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Abstract—A material constituting a nonwoven mat consisting of intersecting fibers 100 to 400 nm in diameter
was fabricated by the electrospinning of a chitosan solution supplemented with a biocompatible polymer.
Optimal compositions of solution and electrospinning conditions were selected. The material was tested for
cultivating mesenchymal stem cells. The adhesion and proliferation rate of the stem cells applied on the sur
face of nanofiber matrix were investigated. The good compatibility of the obtained material with stem cells
was shown.
DOI: 10.1134/S1995078013050054

INTRODUCTION
The application of nonwoven nanofiber materials
based on biopolymers for medical purposes such as
pads for treating wounds and burns, including ones
with controlled drug release (matrices for tissue engi
neering that should be inert and provide required gas
and liquid exchange) are the most promising [1]. Poly
mers used for such matrices must be biocompatible,
not exhibiting toxicity, and the material structure
should have porosity with a pore size of up to tens of
micrometers. It was reported recently that nanofiber
materials on the basis of chitosan formed by electro
spinning were used as matrices for cellculture cultiva
tion. These matrices demonstrate good adhesion and
facilitate the preservation of cell morphology and via
bility [2, 3].
Electrospinning is a process of fabricating ultrathin
fibers from a polymer solution or melt by spinning
them in an electric field. Currently, the technology of
electrospinning is experiencing a revival; the number
of publications on this topic reached 1000 in 2011 and
it continues to grow. Nonwoven materials can be pro
duced by electrospinning from a large number of syn
thetic and natural polymers [4, 5]. Cellulose deriva
tives, chitin, chitosan, collagen, and polyethylene
oxide, which have a long history of biomedical appli
cations, are most often used biocompatible polymers.
Chitosan is a polysaccharide with macromolecules
consisting of β(14)Dglucosamine and Nacetyl

Dglucosamine units. Chitosan is produced by the
deacetylation of chitin, and the degree of deacetyla
tion defines the difference between these two biopoly
mers. Commercially available chitosan has a degree of
deacetylation of approximately 80–90%, and, hence,
enough amino groups to be soluble in aqueous solu
tions of, e.g., acetic, fumaric, and lactic acids, in
which chitin is not soluble [6].
The feasibility of electrospinning of any polymer,
including chitosan, is determined by the selection of
optimal conditions of spinning and primarily by the
solvent selection. Results of the large number of exper
iments on the electrospinning of chitosan with a large
range of molecular characteristics for different sol
vents and different spinning conditions are presented
in the review [7]. The properties of the polymer itself,
such as molar mass distribution, degree of deacetyla
tion, and availability and nature of admixtures are cru
cial for the successful chitosan electrospinning. The
large variety of raw material sources, methods of dem
ineralization, deprotonation, deacetylation, and puri
fication results in the production of chitosan samples
with different sets of properties; hence, each chitosan
sample requires the selection of unique optimal condi
tions for successful electrospinning. The selection of
the solvent is very important. Trifluoroacetic acid was
selected for the chitosan dissolution in [8, 9]. Its volu
minous counter ions prevent the interaction of chito
san molecules in the solution, and high volatility is
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favorable for the polymer fiber solidification in the
process of formation. However, the high toxicity of this
solvent limits the areas of its application. It was men
tioned earlier that chitosan is soluble and capable of
ionization in aqueous solutions of weak acids; how
ever, their conductivity is significantly higher than of
the polymers in organic solvents that are used most
often for electrospinning [10, 11]. This significantly
hinders the process of chitosan electrospinning.
Repulsion forces between the ions of molecular chains
increase upon spinning in an electric field, which
makes it impossible to produce continuous fiber, espe
cially upon the stretching and bending of the stream
[12]. It is difficult to produce uniform material with
out defects when using concentrated aqueous solu
tions of acetic acid as a chitosan solvent due to the
instability of the electrospinning process in these con
ditions [13, 14]. Small amounts of watersoluble poly
mers that demonstrate good suitability for electrospin
ning, such as polyethylene oxide or polyvinyl alcohol,
are added to the solutions to improve their rheological
and fiberforming properties [15–17]. However, the
increase in the relative fraction of watersoluble poly
mer results in the deterioration of properties of the
obtained nanofiber material such as resistance to
aqueous environment and air humidity.
Despite the large number of publications, there is
no universal approach for fabricating nonwoven mate
rial on the basis of chitosan; the vast majority of studies
are phenomenological. The goal of this work is to
investigate the properties of chitosan solutions and
prepare nonwoven materials from them for biomedical
applications.
EXPERIMENTAL
MATERIALS AND PREPARATION
OF ELECROSPINNING SOLUTIONS
Chitosan with viscosityaverage MM = 200 kDa,
deacetylation degree 82 mol % (Bioprogress, Russia),
was used to prepare nonwoven materials. Polyethylene
oxide MM = 600 kDa (SigmaAldrich, United States)
was added to the solution to improve fiberforming
properties. Aqueous solutions of acetic acid of different
concentrations were used as a solvent. Glacial acetic
acid was diluted with deionized water to the required
concentration and added to a chitosan aliquot. Dissolu
tion was performed by stirring with a magnetic stirrer at
room temperature for one day. An aliquot of a PEO
powder (10 wt % relative to chitosan) was added to the
prepared solution and stirred for one more day to pre
pare the visually homogenous solution. In some cases
the prepared solution was subjected to a vacuum at
room temperature to remove air.
INSTRUMENTATION AND METHODS
The electrical conductivity of acetic acid of differ
ent concentrations was measured with an Ekspert002

electrical conductivity meter (Russia). Dynamic vis
cosity was determined with a Heppler viscometer.
Electrospinning was performed with a setup con
sisting of a device for the polymer solution supply, col
lecting electrode, and Spellman SL130PN10 (Spell
man Inc., United States) high voltage supply. High
negative voltage from 25 to 40 kV was applied to a ves
sel with a polymer solution. Electrospinning was con
ducted through thinwalled metal capillaries with
hydrodynamic resistance 900 Pa. A metal disk with
35 cm diameter or a metal drum with 22 cm diameter
performing rotational and forward–backward move
ments were used as collecting electrodes. The inter
electrode distance between the capillary and collecting
electrode was from 20 to 23 cm. The morphology of
the obtained materials was investigated with a method
of optical (Olympus CX41, Olympus, Japan) and
scanning electron microscopy (Zeiss SUPRA55VP,
Carl Zeiss, Germany). Fiber diameter, pore sizes, and
their distribution were estimated with the Image Pro
4.5 program.
The pH of the water extract was measured to deter
mine the residual content of acetic acid in the non
woven material. An aliquot of nonwoven material
(0.01 g) was placed into 10 ml of deionized water fol
lowed by stirring with a magnetic stirrer for 2 h at 50°C
and 200 rpm; the obtained extract was filtered through
a paper filter and cooled to room temperature. pH was
measured with a SEVEN MULTI S40K (Mettler
Toledo, Switzerland) instrument at 25°C. Measure
ments were conducted with 3 samples taken from three
different areas.
Cultures of mesenchymal adipose stem cells
(ASCs) were used for a cytological investigation of
materials on the basis of chitosan. White adipose tis
sues obtained with the lipoectomy procedure was
homogenized, treated with 0.2% collagenase solution
(Sigma, United States), and centrifuged. Cells were
cultivated in a MEM Alpha Modification nutrient
medium (Gibco, United States) supplemented with
15% fetal calf serum (Gibco, United States) and anti
biotics (100 units/ml penicillin and 100 g/ml strepto
mycin, Gibco, United States). The cultivation of stem
cells was conducted in a CO2 incubator in atmosphere
of 70% humidity at T = 37°C and the CO2 content was
5–7%; subculturing of the cells into fresh flasks was
conducted when 80% confluence was reached.
The stem cells were deposited onto a chitosan matrix
from the liquid nutrient medium containing the cells;
the time of contact of the tested sample with the matrix
was from 1 h to 2 weeks. The cells were fixed on the sur
face of the matrix after cultivation using 0.25% glutaral
dehyde solution (Sigma, United States) following
dehydration with ethanol. Microscopic investigations
were performed with a Zeiss SUPRA55VP scanning
electron microscope (Carl Zeiss, Germany). The
samples were coated with a thin layer of gold.
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Fig. 1. (1) Dependence of the electrical conductivity of
acetic acid solution on concentration. (2) Electrical con
ductivity of 1.5 wt % chitosan solution in acetic acid solu
tions of different concentrations; (3) electrical conductiv
ity of 7.5 wt % chitosan solution in acetic acid solutions of
different concentrations. (4) Electrical conductivity of
7.5% chitosan solution in 92% acetic acid with the addi
tion of 10 wt % PVP; (5) the same, but with the addition of
10 wt % PEO.

RESULTS AND DISCUSSION
ELECTRICAL CONDUCTIVITY
AND VISCOSITY OF SOLUTIONS,
ELECTROSPINNING
The electrospinning of fibers and fabrication of
nonwoven materials on their basis was conducted from
chitosan solutions in acetic acid. The conducted
experiments on electrospinning from aqueous solu
tions of lactic and fumaric acids produced negative
results, the formation process was unstable, the final
material had a large number of defects in the form of
droplets and spindles of different shapes. As was men
tioned above, aqueous solutions of weak acids have a
higher electric conductivity than water or organic sol
vents, which are successfully used as solvents on the
electrospinning of fibers. This can explain the difficul
ties of fiber formation from the chitosan solutions in
weak acids. That is why special attention was given in
this work to an investigation into the electric conduc
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tivity of acetic acid solutions in a wide range of its con
centrations, as well as chitosan solutions in it.
As is evident from Fig. 1, the specific conductance
(SC) of acetic acid solutions has a maximum at an acid
concentration of around 20 wt % and decreases both
upon a decrease and increase in its amount. The
decrease in electrical conductivity of highly concen
trated solutions is related to the significant reduction
of the dissociation degree of acid due to the shortage of
available water molecules; the SC adheres to Ostwald’s
law of dilution at low concentrations of the solution.
However, the pattern of the dependence changes to
monotonously decreasing with an increasing concen
tration of acetic acid upon the addition of chitosan to
the solution. We suggest that the lack of a bend on
curves 2 and 3 in Fig. 1 in the range of acid concentra
tions 0–20% is related to the increase in the ion mobil
ity against the background of a decrease in dynamic
viscosity of the solutions.
The low electrical conductivity of the polymer
solution at high concentrations is required for the sta
ble elctrospinning process: breaking of the polymer
solution into microjets in an electric field and the for
mation of fibers. It can be seen from the data that the
7.5 wt % chitosan solution in 92% acetic acid suits
these requirements; the value of its specific conduc
tance is below 1 mS/cm.
The electrospinning of pure chitosan solutions did
not allow conducting the process in a stable manner;
the obtained fiber material contained defects in the
form of droplets and fibers have a large spread in diam
eters. Microphotographs of such samples are pre
sented in Fig. 2.
Polymer additives that showed good electrospin
ning properties were used to improve the fiberforming
properties of the polymers. Biocompatible polyvi
nylpyrrolidone (PVP) and polyethylene oxide (PEO)
were among them. It was found that the addition 10 wt
% of PVP to chitosan resulted in the formation of sep
arated fibers on electrospinning (Fig. 2c). However,
the addition of the same amount of PEO demon
strated the best results with the electrospinning pro
cess proceeding stably. The role of a watersoluble
polymer addition probably lies in the redistribution of
hydrogen bonds, which results in a decrease in the
interchain interaction between the chitosan molecules

50 µm (c)
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Fig. 2. Microphotographs of samples fabricated at nonoptimal electrospinning conditions. (a) Episodic fibers, (b) beginning of
formation (spindles), and (c) material with large number of defects.
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Fig. 3. (1) Dependence of spinning solution viscosity on
chitosan concentration; (2) the same with the addition of
PEO.

in the solution due to the formation of hydrogen bonds
between the molecules of chitosan and the added
polymer. The solution becomes more homogenous,
which facilitates the successful electrospinning and
fabrication of material with the required properties. It
should be noted that the addition of both PEO and
PVP did not affect the specific conductance because
both additives are nonionic and do not affect the vis
cosity at lower amounts (Fig. 1).
The increase in the polymer concentration in the
solution is important for increasing elctrospinning

Inensity

(a)

productivity, but it is necessary to prevent the forma
tion of the gel in the case of chitosan. The maximal
possible polymer concentration of 8.5 wt % was deter
mined using 92% acetic acid as a solvent, but this solu
tion did not demonstrate stable electrospinning. The
7.5 wt % chitosan solution in 92% acetic acid with the
addition of 10 wt % of PEO relative to chitosan yielded
repeatable results and required productivity.
The dependence of viscosity of the spinning solu
tions presented in Fig. 3 demonstrates its significant
increase with the increase of chitosan concentration;
the reduction of the chitosan concentration below 5%
does not make sense due to the low productivity of the
process. The difficulties in determining the rheologi
cal characteristics of chitosan solutions should be
mentioned; the decrease in the viscosity by 10% or
more occurs even in solutions with low acid concen
tration within several days after preparation. More
over, the rate of the viscosity decrease, which we relate
to the decrease in chitosan MM due to its destruction,
depends on the acid concentration in the solution. For
example, the viscosity decrease of the 1.5 wt % chito
san solutions in 2.5 and 92% acetic acid after 6 days
was 13 and 26%, respectively, and the fiberforming
properties of the solutions deteriorated.
An insignificant viscosity increase is observed upon
the addition of the PEO in the solution as compared
with the pure chitosan solution, which is related to the
increase in the total polymer mass in the solution.
The samples of nonwoven material from chitosan
with the addition of 10% PEO were investigated for the
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Fig. 4. Microphotographs of chitosan nanofibers (a) and matrices after the cultivation of stem cells on them for 1 h and 7 and
14 days (b, c, d).
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fiber distribution by the diameter and uniformity of
the material by the area. Microphotographs of the
nonwoven material are presented in Fig. 4a. The mate
rial consists of intersecting fibers with diameters from
100 to 400 nm and an average diameter of approxi
mately 180 nm (fiber distribution by diameter is pre
sented in the inset in Fig. 4a); the number of fibers
with diameters of over 300 nm is insignificant. The
surface of the fiber is uniform without pronounced
microstructure. The structure of the material is dense;
significant surface defects such as droplets and holes
are absent.
It is important to control the amount of residual
acid in the nonwoven material, because the pH of the
medium is an important parameter for the application
of matrices for cell technology. The nonwoven mate
rial exhibits a distinct smell of acetic acid immediately
after fabrication. The hydrogen indicator of the water
extract of the material after prolonged (more than
30 days) storage was 5.22 ± 0.04, with the control value
for the deionized water being 5.65.
CELL ADHESION
The samples were used as matrices for the cultiva
tion of mesenchymal stem cells. The cells were inocu
lated onto the samples using the protocol described
above. A typical microphotograph of the matrix with
the cell 1 h after inoculation is presented in Fig. 4b.
It can be seen that the stem cell has a globular shape
characteristic of the cells in the liquid matrix. The
change in the shape and number of the cells after incu
bation for 7 days in the cell matrix can be observed in
Fig. 4c. The cells are well spread and their number on
the surface of the matrix increased significantly. This
indicates good compatibility of the material with stem
cells and a lack of fiber toxicity. The good compatibil
ity of nanofibers facilitating intensive cell proliferation
is confirmed by the results of prolonged incubation of
the material in the cell matrix. It can be seen in Fig. 4d
that the entire surface of the investigated matrix is cov
ered with stem cells after 14 days, which confirms the
high proliferation rate of stem cells on the chitosan
nanofiber matrix.
CONCLUSIONS
Hence, optimal conditions were selected for elec
trospinning. Nonwoven material on the basis of chito
san with the addition of polyethylene oxide was pre
pared, which was tested as a support in experiments on
stemcell cultivation and showed good cytocompati
bility. The good adhesion of cells on chitosan nanofi
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bers, the conservation of their viability, and the prolif
eration up to the degree at which the entire matrix sur
face is filled was observed.
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