durability of SF coating films was investigated by further modification with 
fibronectin protein which can improve their biological-function. The rough surface of 
hybrid electrospun fibers was observed with an increasing of fiber diameters to 
557±129 nm after surface-modification. The hybrid electrospun fibers show 
improved support for normal human dermal fibroblast (NHDF) cells adhesion and 
proliferation than neat PCL, with the surface-modified hybrid electrospun fibers 
showing significantly enhanced proliferation of NHDF cells on their surface. This 
studied indicate the opportunity of using synthetic polymer as a platform for SF to 
construct a biomimetic fibrous structure which has the originality function as 
biomaterial.

Keywords: Electrospinning; electrospun fiber; poly (£-caprolactone); silk fibroin; 
biomimetic; hybrid material; wound healing
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5.2 Introduction

Recently, much attention has focused on the fabrication of scaffolds for 
biomedical applications such as tissue engineering and repair, with emphasis on the 
derivation of new biomaterial-based scaffolds. Silk fibroin (SF), naturally derived 
from Bombyx mori silkworms, is one of many candidate natural polymers for 
scaffold derivation due to its favorable biocompatibility, good oxygen and water 
vapor permeability and minimal inflammatory reaction in human tissue [1, 2]. Many 
researchers have explored ways to fabricate SF into scaffolds of various types which 
have been used in tissue engineering [1-5]. The major challenge in tailoring scaffolds 
for tissue engineering is in the fabrication process. One of the most effective methods 
for this is electrospinning, a proven technique that precisely creates the fibrous 
structure that can mimic nanofibrillar structure and the biological functions of the 
natural extracellular matrix. Electrospun fibrous mats also combine extremely large 
surface area to volume ratios with high porosity, features that are needed for the 
application of these materials in wound healing [6-10],

In selecting a biomaterial as a scaffold precursor for tissue engineering 
applications, excellent biocompatibility and cellular response are key prerequisite 
features [10, 11], However, the biomaterial must be-widely available, and also be 
able to be incorporated into the scaffold matrix. Biomaterials having a low yield of 
extraction are problematic, as this low availability- complicates industrial scale 
production of the scaffold materials [12]. For example, using electrospinning, 
electrospun fibers of SF have to be fabricated with veiy high concentrations of SF 
(i.e. 20-40%) to obtain the properties desirable for tissue engineering [1, 3, 4], 
Moreover, it was found that the mechanical properties of neat SF electrospun fibers 
were not ideal due to the highly crystalline [3-sheet secondary structure in this 
material [13]. Recently, many methods have been developed to increase the 
viscoelasticity of the SF system by blending it with other polymers [14-16], which 
allows for the attainment of more desirable mechanical properties while retaining the 
biocompatibility derived from SF.

Currently, there are several wound dressings commercially available, made 
from blends of natural and synthetic polymers [11], The most commonly used
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synthetic polymer, which is biodegradable and biocompatible is poly (e- 
caprolactone) (PCL). Due to its biocompatibility and outstanding mechanical 
properties, PCL is a good candidate for further fabrication into 3D fibrous scaffolds, 
with the fibrous structure being crucial for promoting cellular activity [9, 17, 18]. 
During the last few years, electrospinning of PCL has been successfully 
accomplished in various solvents, with the biocompatibility of the fibers having also 
been reported. However, PCL does not support cell growth due to its hydrophilicity 
and a lack of bioactive functionality. To address this issue, PCL has been chemically 
or physically immobilized by attaching natural proteins such as collagen onto the 
polymeric surface, which can then promote cell interactions and subsequently cell 
adhesion [19-23], While these modifications stimulate cell attachment and 
proliferation, the materials developed still do not accurately mimic the 
biocompatibility of the natural polymer. Thus, the major challenge here is to 
replicate the natural functions on the surface of PCL, which is in direct contact with 
the cells or tissue.

Herein we present a new hybridization process to generate hybrid 
electrospun fibers from modified PCL and regenerated SF solution via lyophilization 
or freeze-drying. To combine the advantages of both components, PCL was used to 
fabricate the fibrous structure substrate, which was simple with excellent mechanical 
properties, while SF was employed as the outer layer to provide excellent 
biocompatibility and promote cellular responses [13, 24], The effect of SF solution 
concentration on the morphology of the individual fibers, as well as the' morphology, 
water retention and SF co-agglutination in the obtained fibrous matrices were 
examined in comparison to those of neat PCL. To further assess the durability and 
development of this hybrid electrospun fiber, fibronectin protein, which has been 
previously utilized as cellular binding sites for integrin receptors, was immobilized 
on the surface to improve cellular adhesion and proliferation [5, 14, 15, 25]. Then, 
the potential of the hybrid fiber to act as a wound healing material was evaluated in 
vitro through evaluating its cytotoxicity and the attachment and proliferation of 
normal human dermal fibroblast cells (NHDF), which are one of the most abundant 
cell types in connective tissue that can function to maintain tissue homeostasis when 
tissues are damaged [26]
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5.3 Experimental

5.3.1 Materials
Poly (s-caprolactone) was purchased from Acros Organics (Belgium). 

Fresh Bombyx mori silk cocoons (Chul 1/1) were kindly provided by Chul Thai Silk 
(Thailand). l-Ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (EDC), N- 
hydroxysuccinimide (NHS) and fibronectin were purchased from Sigma (Sigma, 
USA). The chemicals used for the preparation of SF and its spinning solutions, 
sodium carbonate (Na2CC>3) and lithium bromide (LiBr), were purchased from 
Riedel-de Haën (Germany). Others chemicals used in the in vitro cell studies were 
purchased from Invitrogen Corp., (USA). All chemicals were of analytical grade and 
used without further purification.

5.3.2 Preparation of Stock Silk Fibroin Sponge
In brief, the silk cocoons were boiled for 30 min in an aqueous 

solution of 0.02 M Na2CC>3 , and then rinsed with warm distilled water followed by 
drying at 40 ๐c  overnight. The degummed silk threads were dissolved by heating in
9.3 M aqueous LiBr solution at 55 ๐c  for 30 min, affording an approximately 10% 
(w/v) silk fibroin solution. LiBr was then removed from the solution by dialysis in 
distilled water using a dialysis tubing cellulose membrane (Sigma-Aldrich, USA) for 
3 days, followed by centrifugation at 5°c for 20 min. The SF solution was filtered 
and then lyophilized (freeze dried) to obtain the regenerated SF sponges. All sponges 
were stored in desiccators before use.

5.3.3 Preparation of PCL Electrospun Fibers via Electrospinning
In the electrospinning process, PCL electrospun fibers were prepared 

using a 12% (w/v) PCL solution in 50:50 (v/v) DCM/DMF. A blunt 20-gauge 
stainless steel hypodermic needle (o.d. 0.91 mm) was used as the nozzle. A high 
electric potential of 21 kv  was applied to the needle. A jet of the PCL solution was 
then ejected onto an aluminum sheet attached to a rotating drum, which was used as 
a collector. The distance between the needle and the collector was fixed as 10 cm. 
The syringe and the needle were tilted at ~ 45° to maintain a constant flow rate of the 
electrospinning solution from the tip of the needle. The electrospun fibers were
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processed continuously for 10 h under these ambient conditions. The obtained PCL 
electrospun fibers were found to be around 140 pm in thickness.

5.3.4 Hybridization of Fibers and Surface Modification
The PCL electrospun fibers were immersed in a silk solution prepared 

by dissolve SF sponge in DI water at concentrations of 0.5 %, 0.75 % and 1 % (w/v). 
The formed mats were then frozen at -40°c for 24 h, and then lyophilized to obtain 
the hybrid electrospun fiber mats. These were further immersed in 98% methanol for 
10 min to induce a conformational change in the SF from amorphous (unstable silk I) 
to (3-sheet (silk II), which is water-insoluble [1]. Immobilization of the biomolecule 
(i.e. fibronectin) onto the surface of the hybrid fibers was carried out by first 
immersing the hybrid fiber mats into a PBS buffer for 30 min to hydrate and 
stimulate the -COOH groups in the aspartic acid and glutamic acid residues on the 
SF surface. Following this, the functional groups on the fiber surface were activated 
by treating the hybrid fiber mats with l-ethyl-3-(dimethyIaminopropyl) carbodiimide 
hydrochloride (EDC)/ N-hydroxysuccinimide (NHS) solution (0.5 mg/mL of EDC 
with 0.7 mg/mL of NHS in PBS buffer) for 15 min at ambient temperature. The 
activated electrospun fiber mats were rinsed with PBS buffer, treated with 0.1 mg/ml 
fibronectin in PBS buffer for 2 h at ambient temperature and then rinsed with PBS 
buffer three times, followed by distilled water to remove excess peptides and salts 
before being air-dried [27].

5.3.5 Scanning Electron Microscopy
A Hitachi ร-4800 Ultra-high resolution cold field Scanning Electron 

Microscope (FE-SEM) was used to investigate the morphology and size of individual 
fibers at each stage of the fabrication process. The samples were fixed onto the stub 
and sputter coated with platinum before analysis. The fiber sizes were statistically 
analyzed by using the SemAphore 4.0 program. All measurements were randomly 
made from at least 100 readings of individual fiber diameters.

5.3.6 Fourier Transform Infrared Spectroscopy (FTIR)
All infrared spectra were acquired using a Thermo Nicolet Nexus 670 

Spectrophotometer. All spectra were recorded in the attenuated total reflectance 
Fourier Transform (ATR-FTIR) mode using a ZnSe crystal cell. Each measurement 
was achieved by accumulation of 32 scans, with a resolution of 4 cm '1 and a spectral
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range of 400 to 4,000 cm '1. The hybrid electrospun fibers were analyzed over all 
stages of fabrication, with the neat PCL electrospun fibers employed as a control.

5.3.7 Water-uptake Capacity and Dissolution Behavior
Hybrid and neat PCL electrospun fibers in their dried state were cut 

into 15 mm circular discs and weighed to record the initial dry weight (Wj) of each 
specimen. Subsequently, these fibers were immersed in PBS buffer at 37°c for 
various time intervals. At each allotted time interval, the wet weight o f the fiber mats 
in the swollen state (พร) was determined after the elimination o f excess water 
through blotting the fibers with tissue paper. After the submersion, each specimen 
was dried to constant weight at 50°c for 24 h to obtain the final dry weight (Wd). 
The water retention capacities (%) for the electrospun fibers were calculated using 
the following equations:

and
Water content (%) = (พร-Wj)/Wj X  100 

Mass remaining (%) = 100-(Wj-Wd/Wj X 100)

5.3.8 X-ray Photoelectron Spectroscopy (XPS)
To determine the chemical grafting efficiency, the XPS spectra of 

hybrid and neat PCL electrospun fibers were recorded using a Thermo Fisher 
Scientific Thetaprobe XPS (Singapore) equipped with a monochromatic A1 Ka X-ray 
source. The photoemitted core level electrons were collected at a fixed take-off angle 
of 50° with respect to the surface plane. The investigation area was approximately 
400 pm X 400 pm with ~4-8 nm maximum analysis depth. A specially designed 
electron flood gun with a few eV Ar+ ion was used for charge compensation. Further 
corrections were made based on adventitious c  Is at 285.0 eV using standard 
manufacturer software. Survey spectra were acquired for surface composition 
analysis with Scofield sensitivity factors.

5.3.9 Indirect Cytotoxicity Evaluation
The in vitro compatibility of the fiber mats was investigated according 

to the procedure outlined in standard test method (ISO 10993-5). The cytotoxicity of 
each specimen was evaluated by an indirect method, adapted from the standard test
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method, by using normal human dermal fibroblast cells (NHDF, 15th passage). The 
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) by adding 
prerequisite amounts of 10% fetal bovine serum (FBS), 1% 1-glutamine, and 1% 
antibiotic and antimycotic formulation (penicillin G sodium, streptomycin sulfate, 
and amphotericin B) at 37°c in a humidified atmosphere containing 5% CO2 . Prior to 
extraction, the specimens were sterilized using u v  radiation for 2 h. Then, they were 
immersed in a serum-free medium (SFM; DMEM containing 1% 1-glutamine, 1% 
lactalbumin and 1% antibiotic and antimycotic formulation) for 24 h at extraction 
ratios of 5, 10 and 20 mg/ml, and then the extraction medium was used for the cell 
culture study. Normal human dermal fibroblasts were cultured separately in 24-well 
tissue-culture polystyrene plates (TCPS) at a density of 10,000 cells/well in DMEM 
for 24 h. -After this, the culture medium was replaced with each extraction medium, 
and the cells re-incubated for 24 h. Finally, the cell viability in each well was 
assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium . bromide 
(MTT) assay.

5.3U0 Cell Attachment and Proliferation Study
For the cell attachment study, fiber mats (control, PCL, hybrid, 

surface-modified hybrid) were cut into circular discs (~15 mm in diameter) which 
then sterilized through u v  irradiation of each side for 1 h. The specimens were then 
placed in individual wells of 24-well TCPS. To ensure a complete contact, between 
each specimen and the bottom of each well, a metal ring (~12 mm in diameter) was 
placed on top of each specimen. The normal human dermal fibroblast cells were then 
cultured on the surface o f  each of the electrospun fibers, and glass slides (i.e., 
positive’control) for 2, 4 and 8 h in the same medium as stated previously (incubation 
in 5% CO2 at 37 °C). Each specimen after cell seeding was rinsed with phosphate 
buffered saline solution (PBS)-.to removed unattached cells prior to quantification of 
cell viability using the MTT assay. For the cell proliferation study, the cells were 
first allowed to attach to the substrates for 24 h. The number of proliferated cells was 
then determined by MTT assay on days 1,2, and 3 after cell culturing.

5.3.11 Morphological Observation of Cultured Cells
After the culture medium had been removed, the cell-cultured 

electrospun fibers were rinsed twice with PBS and the cells were then fixed with 3%
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glutaraldehyde/PBS solution (Electron Microscopy Science, USA) for 30 min. After 
fixing, the cell-cultured specimens were rinsed again with PBS prior to being 
dehydrated in aqueous ethanol solution of various concentrations (i.e., 30, 50, 70 and 
90 %v/v respectively) and in pure ethanol for 2 min each. The specimens were then 
dried in 100% hexamethyldisilazane (HMDS; Sigma-Aldrich, USA) for 5 min and 
later dried in air allowing removal of HMDS. After being completely dried, the 
specimens were fixed on stubs and sputter coated with platinum before observation 
using FE-SEM. For comparison, cells that had been seeded or cultured on a glass 
substrate (cover glass slide, 1 mm in diameter; Menzel, Germany) were used as 
positive control.

5.3.12 Statistics and Data Analysis
All of the quantitative data were expressed as meansistandard 

deviations (SD). Statistical comparisons were carried out by the one-way analysis of 
variance (one-way ANOVA) using SPSS 13.0 for Windows software (SPSS, USA). 
The statistical difference between two sets of data was considered when p < 0.05.

5.4 Results and Discussions

5.4.1 Physiochemical Properties of Electrospun Fibers 
PCL electrospun fibers were successfully fabricated as shown in Figure 5.1a with 
uniform morphology and bead free, with fiber diameters being approximately 
508±155 nm (Table 1). After the hybridization process, the effect of SF 
concentration on the fiber coating and morphology were investigated. With 
increasing concentrations of SF, the cumulative amount of SF on the fiber surface 
was shown to increase (Figure 5.2) but plateau after 0.5% (w/v). In general, the 
lyophilization technique is used to produce a porous structure of SF. However in this 
study, SF protein was successfully coated on the neat PCL fiber surface at low 
concentrations of SF, while SF film formation on the PCL surface occurred at higher 
concentration (1.0% w/v) of SF (Figure 5.2). Accordingly, an SF protein 
concentration of 0.5% w/v in aqueous solution was chosen for further fabrication. To 
enhance the clinical potency of hybrid electrospun fibers, fibronectin protein was 
grafted on the SF surface via a coupling reaction. The fiber morphologies of hybrid
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electrospun fibers showed significant changes, having increased roughness with 
respect to PCL fibers (Figure 5.1c). The size of these fibers after coating with silk 
fibroin showed a slight increase from 514±132 nm to 557±129 nm after surface- 
modification, as summarized in Table 1.

The chemical integrity of the electrospun fibers in each state was 
investigated using ATR-FTIR spectroscopy (Figure 5.3). The peak of amide I and 
amide II, centered at around 1643 cm'1 and 1536 cm'1 respectively, wereobserved 
after hybridization by SF protein. Upon MeOH treatment of the hybrid electrospun 
fibers, the amide I and amide II absorption peaks shifted to 1627 cm '1 and 1521 cm'1, 
respectively, which was indicative of the changes in secondary structure of the SF 
protein from the a-helix to P-sheet conformation [1, 14]. For the surface-modified 
hybrid electrospun fibers, a peak resulting from N -H  stretching of the NH2 groups, 
centered around 3287 cm '1, was observed. The amplification of peak intensity 
indicated an increase in the number of NH2 groups on the surface, as expected from 
the grafting of fibronectin [19].

5.4.2 Surface Elemental Composition
Figure 5.4 shows the XPS spectra of the electrospun fibers in each 

fabrication state. The neat PCL electrospun fibers show typical peaks of c  Is and o  
Is at binding energies o f 284.6±0.2 eV and 531.0±0.2 eV, whereas the hybrid and 
surface-modified electrospun fibers show evidence of N Is at a binding energy of 
398.3±0.2 eV, due to the presence o f SF and fibronectin proteins on the surface [27]. 
In addition, the results of elemental concentrations (at. %), N/C and (ว/c  ratios, and 
chemical functions (at. %) on the surface before, and after, modification are reported 
in Table 2. The elemental compositions of carbon (C), nitrogen (N) and oxygen (O) 
(in at. %) related to the hybrid electrospun fiber surface are 62.6 %, 15.5 % and 21.9 
%, in comparison with the surface-modified hybrid electrospun fiber surface whose 
compositions are 62.2 %, 16.3 %, and 21.5 %, respectively. The increase in N/C ratio 
seen in the surface-modified electrospun fibers was expected, being a result of the 
grafting of fibronectin on the surface. Additionally, the coupling reaction was 
investigated through examination of the XPS curves, in particular the peaks related to 
carbon (C Is) for the electrospun fibers. Three components of the c  Is peak 
corresponding to C-(C,H) centered at 285.0±0.2 eV, G-(0,N) centered at 286.5±0.2
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eV, and 0 -C = 0  centered at 288.1±0.2 eV found in hybrid and surface-modified 
hybrid electrospun fiber surfaces are shown in Figure 5.5. The percentage of Ç - 
(0,N), assigned to the carboxylate functions of the protein, increased after 
hybridization o f SF and was then seen to decrease after surface modification due to 
the coupling reaction on the surface, while the percentages of 0 -C = 0  and C-(C,FI) 
increased significantly, that may related to the presence of the fibronectin side chains 
on the surface [28], The data obtained from o  Is and N Is peaks were in agreement 
with the results from the c Is peak.

5.4.3 Water Retention Capacity and Dissolution Behavior
To determine the performance of a wound dressing material suited 

especially for exudate wounds, the water retention capacity and dissolution behavior 
of the electrospun fibers was investigated in PBS buffer solution at 37 ๐c  
(physiological temperature) over a 3 day period. Figure 5.6 shows the difference in 
water retention capacity for each substrate. After the initial time period (15 min) the 
neat PCL electrospun fibers showed a pronounced increase in water content (28%), 
with saturation (35%) occurring after 2 h of submersion. Interestingly, the hybrid 
electrospun fibers having strongly hydrophilic SF protein exhibited greater water 
capacity, with the water uptake rate increasing much more rapidly after immersion 
over the first time period (15 min, 151%), followed by a slower rate of increase. The 
water capacity value for the surface-modified fibers was slightly lower than hybrid 
electrospun fibers, i.e., 123.21% after 2 h, but the water retention capacity was found 
to further increase and finally became saturated at the same level as for the hybrid 
electrospun fibers after 24 h of submersion (184% and 186%, respectively). 
Simultaneously to the above experiment, the dissolution of each substrate was 
observed during the submersion time (Figure 5.7). According to these results, 
submersion in PBS buffer solution results in only a minor decrease in the weight of 
the PCL electrospun fibers. However, the hybrid electrospun fiber mat showed slight 
dissolution after 15 min due to partial disintegration of the SF protein. More rapid 
weight loss occurred on further immersion, indicating partial disintegration attributed 
to desorption o f fibronectin proteins. After 48 h of submersion time, the weights of 
PCL, hybrid and surface-modified hybrid electrospun fibers had decreased to 98.50 
%, 97.08 % and 97.45 % of the initial levels, respectively. However, in the context of
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their applications as wound dressing materials these results would suggest that 
surface modification has no significant effect on the dissolution behavior of the 
hybrid electrospun fibers.

5.4.4 Indirect Cytotoxicity Evaluation
To test the biocompatibility of the fibers, NHDF cells were used as 

reference in the assessment cultured in extraction medium, in comparison with fresh 
culture medium as a control. The cell viabilities in the presence of all types of fibrous 
substrates at different extraction ratios (i.e., 5, 10, 20 mg/ml) are shown in Figure 
5.8. For all substrates, the viability of NHDF cells was in the range of 88 % to 115 
%, in comparison with the viability of cells that had been cultured with the control, 
and cell viability decreased with increasing extraction ratio. Comparatively, the 
viabilities of NHDF cells exposed to neat PCL and hybrid electrospun fibers were 
nearly equivalent and within the range 88-96 %, indicating that the substrates were 
non-toxic to the cells. However, the cell viability o f the surface-modified hybrid 
electrospun fibers was the highest in all extraction ratios including the control. It 
should be noted that some of the growth substance (fibronectin) was desorbed during 
extraction, and in regards to the cell viability, this is important for promoting cell 
proliferation.

5A 5 Cell Attachment and Cell Proliferation
As fibers were shown to be non-toxic to NHDF cells, a quantitative 

analysis o f the adherence of NHDF seeded onto the surface of each type of fibrous 
substrate was undertaken. The results of cell viability on each substrate and the 
control after-time intervals of 2, 4 and 6 h are shown in Figure 5.9. For any given 
substrate, the absorbance value, which is proportional to the number of cells, 
intensified over time. After 2 h the cell viabilities in the presence of all fibrous 
substrates were far higher than in the control due to the substrate’s mimicry of extra 
cellular matrix (ECM) which supports cell growth. For hybrid electrospun fibers, the 
viability of cells on the surface was not significantly greater than for neat PCL fibers, 
however surface-modified hybrid electrospun fibers exhibited significantly higher 
viability. After 4 h, the cell viability on hybrid electrospun fibers was closer to that of 
surface-modified hybrid electrospun fibers than neat PCL fibers, but they were both 
significantly higher than cells seeded on neat PCL fibers. At 6 h, only the cell
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viability on surface-modified fibers was significantly higher than for other fibers. 
However, regardless of the culturing time fibrous substrates appeared to support the 
attachment of the NHDF cells better than the control, especially in the case of 
surface-modified fibers.

Figure 5.10 highlights results of the quantitative analysis for the 
proliferation o f fibrous substrate cultured NHDF over time. Evidently, for surface- 
modified hybrid electrospun fibers, the viability of cells on the surface was 
significantly greater over all time points than for other types of fibrous substrate and 
the control. On day 1, the cell viability on all substrates was greater than that of the 
control, with the viability on surface-modified fibers being markedly higher. On day 
2, the cell viability on neat PCL, and hybrid electrospun fibers showed equivalence 
with that of the control, however on day 3 the cell viability of surface-modified 
hybrid electrospun fibers was much greater than those of other fibrous substrates, but 
close to that of the control. On the basis of this study, fiber size and the orientation of 
fibrous substrates can play à role in dictating cellular behavior [17, 29], however SF 
protein provides an improvement to the hydrophilicity and biocompatibility of the 
substrate, assisting fibroblast adhesion and proliferation. Additionally, the surface- 
modified hybrid electrospun fibers were clearly superior to other fibrous substrates 
investigated for supporting the growth of NHDF cells. Fibronectin may act as a 
cellular mediator, playing an important role on the proliferation of the NHDF cells 
on the substrate surface [25], The penetration of cells inside the porous matrix may 
be also induced by fibronectin protein, which contains the cell binding domain RGD

5.4.6 Morphology of Cultured Cells
Selected SEM images showing the attachment and proliferation 

activity of NFIDF cultured on the surface of fibrous substrates at various culture 
times are shown in Tables 3 and 4 respectively. According to Table 3, NHDF cells 
seeded on PCL electrospun fibers after 2 h had a round shape. After the same culture 
time, the cells on the surface of hybrid electrospun fibers showed slight expansion of 
their cytoplasm, and these became fully expanded in cells on the surface of surface- 
modified hybrid electrospun fibers. After 4h, the cells on the surface o f hybrid and 
surface-modified electrospun fibers showed strong evidence of lemellipodia, in 
contrast to those cultured on PCL electrospun fibers. After 8h, the cells attached to
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hybrid electrospun fibers further extended their cytoplasm along the fiber surfaces 
while those on surface-modified hybrid electrospun fibers were in the shape of 
migrating cells. From these results, the hybrid electrospun and surface modified 
fibers appeared to support the attachment of NHDF cells better than neat PCL 
electrospun fibers. During proliferation (Table 4), for any given type of substrate, the 
number o f cells was seen to increase with culture time. Evidently, cells seeded on 
hybrid electrospun fibers show well expanded cytoplasms, resulting in the adoption 
of thin, long spindle-like shapes at day 1, most notably on surface-modified hybrid 
electrospun fibers. On days 2 and 3, for surface-modified hybrid electrospun fibers, 
the long spindle-like cytoplasms of the cells were mainly observed along the surface 
of the fibers. Nevertheless, on day 3, the cells appeared to nicely cover and migrate 
on the surface of that substrate, while cellular growth on PCL and hybrid electrospun 
fibers showed some agglomeration, or clogging, on the surface of substrates. As 
previously mentioned, the improved wettability and biocompatibility of the surface- 
modified hybrid electrospun fibers act to promote proliferation and migration of the 
cells over the surface. This is essential for medical applications, where the formation 
of a new three-dimensional connective tissue network is required for effective wound 
healing and tissue regeneration.

5.5 Conclusions

Hybrid electrospun fibers having the potential to be used as new bioactive 
wound healing materials have been fabricated. Silk fibroin protein (0.5% w/v) was 
effectively coated onto PCL electrospun fibers surface via a lyophilization process. 
The average diameters of individual fibers increased from 508±155 nm to 514±132 
nm after coating. Fibronectin was successfully immobilized onto the surface of the 
hybrid electrospun fibers, with the existence of the immobilized fibronectin being 
confirmed by ATR-FTIR spectroscopy and XPS measurements. The grafting of 
fibronectin resulted in a three-fold higher water retention capacity of the surface- 
modified fibers over neat fibers, creating a material having the ability to absorb 
exudates which is a necessary feature in wound dressings. Because of their 
biocompatible surface, hybrid electrospun fibers exhibited superior support
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properties for cellular attachment and proliferation than neat PCL fibers, with this 
being further improved through the grafting of fibronectin to form surface-modified 
hybrid electrospun fibers. Moreover, surface-modified hybrid electrospun fibers 
allowed for the best migration of NHDF cells over the fibers surface, which is crucial 
for the building up of new tissue in wound repair. These findings open an exciting 
opportunity to fabricate biocompatible scaffold structures that could be used as next 
generation effective wound healing materials.
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Figure 5.1 SEM micrographs of (a) neat PCL electrospun fibers, (b) hybrid electrospun 
fibers and (c) surface-modified hybrid electrospun fibers at 5000x, 2500x and 22000x of 
magnification. The applied EFS were 21 kV/20 cm.



Table 5.1 Electrospun Fiber diameters

Electrospun Fiber 
type

Average fiber diameter 
(nm)

Minimum fiber 
diameter (nm)

Maximum fiber 
diameter (nm)

Neat PCL 508±155 100 890

Hybrid 514±132 280 830
Surface modified 

hybrid
557±129 320 1040
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Figure 5.2 The % SF content on the surface of hybrid electrospun fibers as a function 
of SF solution concentration.
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Figure 5.3 FTIR spectra for different electrospun fiber mats made from: (a) neat PCL 
electrospun fibers, (b) hybrid electrospun fibers, (c) MeOH treated hybrid electrospun 
fibers and (d) surface-modified hybrid electrospun fibers.
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Figure 5.4 XPS spectra of (a) neat PCL electrospun fibers, (b) hybrid electrospun fibers 
and (c) surface-modified hybrid electrospun fibers. -



Table 5.2 XPS surface chemical compositions and elemental ratios for each type of electrospun fiber before, and after 
modified with fibronectin

Sample Surface atomic 
composition (at.%)

Elemental
composition
ratio

Chemical functions (at.%)

c Is N Is 0  Is N/C o/c 285.0a 286.5a 288.la 533.la 531.9 a
C-(C,H) C-(0,N) 0-c=0 C-O ๐IIUl

PCL
nanofibers 76.6 0 23.4 0 0.31 47.8 15.0 12.3 11.8 12.2

Hybrid
nanofibers 62.6 15.5 21.9 0.25 0.35 21.6 23.9 17.3 4.0 17.0
Surface-
modified
hybrid
nanofibers

62.2 16.3 21.5 0.26 • 0.35 26.0 20.7. 16.0 3.6 17.5

Binding energy (electron volts)
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(a) (b)

(c)

Figure 5.5 XPS photoelectron peak fitting of c  Is of (a) neat PCL electrospun fibers,
(b) hybrid electrospun fibers and (c) surface-modified hybrid electrospun fibers. The 
different chemical compositions obtained from the peak fitting are shown.
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Figure 5.6 Water retention capacity behavior of PCL electrospun fibers (o), hybrid 
electrospun fibers (•) and surface-modified hybrid electrospun fibers (A) in PBS buffer 
at 37°c.
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Figure 5.7 Degradation of PCL electrospun fibers (o), hybrid electrospun fibers (•) and 
surface-modified hybrid electrospun fibers (A) as a function of incubation time in PBS 
buffer at 37°c.
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Figure 5.8 Indirect cytotoxicity evaluations for different types of electrospun fibers 
based on the viability of normal human dermal fibroblasts (NHDF).
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Figure 5.9 Attachment (a) and proliferation (b) of NHDF seeded or cultured on control, 
PCL electrospun fibers, hybrid electrospun fibers and surface-modified hybrid 
electrospun fibers as a function of culture time. * Indicates significant difference at p- 
values of < 0.05



Table 5.3 Representative SEM images o f human dermal fibroblast attachment on different types o f electrospun fibers after
2h, 4 h and 8 h (magnification = lOOOx)

cu lturing tim e  
point

2 hours

4  hours

8 hours

T y p e o f  substrate

P C L  elec tro sp u n  fib ers H ybrid  e lectro sp u n  fibers
S u rfa ce -m o d ified  

hybrid e lec tro sp u n  fibers



Table 5.4 Representative SEM images o f human dermal fibroblast proliferation on different types o f electrospun fibers after
1 d, 2 d and 3 d (magnification = 400x, lOOOx)

cu lturing tim e
T y p e o f  substrate

point PC L  electro sp u n  fibers H ybrid  e lectrosp u n  fibers
S u rfa ce -m o d ified  

hyb rid  e lectrosp u n  fibers
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