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Abstract—Chitosan-based nanofibers have become attractive biomaterials for wound healing and dressing applica-
tions based on their intrinsic biocompatibility, biodegradability, and antibacterial properties. However, the unstable
spinnability of chitosan-based nanofibers has impeded further applications. In this paper, a fatty acid amide oleamide
was used as a blending material for nanofiber fabrication. The addition of oleamide into chitosan moderately decreased
the viscosity of the electrospinning solution, resulting in enhanced spinnability when constructing chitosan/oleamide
blended nanofibers. Remarkably, the 1: 0.5 ratio of chitosan/oleamide nanofibers exhibited relatively high hydrophobic-
ity, decreased tensile strength, and increased elongation at break compared to chitosan-only nanofiber. The nanofiber
showed similar and slightly higher cell adhesion in the in vitro cell culture with mouse preosteoblast MC3T3-E1 and
fibroblast NIH/3T3 cells, respectively; however, the cell proliferation levels were decreased on the blended nanofiber
surfaces, presumably due to their increased hydrophobicity. These results suggest that chitosan/oleamide nanofibers
with high spinnability can be applied to the preparation of wound dressing membranes or patches with intrinsic anti-
bacterial properties and moderate hydrophobicity. We expect that oleamide, which has lubricant and antibacterial prop-
erties, can be utilized as a blending component of chitosan-based nanofibers for biomaterial and tissue engineering

applications.
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INTRODUCTION

Electrospun nanofibers are considered to be versatile materials
in various industrial fields, such as air purification technology, water
treatment systems, catalytic supports, energy harvest/storage/con-
version components, biomaterials, and tissue engineering applica-
tions [1,2]. Potential applications of electrospun nanofibers are based
on the component materials’ morphological, chemical, physical, and
mechanical properties and the electrospinning procedure [1,34].
In particular, electrospun fibers that are structurally similar to nat-
ural extracellular matrices (ECMs) have been highly attractive for
mimicking nanofibril structures in biomedical engineering appli-
cations [5,6]. ECM, as a noncellular 3-D biomolecular network, has
various functional roles such as structural support and functional
cellular regulation. ECMs are mainly composed of proteoglycans
(PGs), glycosaminoglycans (GAGs), collagen, and other glycopro-
teins [7]. PGs and GAGs are primarily involved in the binding and
assembly of growth factors and related biomolecules [8,9]. Polysac-
charide-based natural biopolymers can act as versatile molecules
for nanofibrous scaffold preparation due to their inherent biocom-
patible and biodegradable properties for biomedical applications,
including wound dressing, drug delivery, and tissue engineering
[10,11].
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Among natural biopolymers, chitosan (CS) has been widely used
for the preparation of nanofibrous scaffold materials since it is a nat-
urally derived, biocompatible, and biodegradable biomaterial with
structural and compositional similarity to GAGs [12,13]. Interest-
ingly, CS has promising biological features for biomedical applica-
tions, including antibacterial and wound healing properties; the
antibacterial properties can act as a physical barrier to prevent and
kill invading microorganisms [14-16]. However, CS is dissolved in
acidic media (pH<6) due to the positively charged amino groups
that exist in this media, but it is nearly insoluble in water under physi-
ological conditions, and its poor aqueous stability has somewhat lim-
ited its biomedical applications [13,17]. Moreover, because CS solu-
tions become highly viscous and because the strong hydrogen bonds
in a 3-D network prevent the movement of polymeric chains ex-
posed to an electrical field, the electrospinning process of CS solu-
tions is complicated [12,18]. In this manner, enhancing the pro-
cessability of CS-based fibers has been comprehensively investigated
for the construction of pristine fibrous mats [19,20].

Blending CS with other polymeric materials has become an at-
tractive approach to enhance the mechanical and biological prop-
erties in a targeted manner [21,22]. Synthetic polymers have been
found to mainly enhance mechanical and physicochemical prop-
erties of CS nanofibers, while natural polymers have been found
to improve the biological activity of CS nanofibers. Remarkably,
post-modification of CS nanofibers from fatty acids was found to
effectively control the fibrous structure and enhance the stability of
CS nanofibers in moist environments [17]. Essential oils and fatty
acid derivatives were studied, and it was found that they could be
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loaded into nanofibers by electrospinning, which improved their
antimicrobial, anti-inflammatory, antioxidant, and re-epithelializa-
tion properties [23,24]. In this manner, we recently found that the
blending of oleamide (OA; C,sH;;NO), a fatty acid amide, with CS
could improve the spinnability of the electrospinning process, which
was successfully used for the construction of nanofluid components
made from nanoparticles that enhance the gas utilization efficiency
in Cl-gas microbial biotransformation [25]. In our previous study,
the addition of OA into CS solution enabled us to form stable nano-
particles that were well suspended in aqueous media [25]. As a fatty
acid amide isolated from nature, OA could be a natural ingredient
of antibacterial materials reducing frictional resistance or increas-
ing lubricity when it acts as a lubricating agent [26,27].

In the present study, we constructed CS/OA blended electrospun
nanofibers with various ratios of CS and OA. Viscosity measure-
ments of the CS/OA mixture and morphological analyses of the
constructed nanofibers enabled us to better understand the increased
spinnability of the electrospinning process. Water contact angles
and stress-strain curves displayed the wettability and mechanical
properties of the CS/OA nanofiber mats. In vitro cell cultures using
model mammalian cell lines, such as MC3T3-E1 and NIH/3T3,
were performed to observe the early-stage cellular behavior on the
CS/OA nanofiber scaffolds. The results showed that CS/OA blend-
ing could potentially be utilized in the preparation of nanofibrous
biomaterials for biomedical applications.

EXPERIMENTAL

1. Preparation of CS/OA Blended Electrospun Nanofibers

CS (medium molecular weight: 190-310kDa, deacetylation degree:
75-85%, and Brookfield viscosity: 200-800 cP), acetic acid, trifluo-
roacetic acid (TFA), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), glutar-
aldehyde (GA), and ethanol (EtOH) were purchased from Sigma-
Aldrich Inc., MA, USA. OA was purchased from J&H Chemical
Co.,, China. The CS/OA fibers were fabricated by an electrospinning
process after the preparation of CS/OA blended solutions with dif-
ferent mixing ratios. The solutions were prepared by dissolving
0.5g of CS and 0-2 g of OA in 6.5 mL of TFA and HFIP cosolvent
at 44-50 °C for 10 min and then by mixing at 80-110 rpm with a
1.5 cm axial diameter magnetic stirrer for 12 hr at 30 °C. The CS/
OA solution was electrospun from a 6 mL plastic syringe (Restek
Co., PA, USA) with a 12.46 mm metal syringe needle (Nano-NC
Co,, South Korea) and an electrospinning apparatus (Nano-NC Co.,
South Korea). The CS/OA fiber was collected on aluminum foil
under the conditions of 25-28 °C temperatures and 40-60% rela-
tive humidity; 24-26 kV voltage was supplied at the tip and needle,
and the mass flow rate of the solution was set at 0.35 mL/hr. The
fiber was dried in a vacuum-dry oven (Jeio Tech Ltd., South Korea)
for at least 24 hours to evaporate the remaining solvents. The dried
CS/OA fiber was crosslinked for 24 hours in polypropylene desic-
cators filled with 1 mL of 75% (v/v) GA solution. Finally, the sam-
ple was dried at 40 °C for 24 hours to evaporate the remaining GA
solution before use.
2. Determination of the Physical Properties of the Constructed
CS/OA Nanofibers

The viscosity of the CS/OA solutions for electrospinning was
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measured with a rotational viscometer (Rheolab QC; Anton Paar
GmBH, Austria) after the samples were prepared under settled con-
ditions. The viscosity (77) was estimated at the Newtonian plateau sec-
tion in the viscosity-shear stress curve after performing the Carreau-
Yasuda model fitting [28,29]. After the preparation of the CS/OA
fibers, the morphological changes of the CS/OA fibers were ana-
lyzed by field-emission scanning electron microscopy (SEM) (SNE-
4500 M; Daeduk image Inc., South Korea) at an accelerating volt-
age of 20-30KkV after gold sputtering to surface coat the samples.
Each fibers average diameter was measured by observing the ob-
tained SEM image with ImageJ (National Institutes of Health, Mary-
land, USA) [30]. The mechanical properties of the fibers were mea-
sured through a universal testing machine (Instron Ltd., MA, USA)
with a 10N cell after preparing the sample into a rectangular shape
(25 mmx10 mm). The wettability of the fibers was determined by
measuring contact angles of water droplets on the electrospun fiber
after applying 10 pL of water for 60 seconds.
3. In vitro Cell Culture Study

For the cell culture experiments, the electrospun nanofibers were
exposed to UV radiation for at least 2 h and washed thrice for 30
min with phosphate-buffered saline (PBS) before cell seeding. A
mouse preosteoblast cell line, MC3T3-E1 (Sigma-Aldrich Inc., MA,
USA), was cultured in minimal essential medium-alpha (MEM- oz
HyClone Inc,, UT, USA) supplemented with 10% fetal bovine serum
(FBS; HyClone) and 1% penicillin/streptomycin (HyClone) at 37 °C
in a humidified atmosphere of 5% CO, and 95% air. The subcon-
fluent cells were detached using 0.25% trypsin-EDTA (HyClone),
and the viable cells were counted with a trypan blue assay. The cells
were seeded onto electrospun nanofibers that were placed in a 24-
well plate at a density of 5x10" cells per well and then cultured for
further analysis. The morphology and viability of the cells were
imaged with a live cell staining kit (Invitrogen, CA, USA). After each
day of cell seeding, live cells were stained with 2 pM calcein AM
(green) for 30 min; the stained images were then observed by a
fluorescence microscope (Olympus CO.,, Japan). To assess cell adhe-
sion and proliferation on different nanofibers, relative cell numbers
were determined by directly counting the cells on the acquired
images. Similarly, an embryo fibroblast model cell line, NIH3T3
(Thermo Fisher Scientific Inc., UK), was cultured in Dulbeccos mod-
ified Eagles medium (DMEM; PAN Biotech LLC., Germany) sup-
plemented with an addition of 10% (v/v) bovine serum (FBS), 2%
(v/v) antibiotics (penicillin/streptomycin), and 1% (v/v) l-glutamine
(Sigma-Aldrich) in a humidified atmosphere of 5% CO, and 95%
air. The SEM images of NIH3T3 cells were analyzed with the same
experimental procedure as previously described [31]. The prolifer-
ation of NTH3T3 cells was analyzed by using CellTiter 96 AQue-
ous One Solution Cell Proliferation Assay kits (Promega Co., WI,
USA) that follow procedures as a multiplate reader when there is
an absorbance measurement at 490 nm (Molecular Devices LLC,,
CA, USA).

RESULTS AND DISCUSSION
1. Preparation of CS/OA Blended Electrospun Nanofibers with

High Spinnability and a Homogeneous Fiber Network
The fabrication of pristine CS nanofibers proved challenging due
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Fig. 1. (a) Viscosities of various solutions of CS/OA blends with different CS/OA ratios. (b) SEM images of CS/OA blended electrospun
nanofibers with different CS/OA ratios. (c) Fiber diameters of CS/OA blended electrospun nanofibers with different CS/OA ratios.

to the unfavorably high viscosity in electrospinning solution and
the increased polymer jet instability from the strong repulsive forces
of NH; in the CS chains, although the electrospinning process had
been optimized by acidic solvents, such as TFA, HFIP, and acetic
acid [19,32,33]. In our experiments, the apparent viscosity of our
CS nanofiber solution was 1,418.9+164.3 cP (Fig. 1(a)). The elec-
trospinning process in the CS solution was also not stable to pre-
pare a homogeneous fiber network, although electrospun CS fibers
could be obtained initially. Some beads were observed in the elec-
trospun nanofiber using the CS-only sample (Fig. 1(b)), which was
conventionally reported in other previous studies [34]. The solu-
tion viscosity combined with appropriate conductivity had to be
within a certain window for successful nanofiber fabrication, and
the high viscosity above 1,500 cP could cause spinning jet failure
in the CS nanofiber [32,35]. In this manner, we applied OA as a
blending compound to improve the solution properties for the
electrospinning process. OA derived from the oleic acid is hydro-
phobic as a fatty acid primary amide and acts as a lubricating agent
with bactericidal properties [26,27], which might adjust the strong
hydrogen bonds and viscosity in the chitosan solution for electro-
spinning. In our experiments, the addition of OA to the CS solu-
tion significantly decreased the viscosity; the apparent viscosities of
the CS/OA mixtures with ratios of 1:0.5 and 1:4 were 833.62+
142.83 cP and 500.63+171.27 cP, respectively; the increased OA

ratio gradually decreased the viscosity (Fig. 1(a)). The reduced vis-
cosity could improve the spinnability to prepare homogeneous fiber
networks [35]. Electrospun fibers made from the CS/OA blend
solutions were well deposited without bead formation and well
accumulated on the bottom of the system for various CS/OA blend
ratios. Fig. 1(b) shows the SEM images of the morphology of the
electrospun CS/OA fibers. Interestingly, although the addition of
OA decreased the solution viscosity, the increased proportion of
OA increased the diameter of the electrospun fibers (Fig. 1(c)). How-
ever, a microfiber mat with a nonuniform diameter was obtained
in a 1:4 ratio of CS/OA (Fig. 1(b)). The polymer concentration
increased with OA content, and the reduced ratio of CS in the CS/
OA blend could decrease the conductivity and charge density on
the surface of the drop formed in the needle, resulting in an in-
creased fiber diameter; similar results were also shown in the nanofi-
ber fabrication by blending chitosan with other synthetic poly-
mers such as polycaprolactone and polyethylene oxide [32,36,37].
Overall, the addition of OA to the CS solution enhanced the spin-
nability; and pristine electrospun nanofibers were successtully ob-
tained in our experiments.
2. Wettability and Mechanical Properties of CS/OA Blended
Electrospun Nanofibers

The wettability of CS/OA nanofibers, which measures surface
hydrophobicity, was investigated by determining the water contact

Korean J. Chem. Eng.(Vol. 40, No. 2)
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Fig. 2. Mechanical properties of CS/OA blended electrospun nanofibers with different CS/OA ratios. (a) Tensile stress-strain curves. (b) Ten-

sile strength. (c) Young’s modulus. (d) Elongation at break.

angle. In the CS-only nanofiber, the water instantly penetrated the
CS nanofiber mat. The 1:0.3 ratio of the CS/OA nanofiber mat
was slowly wetted; thus, the water contact angles were not deter-
mined in these samples. However, a further increase in the CS/OA
ratio to 1: 0.5 resulted in a water contact angle of 86.63°; the water
contact angle was 90.67° in the 1: 1 ratio and 96.69° in the 1 : 2 ratio.
The increased amount of OA in the CS/OA blended nanofiber
gradually increased the hydrophobicity, enabling the construction
of nanofiber mats with moderately hydrophobic surfaces compared
to hydrophilic CS nanofibers.

Mechanical properties, such as tensile strength, Young’s modu-
lus, and elongation at break, of the nanofiber mats were investi-
gated from the tensile stress-strain curves of the CS/OA blended
nanofibers (Fig. 2). The tensile strength and Youngs modulus de-
creased with increasing OA content (Fig. 2(b) & (c)). However, the
elongation at break first increased and then decreased with increas-
ing OA amount (Fig. 2(d)). The addition of OA could weaken the
intermolecular hydrogen bonding network in CS; however, the
diameter of the nanofiber increased with increasing OA content.
A certain amount of OA in the CS/OA blend that acted as a lubri-
cant could decrease the mechanical stiffness and increase the low
elasticity of the CS nanofiber. Additionally, low mechanical strength
was obtained in other CS-based porous membranes; these mechani-
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cal properties suggested the potential applicability of CS-based nano-
fibers for wound dressing/healing and drug delivery materials [38,
39]. Moreover, both CS and OA have antibacterial properties pre-
venting bacterial penetration into the skin, and hydrophobic nano-
fibers can control moisture evaporation from hydrated surfaces,
such as wound sites [27,40,41]. From these characteristics, we expect
that the CS/OA nanofiber mat might be applicable as a potential
wound dressing biomaterial.
3. In vitro Cell Adhesion and Proliferation

We investigated in vitro cell adhesion and proliferation abilities
on the CS/OA blended nanofiber mats with two mouse model cell
lines: preosteoblast MC3T3-El and fibroblast NIH/3T3. To begin,
MC3T3-E1 cells were similarly attached in the CS-only and 1:0.5
ratio of CS/OA blended nanofiber surface with extended morphol-
ogy for 3 days (Fig. 3(a) and (b)), indicating that the CS/OA nano-
fiber with high spinnability can also be applicable for the in vitro
cell culture. However, the proliferation levels decreased with in-
creasing OA content (Fig. 3(c)). In addition, the growth seemed
unfavorable in the 1:1 and 1:2 ratios of CS/OA nanofiber mats,
where the relative cell numbers significantly decreased with the
increased OA ratio. Additionally; cells with round morphology were
observed and lost contact with the surfaces in the 1:1 and 1:2
ratios of CS/OA nanofiber mats, which are some typical morpho-
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Fig. 3. Cell adhesion (a), morphology (b), and proliferation (c) of
MC3T3-El cells on CS/OA blended electrospun nanofibers
with different CS/OA ratios.

logical changes of apoptosis [42]. Because of the importance of mam-
malian cell spreading events, the blended nanofibers with CS/OA
ratios above 1:1 seemed to be unavailable for in vitro cell culture
due to the unfavorable cell attachment environment and poor,
round-shaped spreading morphology. Relatively rough and hydro-
philic surfaces are typically more attractive to the cell adhesion of
osteogenic cells [43,44]. Increased hydrophobicity might hamper
cell attachment and proliferation in osteogenic MC3T3-E1 cells
[45].

Next, cell adhesion and proliferation were investigated in mouse
fibroblast NIH/3T3 cells. Unlike MC3T3-El cells, NIH/3T3 cells
exhibited higher adhesion ability on the CS/OA nanofiber surfaces;
the attached cell numbers were increased to 1.09, 1.18, and 1.5-fold
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Fig. 4. Cell adhesion (a), morphology (b), and proliferation (c) of
NIH/3T3 cells on CS/OA blended electrospun nanofibers with
different CS/OA ratios.

in the 1:0.5-, 1:0.7-, and 1: 1-ratio of CS/OA nanofibers, respec-
tively, compared to the CS nanofiber surface (Fig. 4(a)). Relatively
smooth and hydrophobic surfaces can be more appropriate than
osteogenic cells for seeding fibroblasts and endothelial cells [43,44].
Additionally; cell spreading behavior seemed similar in all samples
at the initial stage (Fig. 4(b)). However, after three days, the prolif-
eration level on the CS-only nanofiber was also higher than that
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on the CS/OA blended nanofibers, although the proliferation lev-
els on the CS/OA nanofibers were similar regardless of the CS/OA
ratio (Fig. 4(c)). For NIH/3T3 cells, cell adhesion and growth were
greater on moderately hydrophobic materials at the initial stage,
but cell proliferation over long culture periods could be more favor-
able on hydrophilic surfaces [46].

CONCLUSION

A pristine CS-based electrospun nanofiber was constructed by
blending OA with CS. The addition of the fatty acid amide OA
moderately decreased the viscosity of the electrospinning solution,
resulting in enhanced spinnability for CS/OA blended nanofiber
fabrication. The CS/OA nanofibers exhibited moderate hydropho-
bicity with a water contact angle of approximately 90°. Remarkably,
the 1: 0.5 ratio of CS/OA nanofiber showed relatively high elonga-
tion at break, although the increased OA ratio decreased the ten-
sile strength and Youngs modulus, as seen in the strain-stress curves.
In vitro cell culture using NIH/3T3 as a model fibroblast revealed
that the CS/OA nanofibers had higher cell adhesion at the early
stages than the CS-only nanofiber. Overall, we efficiently obtained
CS/OA nanofibers with enhanced spinnability. By considering the
mechanical properties and in vitro cell culture of the CS/OA nano-
fiber, it was found that this nanofiber might be applicable as a bio-
material for wound dressing membranes or patches that have
intrinsic antibacterial properties and moderate hydrophobicity.
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