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Abstract: The aim of this study was to fabricate fibrinogen (Fbg) microfibers with different
structural characteristics for the development of 3-D tissue-engineering scaffolds. Fabri-
cated Fbg microfibers were investigated for their biomolecule encapsulation, cell adhesion,
and proliferations. Microfibers with three different concentrations of Fbg (5, 10, and 15
wt%) were prepared by a gel solvent-extraction method using a silicone rubber tube. Fbg
microfibers were covalently modified with fibronectin (FN) by using water-soluble 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide as the cross-linking agent. Fbg microfibers were char-
acterized by their FN cross-linking properties, structural morphology, and in vitro degradation.
Furthermore, FN/Fbg microfibers were evaluated for cell attachment and proliferation. The bio-
compatibility and cell proliferation of the microfibers were assessed by measuring adenosine
triphosphate activity in C2C12 fibroblast cells. Cell attachment and proliferation on microfibers
were further examined using fluorescence and scanning electron microscopic images. FN loading
on the microfibers was confirmed by fluorescence and infrared spectroscopy. Surface morphology
was characterized by scanning electron microscopy, and showed highly aligned nanostructures
for fibers made with 15 wt% Fbg, a more porous structure for fibers made with 10 wt% Fbg, and
a less porous structure for those made with 5 wt% Fbg. Controlled biodegradation of the fiber
was observed for 8 weeks by using an in vitro proteolytic degradation assay. Fbg microfibers
with highly aligned nanostructures (15 wt%) showed enhanced biomolecule encapsulation, as
well as higher cell adhesion and proliferation than another two types of FN/Fbg fibers (5 and
10 wt%) and unmodified Fbg fibers. The promising results obtained from the present study reveal
that optimal structure of Fbg microfibers could be used as a potential substratum for growth
factors or drug release, especially in wound healing and vascular tissue engineering, in which
fibers could be applied to promote and orient cell adhesion and proliferation.
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Introduction

The goal of tissue engineering is to develop functional substitutes for tissues and organs
that may offer a permanent result to damaged tissues or organs without relying on
additional therapies. In tissue engineering, protein-based polymer scaffolds have been
used to precisely direct biomolecule adsorption, sustained release, and biochemical
interactions with a variety of cells, which ultimately improves cell proliferation as well
as tissue and organ growth or regeneration in the host.* Additionally, these scaffolds
may facilitate cell adhesion, extracellular matrix (ECM) production, morphogenesis,
and differentiation by mimicking in vivo microenvironments, by offering physical
and chemical cues in regulating cellular functions. Tissue-engineered scaffolds have
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been fabricated from several synthetic polymers,** as well as
naturally occurring biomaterials, such as collagen, gelatin,
fibrinogen (Fbg), hyaluronic acid, and silk.>* Among these
natural biomaterials, Fbg has many advantages because of
its excellent biochemical interactions and superior physi-
ological activities, such as selective cell adhesion, mechani-
cal properties similar to natural tissues (eg, blood vessels
and animal heart vessels), and enzymatic biodegradability
(eg, gelatin and collagen).” Fbg is often considered to be
nature’s provisional ECM because of its importance in the
early stages of hemostasis and wound repair in addition to
its role in clotting.® Furthermore, Fbg contains two arginine-
glycine-aspartic acid (RGD) integrin-binding sites in the Ao
chain, which usually bind endothelial and fibroblast cells. Fbg
has been shown to bind fibroblast growth factor, vascular
endothelial growth factor, insulin-like growth factor, and
the A, chain of fibronectin with high affinity.>!° Fbg-based
scaffolds such as nanofibers, hydrogels, and microbeads
have been widely investigated for vascular, skin, and bone
tissue engineering because of their respective cell adhesion,
proliferation, and protein synthesis characteristics.!'* The
abundance of available e-amino groups of lysine on the
Fbg surface preferentially induces peptide-bond formation
between Fbg and external biomolecules with the appropriate
functional groups.

Generally, 3-D scaffolds can render a better association
between single cells and organs over conventional 2-D cul-
tures, as the third dimension in the 3-D scaffold offers an
additional platform for cell—cell interactions, cell migration,
and cell morphogenesis, which are all important in regulat-
ing the cell cycle and tissue functions.'*'* 3-D fiber matrices
are a particularly favorable replacement for natural scaffolds
due to their porous morphology, isotropic structures, and
uniform structure. In addition, 3-D porous constructs allow
for the transport of nutrients and waste metabolites during
tissue or organ development. The 3-D fiber scaffolds in the
micron-size range have higher mechanical strength than their
counterparts, which could enhance cell adhesion, prolifera-
tion, and ease of handling during in vitro postmodifications or
implantation, '® although they generally lack the topographical
features needed to resemble native ECM (due to the lack of
nanostructures). On the other hand, 3-D scaffolds fabricated
on the nanoscale exhibit more success in directing cells
towards certain cellular morphologies, differentiation, and
many other important cellular functions, but usually at the
cost of reduced mechanical strength.!” Therefore, in order
to establish in vivo microenvironments, the next generation
of 3-D tissue-engineering scaffolds should integrate both

microstructures and nanoscale architectures, which could
enhance both mechanical strength and cellular functions.
However, there are some difficulties in fabricating thick
3-D microstructures, scaffolds with a nanoscale integration
or morphology due to the characteristics of polymers. In
addition, the introduction of nanostructures to microfiber
scaffolds is generally not suitable for protein-based natural
polymers. For example, chemical etching methods can create
nanostructures or nanotopographies on the surface of 3-D
microfiber scaffolds by soaking the microfibers in etchants
(organic solvent), such as hydrofluoric acid and NaOH,"®
which could damage and degrade the polymer scaffolds.!*2!
Also, electrospinning may not be suitable for aqueous soluble
natural polymers (due to limitations in spinning these into
fibers). Further difficulties include the observation of deg-
radation when natural polymers are dissolved in organic
solvent, the production of aligned fibers is difficult, and fibers
that are too thin having low mechanical strength.?>* Melt
spinning requires bulky instruments for its high-temperature
process, and high temperatures denature and limit protein
loading. The microfluidic method is cost-effective, but it
is more appropriate for select synthetic polymers such as
poly(lactic-co-glycolic acid), di- or triblock copolymers, and
other synthetic polymers that are freely soluble in organic
solvents. 62

Furthermore, to improve or establish cellular function,
cell behavior, and cell responses on polymer surfaces,
biomolecule grafting is necessary, for which different
approaches have been introduced. Physical adsorption,
physical entrapment, and cross-linking are commonly used
to immobilize biomolecules on polymer surfaces. The cova-
lent cross-linking of biomolecules on polymer surfaces is a
more complex process, but it overcomes drawbacks, such
as the loss of bioactivity from aggregation, conformational
changes, and denaturation related to physical adsorption and
entrapment methods.?*?¢ However, covalent cross-linking of
biomolecules is dependent on the presence of appropriate
functional moieties on both the polymeric material and the
target molecule.

Fibronectin (FN) is one of the largest protein components
of the ECM, and it has been frequently studied because it is
involved in many significant physiological processes, such
as cell adhesion, migration, differentiation, survival, and
wound healing. FN contains an RGD-binding site, which
commonly binds endothelial and fibroblast cells.?” Since
FN is an important cellular adhesion protein, it can be used
to regulate several aspects of cellular association with the
ECM through a variety of integrin—ligand interactions.
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Integrin forms a bridge between the adhesion protein and the
cytoskeleton, which supports cell adhesion to the biomate-
rial.?® Various studies have investigated adhesive proteins
on polymer carriers to regulate cellular activities.” A recent
study revealed that natural and synthetic polymer surfaces
that had been modified with FN could improve cell adhesion
and accelerate cell proliferation.*

In this study, we describe the fabrication process for Fbg
microfiber scaffolds by using a simple and cost-effective
micron-sized silicone tube. Furthermore, to investigate cell
adhesion, proliferation, and biomolecule grafting on Fbg
fibers, we also fabricated different structural characteristic
Fbg microfibers by varying polymer concentrations. Fbg
microfibers were then covalently grafted with FN, with
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC) as a binder. The FN/Fbg microfiber surfaces were
characterized under scanning electron microscopy (SEM),
and FN immobilization efficacy and fibrinolytic degradation
were analyzed. Finally, a mouse muscle-fibroblast cell line
was used to evaluate cell viability, cytocompatibility, and
bioactivity of the microfiber matrix.

Materials and methods

Materials

Bovine fibrinogen (molecular weight 340 kDa), fibronectin
from bovine plasma, EDC, N-hydroxysuccinimide (NHS),
osmium tetroxide 4 wt% solution in water, and hexam-
ethyldisilazane (HMDS) were purchased from Fluka.
Dulbecco’s modified Eagle medium, fetal bovine serum
(FBS), and penicillin-streptomycin were purchased from
Life Technologies (Carlsbad, CA, USA). For immunofluo-
rescence, 4’,6-diamidine-2-phenylindole dihydrochloride
(DAPI) and Alexa Fluor 488 were purchased from Life
Technologies. The cell-proliferation kit CellTiter-Glo

was purchased from Promega (Fitchburg, WI, USA). Lys-
plasminogen and tissue Plasminogen Activator (t-PA) were
purchased from HTI (Boston, MA, USA). C2C12 mouse
muscle fibroblasts were provided freely by NanoEntek
(Seoul, South Korea). All other chemicals used in this
work were of analytical grade.

Fiber-fabrication process

Fbg microfibers were fabricated by the gel solvent-extraction
method by using silicone rubber tubes, as reported recently,*!
with some modifications. Briefly, three different concentra-
tions (5%, 10%, and 15% w/v) of Fbg solutions were prepared
with phosphate-buffered saline, and the solution was then
filtered through a 0.45 wm syringe filter. The fabrication of
microfibers mainly consisted of two steps. In step one, the
Fbg solution was injected from one end of the coil-shaped
silicone tube (0.76 mm ID) to the other, and was then cooled
to 0°C—4°C in an ice bath without shaking. In step two, the
gel tube was completely immersed in acetone (previously
cooled to 4°C) at room temperature. Once the complete
solvent extraction was finished, the flexible white solid fiber
was rolled out from the tube. Finally, the rolled fiber was
vacuum-dried for 2 days. A schematic representation of the
complete fiber formation is shown in Figure 1.

Covalent cross-linking of FN

or FN immobilization

The method used for FN immobilization was based on pre-
vious studies of the immobilization of peptides or protein
on amino-phase substrates.’>* Briefly, with some modifi-
cation, Fbg microfibers were covalently cross-linked with
FN, using EDC as a cross-linking agent. The cross-linking
reaction consisted of two steps. In step one, the prepared Fbg
microfibers (250 mg in acetone) and 30 uL of FN (2 mg/mL)

Fbg solution

Step 1

Fbg fiber

Silicon tube

Petri plate with acetone

Collecting

Step 2 device

Figure | Schematic diagram of the fabrication process for fibrinogen (Fbg) microfibers (inlet: optical micrograph showing fiber formation inside the silicone tube during

solvent extraction).
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were separately added to EDC (3 mM) and NHS (2 mM) in
two different tubes, and gentle rotation was continued for
10 minutes at room temperature in order to preactivate the
carboxyl groups available on Fbg and FN. In step two, both
tubes were mixed together, and the final volume was made up
to 10 mL with an acetone:water mixture (4:1). The rotation
was continued for 6 hours at 0°C—4°C using a gentle rotator
(Intelli Mixture, Seoul, South Korea) at a speed of 30 rpm,
as shown in Figure 2. Finally, the FN-grafted Fbg fibers were
washed with distilled water, followed by moisture removal
with 50% and 100% acetone, and were then vacuum-dried
for 1 day prior to further characterization.

Fluorescence microscopy

To confirm FN immobilization, we used Alexa Fluor 488
fluorescently labeled goat anti-mouse IgG antibody. The
immobilization of FN on Fbg microfibers was observed
with a fluorescence microscope (Eclipse TE2000-U; Nikon,
Tokyo, Japan).

FT-IR characterization study

For further confirmation of FN grafting with Fbg fibers,
Fourier-transform infrared spectrophotometry (FT-IR)
(Tensor 27; Bruker, Billerica, MA, USA) was carried out
on the FN-Fbg fibers.

Quantification of FN encapsulation
efficacy

FN immobilization efficacy on the Fbg microfiber surface was
determined using the Custodio method.** After 6 hours of FN
cross-linking, the solution was measured by a colorimetric

method to quantify un-cross-linked FN using the Bradford
protein assay. The measured value was subtracted from the
initial measurement, which corresponded to the FN cross-
linked on the Fbg fiber surface. In the Bradford assay, an equal
amount of Bradford reagent and sample solution were mixed
in a 96-well plate and were incubated at 37°C for 10 minutes
in a dark room; the absorbance was then measured at 568 nm
using a PerkinElmer (Waltham, MA, USA) Victor3.

Fiber morphological characterization

The morphology of Fbg microfibers was analyzed by both
optical microscopy and SEM (S-4700 type II; Hitachi, Tokyo,
Japan). The optical light microscopic images were taken to
observe the bulk morphology of the three Fbg microfibers
with different diameters (light microscope, NIS-Elements
software; Nikon). Next, SEM images were analyzed to
examine outer morphology and ultrafine structures of the
microfibers. To obtain SEM images, the microfiber was
attached over the adhesive carbon tape and was sputter-
coated with gold for 90 seconds at 10 mA, and images were
obtained at 15 kV.

In vitro degradation through fibrinolysis

For testing the in vitro degradation of Fbg fibers, fibrinolytic
degradation was monitored after the addition of the prote-
olytic medium. Fbg fibers (300 mg) were cut into a smaller
size (less than 1 cm in length) and were placed in 1.5 mL
Eppendorf (Hamburg, Germany) tubes containing proteolytic
medium (Tris-buffered saline [TBS, 25 uL], CaCl, [10 puL
of 50 mM], t-PA [20 uL of 20 pg/mL], lys-plasminogen
[2.5 uL of 1 mM], and additional TBS [42.5 uL]). Then, the

Fibronectin
C
C=0— NH
Co
O/ya o N
0/,1/6{. Mixing,
N “on binding of activated c
EDC + NHS O-Acylisourea COOH to NH,
room temp, 10 min - reactive ester g}, 4t 0_a °C

Fibrinogen
fiber

Figure 2 Schematic illustration of conjugating fibronectin and fibrinogen by |-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)/N-hydroxysuccinimide (NHS).
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tube was incubated at 37°C with mild rotation (20 rpm) for
8 weeks. At different time intervals, triplicate samples were
rinsed with double-distilled water and were vacuum-dried
at room temperature until a constant weight was reached.
Every 7 days, the degradation medium was replaced with
freshly prepared proteolytic medium. The weight loss was
calculated as follows:

Weight loss (%) = (W, — W )/W x 100

W, and W, are the weights of the sample before and after
fibrinolytic degradation, respectively. The reported weight
loss is the average of three samples.

Cell-viability study

Cell viability and proliferation were assessed using the
CellTiter-Glo luminescent cell viability assay kit, in which
the luciferase-catalyzed luciferin/adenosine triphosphate
(ATP) reaction provides an indicator of cell number.** For
these studies, both unmodified and FN-modified fibers (5 mg)
were sterilized under ultraviolet light for 30 minutes and were
prewetted with modified Eagle medium for 1 hour prior to
seeding the cells. Fibroblast cells were seeded into 96-well
opaque plates (4 x 10* cells/well) with 100 uL of culture
medium containing 10% FBS, penicillin (100 U/mL), and
streptomycin sulfate (100 mg/mL), and were then incubated
overnight under normal growth conditions to attach the
cells. The medium was then replaced with the same volume
of culture medium containing 1% FBS, with 5 mg of each
of the different-sized fibers, after which the incubation con-
tinued for 5 days. At 1, 3, and 5 days, cell proliferation was
analyzed by measuring ATP luminescence. To obtain a value
for background luminescence, the control was maintained
in the same conditions as above, but in the absence of cells.
After 3 days, the attachment of metabolically active fibroblast
cells on FN/Fbg microfibers was examined by fluorescence
microscopy using DAPI nuclear staining. After treating the
cells with microfibers for a specific period, the culture medium
was removed, and the cells were washed once with a DAPI-
methanol solution (1 pg/mL). Then, the plate was incubated
with 1 mL of DAPI-methanol solution for 15 minutes at 37°C.
The staining solution was removed, the cells were washed
once with methanol, and the cell-attached microfibers were
observed by fluorescence microscopy (Eclipse TE 2000-U).

Cell-adhesion study and cell morphology
After treating the fiber matrix with fibroblast cells, the
matrix was gently rinsed twice with sodium phosphate buffer

(pH 7.4) to eliminate nonadherent cells, and was then fixed
with 2.5% glutaraldehyde in phosphate-buffered saline for
30 minutes at room temperature. The matrix was postfixed
in 0.5 mL of 0.5% osmium tetroxide in sodium phosphate
buffer for 1 hour at room temperature. The fixation solu-
tion was then removed, and the samples were dehydrated
by immersing in 100% HMDS for 3 minutes. HMDS has
a low surface tension and helps preserve surface structure
by cross-linking proteins.*® The samples were dried in a
desiccator for 30 minutes, sputter-coated, and examined
under SEM.

Statistical analysis

The effect of the covalent grafting approach of FN on the
Fbg fibers and the cell response in terms of attachment and
proliferation to the different-sized fibers were evaluated, and
the results are represented as mean values * standard devia-
tion (n = 3). Groups were compared using an independent
paired #-test, with P << 0.05 and P < 0.01 indicating statisti-
cal significance.

Results and discussion
Fiber fabrication and morphological

characterization

Fbg microfibers with various diameter sizes and different
structural characteristics were successfully fabricated using
three concentrations (5, 10, and 15 wt%) of Fbg solutions
by a gel solvent-extraction method with a micron-sized sili-
cone tube. Figure 3 shows the optical microscopic images of
the microfibers when they were removed from the silicone
tube, which clearly shows Fbg fibers with three different
diameters. Decreased fiber size and increased gelation time
were observed with decreasing Fbg concentrations. In the
Fbg microfiber-fabrication process, the silicone tube inner
diameter, polymer concentration, and gelation time played
the most important roles. For example, an Fbg solution of
15 wt% became completely gelatinous within 20-30 minutes,
while the solution of 10 wt% Fbg took 30—40 minutes, and
the lowest concentration of Fbg solution (5 wt%) took more
than 40 minutes for complete gelation. In the same way,
for the solvent-extraction process, the 15 wt% and 10 wt%
Fbg-gel took, respectively, 8—10 and 15-20 minutes, and the
lowest concentration, 5 wt%, took more than 30 minutes. If
the polymer particles were not completely solidified during
gelation, they were removed as debris or as particles from
the silicone tube during the solvent-extraction process. In
our previous work, after gelation, only the injected end was
connected with the precooled acetone reservoir. Here, the
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Figure 3 Light microscopic images clearly showed the three different diameters of
the fibrinogen (Fbg) microfibers, as being pulled from the silicone tube. (A) 15 wt%
Fbg fiber; (B) 10 wt% Fbg fiber; (C) 5 wt% Fbg fiber.

coil-shaped silicone tube was completely immersed in a
petri plate containing precooled acetone, which reduced the
extraction time by comparison, since the extraction occurred
from both sides of the silicone tube (Figure 1).
Furthermore, changing the Fbg concentration had a
significant impact on the microfiber structure; 15, 10, and
5 wt% Fbg concentrations resulted in an aligned nanostruc-
ture, highly porous aligned fibers, and less porous unaligned
microfibers, respectively. The characteristic fiber-structure
formation was based on the diffusion-induced phase
separation, namely precipitation by solvent extraction and
immersion precipitation. When there was no chemical reac-
tion between the polymer solution and the organic solvent,
diffusional mass exchange occurred, which resulted in
changes in the local composition of the polymer particles
and demixing, thereby resulting in different morphological

fiber structures. Therefore, microfibers fabricated from a
high concentration (15 wt%) of Fbg had highly aligned
nanostructures because they contained a relatively high
content of polymer particles; fibers made from the middle
concentration of Fbg (10 wt%) had highly porous fibers,
due to a greater volume of solvent extraction; and fibers
formed from the lowest concentration of Fbg (5 wt%) were
less porous with an unaligned structure (Figure 4). Based
on the above theory, microfibers made from 5 wt% Fbg
might be expected to be more porous than those made from
10 wt% Fbg because of greater solvent extraction. How-
ever, this result was not observed because they contained
fewer polymer particles, and so could not form either a
highly porous or aligned fiber structure. In addition, as the
polymer concentration decreased, the solvent-extraction
time increased because of the need for a greater number of
aqueous extractions. This led to a slowing of the movement
of the organic solvent, resulting in less organized fibers with
a less porous structure. Hence, both polymer concentration
and gelation time played an important role in the overall
size and structural characteristics of the microfibers. This
simple and economical method for the fabrication of tissue-
engineering scaffolds offers a number of advantages, such
as Fbg scaffolds, varying diameter, and diverse structural
characteristics. Furthermore, a variety of biomedical and/
or pharmaceutical applications would favor a fiber scaf-
fold with aligned nanostructures and porous structures.?’
Microfibers containing aligned nanostructures and porous
structures could be more beneficial for the sustained release
of active biomolecules as well as for providing orientation
of cell growth towards specific cell or tissue regeneration.
Moreover, these microfibers could enhance the surface
area for biomolecule immobilization, provide an anchor-
ing point for cell accommodation, and maintain controlled
bioavailability, as the porous structures can help to transport
nutrients and waste metabolites in tissue regeneration. Many
research laboratories have focused on fabricating polymer
microfibers (synthetic and natural) with various character-
istics toward the development of 3-D tissue-engineering
scaffolds. The simple gel solvent-extraction method can
be used for fabricating other synthetic and natural polymer
fibers, when the polymers form a gel in aqueous or organic
solvents.

FN immobilization on Fbg fibers

In this study, FN was covalently immobilized on Fbg
microfibers by forming peptide bonds between both the
polymer carrier and target molecule. EDC and NHS were
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Outer morphology

Cross-section

Figure 4 Scanning electron microscopy images of fibrinogen (Fbg) microfibers fabricated from three different concentrations of Fbg. Decreasing fiber diameter was observed
with decreasing Fbg concentration; images (A—C) show 200 um, 150 um, and 75 um fibers, respectively, which were made from 15, 10, and 5 wt% Fbg, respectively. Images
(D-F) represent highly aligned nanostructures, highly interporous fibers with aggregated structures, and less porous fibers with unaligned structure, respectively, and are the
same as the lower magnification images in (A—C), respectively (inlet images scale bar is | um). The cross-sectioned scanning electron microscopy image confirmed a higher
degree of nanofiber alignment from microfibers made from 15 wt% Fbg (G), highly porous structure fibers made from 10 wt% Fbg (H), and a less porous fiber structure

made from 5 wt% Fbg (I).

used to preactivate the carboxyl groups from FN and Fbg.
The amount of immobilized FN was quantitatively assessed
through an indirect protein assay (Bradford method), and
the results are shown in Figure SA. The quantitative results
revealed that FN was successfully cross-linked with Fbg
fibers, and demonstrated that FN-immobilization efficiency
increased with increasing fiber-diameter size or increasing
number of nanostructures. The amounts of FN immobiliza-
tion by covalent cross-linking for 15, 10, and 5 wt% Fbg
fibers were 17.4, 13.5, and 9.8 ug/mg, respectively. The
fiber made from 15 wt% Fbg showed higher amounts of FN
grafting because of a high surface-to-volume ratio of the
scaffolds. Since the microfibers were composed of many
nanostructured fibers, the abundant number of arginine
and lysine residues on the Fbg surface could freely be used
for peptide-bond formation with FN. FN-immobilization
efficiency was reduced for fibers made with 10 and 5 wt%
Fbg. In theory, the smaller microfibers made with 5 wt% Fbg
could have been immobilized with more FN than the fibers
with a larger diameter (ie, those made from 10 or 15 wt%

Fbg). However, since these smaller microfibers contained
fewer nanostructures, the overall surface area was reduced,
with less exposed arginine and lysine residues available to
make peptide bonds.

FN-immobilized fiber images, as seen under a confocal
microscope, are shown in Figure 5B, and reveal that FN
was uniformly incorporated on the Fbg fiber surface. Other
types of biomolecules and cytokines that have an appropri-
ate functional group could also be easily immobilized on
the Fbg surface via intermolecular cross-linking, as other
natural or synthetic biomaterials that are coated or functional-
ized could improve tissue regeneration. For cases where the
target biomolecule or small peptide does not have suitable
functional groups, the biomolecules can be premixed with the
polymer solution before being injected into the silicone tube.
Previous studies have confirmed that biomaterials functional-
ized with FN have improved cellular function, and that the
polymerization of FN into natural polymers increased actin
organization and regulated the composition of the natural
polymers, thereby increasing the strength, toughness, and
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Figure 5 (A) Quantity of fibronectin (FN) covalently immobilized on three different structures of fibrinogen (Fbg) fibers after a 6-hour cross-linking reaction (n = 3).

(B) Fluorescent micrographs of FN-grafted Fbg microfibers (different magnifications).

Note: Images show the uniform grafting of adhesion protein on Fbg surfaces.

stability of the polymers.*®** Recent studies have focused
on understanding the biochemical communication of FN
in the covalently cross-linked state and the in vitro cellular
response.*

FT-IR characterization study

The FT-IR spectra of the three fibers (bare, EDC cross-
linked, and FN/Fbg fibers) were characterized within a
range of vibration frequencies from 800 to 1800 cm™
to ensure the successful cross-linking between FN and
the Fbg fibers, as proteins exhibit characteristic bands
in this spectral range. Two dominant amide bonds were
observed at 1649 cm™' (amide 1) due to —C=O0 stretching
vibrations of large-class natural proteins, and at 1538 cm™
(amide II) due to —C(O) stretching of aliphatic amides and
the in-plane N—H bending mode. The amide III bond was
assigned at 1245 cm™ because of N—H bending and the
complex vibration mode, as reported earlier for Fbg.**#!
The peaks centered at 1450 and 1393 cm™ were due
to —CH, deformation and amino acid side-chain vibra-
tions, respectively.

For the EDC-treated Fbg fibers, the amide I peak
shifted from 1649 to 1637 cm™', the amide II peak shifted
from 1538 to 1524 ¢cm™!, and the amide III band shifted
from 1244 to 1234 cm™'. This shift can be attributed to the

potential cross-linking between two oppositely charged
molecules (—CO,” and —NH,"), leading to increased bond
length and reduced stretching frequency, which ultimately
resulted in a wavelength shift from the higher- to lower-
frequency regions. Therefore, the reduced stretching
frequency and peak shifts towards lower wavelengths
were attributed to intramolecular Fbg cross-linking. Fbg
fibers treated with FN and EDC, in addition to the peak
shift, showed increased peak intensity over the EDC
cross-linked Fbg fibers in all three amide bands (amide I,
amide II, and amide III), suggesting that intermolecular
cross-linking occurred between Fbg and FN. Furthermore,
peak intensity increased with increasing Fbg concentra-
tion, indicating that FN immobilization was enhanced with
increasing nanostructure-aligned Fbg fibers. For example,
the 15 wt% Fbg fibers showed maximum peak intensity,
indicating higher peptide-bond formation, between
Fbg and FN, since the Fbg fiber could expose their free
arginine and lysine residues due to the presence of more
nanostructures. Reduced peak intensity was observed with
10 and 5 wt% Fbg fibers, indicating reduced peptide-bond
formation for these fibers (Figure 6). The increased peak
intensity represented increased peptide-bond formation, as
reported previously for another natural protein polymer.*
These absorption peaks also confirmed that inter- and
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Figure 6 Fourier-transform infrared spectroscopy of fibrinogen (Fbg) microfibers
as a function of fibronectin (FN) cross-linking. Images confirm FN immobilization on
the Fbg fiber surfaces. The fibers treated with |-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) only show the peak shifting towards a lower wavelength and
higher peak intensity (blue line) compared to bare Fbg fibers (black line), due to the
potential cross-linking within Fbg molecules. The FN cross-linked fibers in addition
to EDC show a much higher peak intensity (red line) along with peak shifting, which
confirms the cross-linking between FN and Fbg. The increase in peak intensity and
peak shifting was due to an increasing number of peptide bonds. (A) 5 wt% Fbg fiber;
(B) 10 wt% Fbg fibers; (C) 15 wt% Fbg fiber.

intramolecular cross-linking occurred to produce a cross-
linked Fbg-FN network. Finally, the physical character-
ization revealed that additional peaks were not observed
after cross-linking, indicating that there were no chemical
interactions between Fbg and EDC or FN and EDC.

Fibrinolytic degradation
Degradation experiments were critically important for our
study, because application of the scaffold is directly depen-
dent on degradation time. Fbg can be easily regulated by
plasmin or other proteolytic enzymes in vitro and in vivo.*
Here, the Fbg fiber degradation was quantitatively evaluated
by weight loss during the enzymatic degradation. FN grafted
using the three Fbg microfibers was incubated with plasmino-
gen and tPA for 8 weeks. Every 7 days, the degradation ratio
was monitored by measuring fiber weight loss. After 4 weeks
of degradation, the fiber matrix losses were approximately
23.4%, 31.2%, and 56.8% of their weight for each of the 15,
10, and 5 wt% fibers, respectively. The 5 and 10 wt% fibers
were completely degraded after 7 and 9 weeks of incubation,
respectively, while the microfiber made from 15 wt% Fbg
remained relatively intact until 12 weeks. Figure 7 depicts the
overall degradation ratio of the three fibers at different times
in vitro. From the degradation studies, we determined that
the microfiber degradation ratio completely depended upon
the structural characteristics and number of peptide bonds. At
the end of 7 weeks of degradation, the nanostructure-aligned
Fbg microfibers (from 15 wt% Fbg) showed the lowest rate of
degradation with a loss of 60.3%, due to an increased number
of peptide bonds (ie, an increased surface-to-volume ratio and
a greater number of exposed arginine and lysine residues).
Since polymers that have free hydrogen molecules can
more easily make hydrogen bonds in aqueous medium,
swelling occurs via diffusion of aqueous medium followed
by hydrolysis, which results in the cleavage of the polymer
into small fragments by proteolytic enzymes.* Plasminogen
could be activated by tPA to a serine protease, plasmin, which
could degrade Fbg by cleaving arginine or lysine residues
at their carboxyl terminal peptide bond. Therefore, plasmin
would take a longer time to degrade 15 wt% Fbg microfibers
than it would to degrade the 10 and 5 wt% fibers. Indeed, the
quantitative weight-loss data indicated that the 5 and 10 wt%
Fbg fibers were degraded faster than the microfibers produced
from 15 wt% Fbg.

Cell-viability study

The bioactivity and cell proliferation of the Fbg and FN/
Fbg microfibers were evaluated by measuring mitochon-
drial ATP activity using the CellTiter-Glo luminescent
cell-viability assay. Bare Fbg and FN/Fbg microfibers
were cultured with mouse fibroblast cells for 5 days. The
cell-proliferation assay was performed at days 1, 3, and
5. Although both bare Fbg and all three different struc-
tures of FN/Fbg fibers surfaces exhibited nearly the same
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Figure 7 Fibrinolytic degradation of fibrinogen (Fbg) microfibers made with three different diameter sizes shows the rate of degradation at different time intervals (n = 3).
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Figure 8 (A) CellTiter-Glo Luminescent Cell Viability assay results of cultured mouse muscle-fibroblast cells on fibrinogen microfiber scaffolds at different times. Groups
were compared using an independent paired t-test. Error bars represent means * standard deviation for n = 3. *P < 0.0l; *P < 0.05. (B) DAPI (4’,6-diamidino-2-
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optical density values at the early stage (24 hours) of cell
culture, in later stages (3 and 5 days), cells cultured on
FN/Fbg microfibers exhibited a clear enhancement in ATP
luminescence measurements when compared to that of bare
Fbg fibers (Figure 8A). Furthermore, our results indicated
that the optical density values increased with increasing
fiber diameter due to enhanced cell proliferation, which
is consistent with the FN immobilization data. These data
indicate that increased cell proliferation with increasing
FN grafting is consistent with the findings of a recently
published work on natural carbohydrate polymers grafted
with FN.33 Although the assay results revealed that both Fbg
and FN/Fbg were biocompatible, the microfibers containing
nanostructures could enhance much higher cell proliferation
compared to highly porous and less porous microfibers.
It is well known that FN is a large ECM protein that has
been extensively studied because of its significant role in
numerous physiological processes, such as cell adhesion,
migration, proliferation, survival, and wound healing.*43
The availability of an FN—RGD binding site, in many cases,
was sufficient to regulate cellular activities,***” and offered
important secondary actions, which regulate cell bind-
ing, cell signaling, cell proliferation, and differentiation.
These results demonstrate that bare Fbg microfibers differ
significantly in cell proliferation compared with FN/Fbg
microfibers, indicating that the bare Fbg microfibers are
cytocompatible, but that proliferation was not improved, as
observed for FN/Fbg fibers. Mouse fibroblast cells cultured
on the FN/Fbg microfibers were stained with DAPI, which
stains DNA (Figure 8B). Moreover, the cells were attached
well to the microfiber surface, which clearly indicates that
the FN/Fbg microfibers were compatible with cells and
enhanced cell attachment and proliferation.

Cell-attachment/morphology study

To further confirm improved cell attachment on FN/Fbg
fibers, fibroblast cells attached to FN/Fbg fibers were
examined using SEM at different times (24 hours, 3 days,
and 5 days). After cell attachment at each time point, the
microfiber was processed to obtain SEM images. The results
revealed increased cell attachment with increased incubation
time, as the FN/Fbg fiber cells cultured for 24 hours showed
the lowest amount of cellular attachment, while the degree
of cellular attachment was positively increased over time.
However, the same level of increased cell attachment was not
observed with bare Fbg microfibers, demonstrating that the
modification of biomaterials with adhesive proteins improves
cellular function and cell attachment on a polymer surface

Figure 9 Representative scanning electron microscopy images of cell attachment
on Fbg fibers. Images A, B, and C are FN-grafted Fbg fibers showing fibroblast cell
attachment and proliferation after 24 hours, 3 days, and 5 days, respectively. Images
D, E, and F are bare Fbg fibers after 24 hours, 3 days, and 5 days of fibroblast
proliferation, respectively, (scale bar: 100 um). Image G shows single-cell attachment
with fiber pore structures (denoted by white arrows; Scale bar: 50 pm).

(Figure 9). Figure 9G clearly shows the cell attachment and
actin filament penetration and fibrillary extensions in Fbg
fibers. In this study, we used 10 wt% fiber to exemplify
cellular attachment.

Conclusion

In the current study, we demonstrated a fabrication process
for Fbg microfiber scaffolds with different structural char-
acteristics by using a cost-effective micron-sized silicone
tube. The fiber diameter and structural characteristics
were mainly dependent on the concentration of Fbg. The
results of the Bradford protein assay showed that Fbg
microfibers with a larger diameter (200 pwm), and that were
aligned with more nanostructures, exhibited an increased
amount of FN immobilization compared to fibers made
from 10 and 5 wt% Fbg, which was likely due to increased
arginine- and lysine-residue exposure. These data were
supported by an FT-IR study showing a peak shift towards
a lower wavelength with higher peak intensity, which was
assumed to be due to increased peptide-bond formation.
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Fluorescence microscopic images confirmed uniform
FN grafting. The fibrinolytic degradation results were
consistent with the results from the protein-estimation
assay and FT-IR study; the 200 wm Fbg microfibers were
degraded at a slower rate than the other fibers, suggest-
ing that plasmin took a longer time to break more peptide
bonds. The results of the cell proliferation study and in
vitro cell cultures demonstrated that the amount of FN
immobilization strongly influenced cell attachment and
proliferation. Finally these findings show that the devel-
oped Fbg microfibers are biodegradable, biocompatible,
and cytocompatible. Also, Fbg microfibers contain aligned
nanostructures, which can enhance biomolecule encap-
sulation, and have an ability to accelerate cell adhesion
and proliferation compared to that of more porous Fbg
fibers. We believe that the 3-D tissue-engineered scaffold
described here has potential for use in biomedical applica-
tions or pharmaceutical devices, such as protein-, gene-,
cell-, and drug-delivery vehicles.
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