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Abstract

The aim of the research was to develop optimal conditions for manufacturing materials
based on hyaluronic acid by the electrospun method. The studies were composed of three
stages: the process of selection of the optimal solvent (mixture of solvents), the molecular
weight of hyaluronic acid, and the concentration of biopolymer in the spinning solution.
The influence of variable parameters on the rheological properties of the spinning solutions
and electrospinning trails was tested. Depending on the electrospinning regime applied, the
fibers obtained were characterised by a diameter of the order of 20 to 400 nm. As a result of
the development works presented, an optimal molecular weight of the polymer; its concen-
tration and system of solvents were determined, together with process parameters, ensuring
a stable electrospinning process and relatively homogeneous nanofibers. Additionally studies
on the residues of solvents used during electrosun formation were done and parameters of
drying of the final materials were examined. This approach (verification of the presence of
organic solvent residue in the nanofibrous formed) is important for the suitability of nanofibres
as scaffolds for regenerative medicine. This study provides an opportunity for the under-
standing and identification of process parameters, allowing for predictable manufacturing
nanofibers based on natural biopolymers, which makes it tremendously beneficial in terms
of customisation.
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B Introduction

Biomimetism is a concept of adapting
solutions from nature to science, medi-
cine and technology. The term was pro-
posed by Otto Schmitt in the 1950s [1]
and is one of the strongest emerging
trends today, setting out guidelines for
development in the majority of scientific
fields [2] and giving the opportunity to
apply a nature-based solution to every-
day human practice. Nowadays the most
extensive use of biomimetism concerns
the broadly defined medical sciences [3].
The concept of biomimetism has also
entered into regenerative medicine and
tissue engineering for the preparation of
scaffolds mimicking the natural architec-
ture of extracellular matrixes able to pro-
mote cell growth and proliferation [4].
From the viewpoint of scaffold formation
for tissue regeneration, biomaterials (in
particular naturally occurring polymers)
have gained significant considerations
[5], associated with their unique proper-
ties, the most important of which is bio-
compatibility, providing a proper envi-
ronment for natural tissues. They are also
biodegradable, which means that they are
not harmful to the environment and are
characterized by the other physical and
chemical properties allowing their vari-
ous applications.

glycan occuring in all living organisms.
Interestingly hyaluronic acid is the main
component of the extracellular matrix
(ECM) of skin, joints, the eye and many
other tissues and organs [6]. It consti-
tutes a significant factor of the extracel-
lular matrix of connective tissues, with
important biological functions including
shock absorption, molecular filtering
and collagen fibril support. Their natural
function of providing appropriate sup-
port makes them ideally suited for utili-
sation as tissue scaffolds [7]. Apart from
structural-maintenance properties, it is
important to notice that HA plays a signif-
icant role in many biological processes
such as embryogenesis, inflammation,
metastasis and tumour progression, as
well as in metabolic activities in the pro-
cess of healing [8]. Especially here, hyal-
uronate plays a major role in each phase
by stimulating cell migration, differentia-
tion and proliferation, also by participat-
ing in the regulation of the metabolism
and organisation of the ECM [9]. In the
light of these reports, HA is a very prom-
ising object of research in the field of fi-
brous structures useful for regenerative
medicine.

Scientific and technical progress has in-
creased in the area of preparation of var-
ious types of materials on a nanoscale.
Electrospinning is a process in which

PEO  poly(ethylene oxide) One of the most promising polymers for  nanofibers are produced under the influ-
PEGDA poly(ethylene glycol)-diacrylate  use in medicine and tissue engineering  ence of an electric field from a stream
PLA poly(lactic acid) is hyaluronic acid (HA), a glycosamino-  of polymer solution or polymer melt
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Figure 1. The structure of hyaluronic acid.

supplied through nozzle holes of certain
geometry and received at collectors with
a horizontal or vertical arrangement. This
allows to obtain a determined morpholo-
gy and structure of fibers depending on
the process parameters [10]. In this re-
spect, electrospinning stands out com-
pared to other techniques, because there
are three groups of parameters that can
be optimised: the process parameters,
the character of the spinning solution,
and environmental conditions. In terms
of optimisation, electrospinning is one
of the most promising techniques for
the preparation of nanofibers; however,
unchanging fibers can be achieved only
in a narrow range of process parameters
which have to be optimised in order to
be devoid of beads and to achieve a cer-
tain thickness of individual filaments.
Depending on the parameters’ diameters
in the range of 50-2000 nm, a specific
morphology and structure can be ob-
tained [11].

Previous research data indicate that the
electrospinning of nanofibrous mats
composed only of pure biopolymers has
been difficult to achieve. Some HA char-
acteristic features like solubility in water
and high surface tension in aqueous solu-
tions determine its processability by elec-
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trospinning. Especially the main obstacle
is to determine the proper characteristic
of the spinning solution that will result
in electrospun fibrous material of defined
features. These factors include primarily
the molar mass of the polymer, concen-
tration, viscosity and surface tension [12,
13]. A successful electrospinning of pure
HA fibers at an ambient temperature was
reported, where the diameter of fibers
formed were between 20-110 nm [14].
HA was dissolved in a mixture of sol-
vents containing deionized water (DW),
formic acid (FA) and dimethylformamide
(DMF) in different ratios. A three-di-
mensional hyaluronic acid nanofibrous
structure mimicking the architecture of
anatural extracellular matrix based on
electrospinning was reported. Howev-
er, for this purpose it was necessary use
chemically modified hyaluronic acid
derivatives (a thiolated HA derivative:
3,3-dithiobis(propanoic dihydrazide)
(HA-DTPH)) in the presence of an aux-
iliary agent (poly(ethylene oxide) (PEO))
and cross-linking derivative (poly(ethyl-
ene glycol)-diacrylate (PEGDA)) [15].
Yet it has been found that this approach
is not useful regenerative medicine be-
cause of the presence of residual organic
solvents and/or toxic additives during the
formation of non-woven material. These
and many other studies outline the crit-
ical role of biopolymer processing with
respect to their application in different
fields, especially medicine. (Figure 1)

However, processing studies on elec-
trospinning biopolymers are seldom the
subject of research, which causes that in
the literature there is the lack of a techno-
logical approach aiming at optimisation
of the manufacturing of scaffolds. Addi-
tionally the use of pure unmodified hy-

biocompatible
and
biomimetic

HA-based
scaffold

Figure 2. Schematic presentation of the concept of research. Source: own elaboration.

46

aluronic acid or its salts is very limited.
In this respect, how modifications influ-
ence the properties of HA that affect its
behavior and adoption in the natural en-
vironment should be examined. In view
of this, two primary aims of this study
were posed: 1. to determine an optimal
molecular weight of the polymer, its con-
centration, the composition of the solvent
mixture and process parameters in order
to achieve homogeneous nanofibers; 2. to
ascertain the amount of NMP residues in
hyaluronic acid-based non-woven in or-
der to verify its suitability for application
in regenerative medicine.

Objective of the study and research
concept

The general objective of the study was to
design and characterise materials useful
as scaffolds for tissue engineering that
are based on pure hyaluronic acid sodi-
um salts and manufactured by electros-
pinning. The originality of the approach
applied is the application of pure hyalu-
ronic acid, in contrast to several recent
studies that have been carried out on pol-
ymeric matrices based on other types of
polymers, where HA was only a compo-
nent of the matrix and its role was to en-
hance the biocompatibility of the entire
composite [16]. The step-wise process
describing the research concept is sche-
matically presented in Figure 2.

Firstly selection of the biopolymer and
its molecular weight was completed.
Criteria for selecting the type of polymer
included the natural origin, non-toxici-
ty, and occurrence in human tissues. All
these parameters ensured the highest de-
gree of biocomptability. In this respect,
hyaluronic acid and its sodium salts
have the highest potential. The choice
of molecular weight from the available
scope (starting from 80-130 kDa, to 2,0-
2,2 MDa) was preceded by preliminary
studies [17]. The result of this step was
the selection of 100-150 kDa HA sodi-
um salt, which allowed sufficiently high
concentrations of spinning solutions, si-
multaneously not causing an excessive
increase in the viscosity of the solution,
which may cause instability of the poly-
mer stream at the exit of the spinneret.

Secondly the preparation step of the spin-
ning solution was carried out, involving
the selection of the proper system of sol-
vents and concentration of the polymer.
Based on the preliminary studies (con-
ductivity of the system of solvents and its
rheological parameters), the concentration

FIBRES & TEXTILES in Eastern Europe 2017, Vol. 25, 3(123)
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Figure 3. Schematic view of the electrospinning set and laboratory stand: 1-spinning head with a peristaltic pump, 2-receiver, 3-control
panel, 4-high-voltage generator, 5-housing protection against high voltage. Source: own elaboration.

range for providing a stable polymer flow
in the process was set at 12%. From the
pool of available organic solvents, includ-
ing dimethyloformamide (DMF), ethanol
(EtOH), 25% ammonia water (AW) and
N-methylopirolidone (NMP), based on
preliminary data, a mixture of AW and
NMP in the ratio of 2:1 was selected. Al-
though water is an excellent solvent of hy-
aluronic acid sodium salts, it was excluded
from the group of potential solvents since
it has a very high surface tension of the
order of 70 (mN-m™). Very high surface
tension results in the formation of beads
instead of fibers. Primary inclusion crite-
ria concerned lowering the surface tension
of the system of solvents, solubility of the
polymer, viscosity of the spinning liquid
and the evaporation rate that influences
the removal of the solvent’s residuals in
the final nanofibrous scaffolds.

Finally the process parameters were ad-
justed. In order to identify the optimal
set of parameters, a preliminary test
was performed, the results of which are
shown in the following sections. The fol-
lowing process scope of parameters was
applied: distance from the spinneret and
collector = 450-550 mm and voltage ap-
plied = 20-30 kV. In order to enhance the
evaporation rate of the solvent during
the electrospinning process, the ambient
temperature was adjusted to 30 °C.

The above-mentioned three groups of
parameters selected: molecular weight of
the polymer — M=100-150 kDa, its con-
centration (12%), and system of solvents
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and process parameters applied proved to
provide a stable polymer flow and pure
hyaluronic acid-based nanofibers in the
range of diameters 20-400 nm.

B Experimental part

Materials and methods

Polymer Hyaluronic acid (HA) was pur-
chased from Contipro Biotech (Czech
Republic) in the form of sodium salt.
DSC analysis was performed with a dif-
ferential scanning calorimeter — DSC
(Perkin-Elmer 7, US) with a cooling de-
vice and computer software.

Solvents Solvents of chemical purity
were purchased from Labomix (Poland):
N-methylopirolidone and ammonia wa-
ter (25%). Surface tension measurements
were performed with a process tensiome-
ter using Wilhelmy’s plate method [18].
The conductivity of the solution system
selected was measured with a multifunc-
tionmeter — CX-701 (Elmetron, Poland)
and conductivity sensor — EC-60 (Elmet-
ron, Poland) at a reference temperature of
25 °C. The result of conductivity meas-
urements was an average value from five
measurements.

Spinning solutions Prior to the process of
electrospinning, rheological properties of
the spinning solutions were tested using
a rotational rheometer — Anton Paar Rhe-
0labQC (Great Britain). Measurements
were carried out in a shear rate range of
0.1-160 s using a cylinder — CC27. Rhe-
ological parameters were determined for

a range of the shear rate of 1-80 s using
the software Rheoplus/322 V3.21. For
determination of the basic rheological
parameter, the power model of Ostwald
de Waele was applied, as one which ap-
proximates the behaviour of rheological
polymer fluid. The study was carried at
temperatures of 15, 20, 25, 30 and 35 °C.
The aging of the solution was measured
7 days after its preparation.

Electrospinning Hyaluronic acid-based
fibrous scaffolds were electrospun on
avertical electrospinning  laboratory
stand, illustrated in Figure 3. The poly-
mer stream was fed through a needle of
0.6 mm diameter and at a flow rate of
0.2 ml/min. The process was carried out
at 30 °C and 30% RH.

Microscopic examination Analysis of
the microscopic structure of the nano-
fibers was performed based on scanning
electron microscopy images. SEM im-
ages were taken with a high-resolution
scanning electron microscope — FEI
Nova NanoSEM 230 (Jeol, US) equipped
with an electron gun with field emission
(FEG). Histograms of the nanofibers ob-
tained were prepared on the basis of the
SEM images with the use of the dedicat-
ed software. Thickness distribution was
determined on the basis of the sample
size N = 50.

NMP residuals examination Hyaluron-
ic acid samples were dissolved in water.
Aqueous solutions thus prepared were
filtered through VIVASPIN filters (Sar-
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Figure 4. Rheological properties of 12% hyaluronic acid solution:
dependence of the shear stress on the shear rate.

torius Stedim Biotech, Germany) with
a membrane of 2,000 MWCO HY and
then centrifuged (900 rpm) (Hettich,
Universal 230R), thereby obtaining an
aqueous solution of compounds of low
molecular weight -below 2000 g/mol.
The aqueous solutions were analysed by
a UV spectrophotometer (Shimadzu UV-
1601PC, Japan). The absorbance of the
NMP was read at 282.5 nm. For the NMP
calibration curve, analytical grade solu-
tions of NMP (Across) were prepared.

Preparation of spinning solutions

The sodium salt of hyaluronic acid was
dissolved in the type of solvent system
selected taking into account the need to
achieve appropriate characteristics of the
spinning solution which stemmed from
the preliminary studies — viscosity, con-
centration and surface tension. The high
solubility of HA in water excluded its ap-
plication in the electrospinning process,
due to the high heat of evaporation of wa-
ter and the inability of achieving a con-
tinuous stream of the polymer during the
electrospinning process (referring to the
high surface tension). Therefore a mix-
ture of two available solvents was used
— ammonia water (25% aqueous ammo-
nium solution) and N-methylpyrrolidone
in the ratio of 2:1 respectively. Spinning
solutions were prepared with the use of
a mechanical stirrer. The mixing process
lasted for 5h constantly and solutions

Table 1. Characteristics of spinning solutions.

t=15°C

were used after degassing in ambient
temperature.

Formation of hyaluronic acid-based
nanofibers

Nanofibers were formed using electros-
pinning. The construction of the labora-
tory stand utilised for forming nanofib-
ers is protected by the European patent
[19]. Figure 3 illustrates the laboratory
stand. The operating voltage applied was
predetermined based on the preliminary
data and amounted to 20, 25 and 30 kV.
The distance from the needle to the col-
lector ranged from 450 to 550 mm based
on the initial tests.

B Result and discussion

Rheological properties

For the concentration (12%), molecular
weight of the polymer (100-150 kDa)
and composition of the spinning solution
(AW:NMP, ratio 2:1) initially selected,
rheological analysis was performed in
the range of predetermined temperatures.
The results are presented in Table 1.

Analysis of the flow curves of the solu-
tions examined are presented in Fig-
ures 4 and 5.

The flow curve analysis shows that re-
gardless of the temperature, the solutions
tested are non-Newtonian shear thinned

Sample Temperature, °C Aging, Surface

description 20°C tension,
P! 15 20 25 30 35 mNm-'
12% HA k=39.096 | k=25.035  k=17.543 | k=16.935 | k=14.906 k=29.768
i 60.073
WANMP | n=0904 | n=0.958 | n=0.981 n=0.966 n=0972 n=0.950
Sample description Conductivity, S Standard deviation
WA:NMP 2:1 116.088 3.104
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Figure 5. Rheological properties of 12% hyaluronic acid solution:
the dependence of the apparent dynamic viscosity on the shear rate.

liquids (which refers to the parameter
n<1). In the case of the solutions investi-
gated, the shear stress increases less pro-
portionally with the increasing shear rate
and curves pass through the origin of the
coordinate system, which means that they
are liquids without ayield point [20].
The solutions prepared exhibited a sus-
ceptibility to change in the shear stress,
therefore we called them non-Newtonian
liquids. In addition, a theoretical relation
between the increasing temperature and
decrease in the apparent dynamic viscos-
ity was also confirmed. Higher tempera-
ture of the measurement caused a bigger
decrease in the apparent dynamic vis-
cosity. The rise in temperature increases
the internal energy of the molecules (by
supplying energy in the form of heat) and
the vibrations of atoms, causing that their
resistance to flow becomes smaller, and
thus the viscosity of the solution decreas-
es. Therefore changes in the dynamic ap-
parent viscosity as a function of the shear
rate for all the solutions studied exhibit
atypical course, like that of the liquid
solutions of the polymers. The investiga-
tion of the rheological properties brought
insights in the behaviour of the polymer
solution at different temperatures. Fol-
lowing this analysis, the most favourable
ambient temperature was chosen for con-
ducting a stable electrospinning process
(30 °C).

Morphology of the nanofibers

The second group of parameters affecting
the electrospinning process and morphol-
ogy of the fibrous substrates obtained are
secondary parameters which relate to the
process of electrospinning itself. Table 2
depicts SEM images with histograms of
the fiber diameter distribution of fibrous
structures in various regimes of the elec-
trospinning process.

FIBRES & TEXTILES in Eastern Europe 2017, Vol. 25, 3(123)



Considering the parameters applied, it
was possible to obtain fibrous materials
with elementary fibers of dimensions in
the range of 20 to 400 nm. In the case of
the experiment using a 450 mm distance
from the spinneret to the collector, the
fibers obtained were characterised by
dimensions in the range of 60-280 nm,
60-360 nm and 20-400 nm for 450, 500 m
and 550 mm, respectively. Noticeable is
also the decrease in efficiency of the pro-
cess at the lowest voltage applied — 20 kV.
Interestingly the increase in the distance
between the spinneret and collector in-
fluenced the distribution of diameters by
slightly lowering the uniformity of the
fibers collected, and also the distribu-
tion of their diameters is slightly shifted
toward higher values. With regard to the
surface area of the fibers, which is con-
nected to their dimensions and especially
important in the case of biomedical appli-
cations, the most optimal process param-
eters determined were 450 mm distance
from the collector and 25 kV voltage. It
can be concluded that in this case, fibers
are characterised by the narrowest distri-
bution of diameters, of which over 45%
constitute 80-100 nm.

On the basis of the Figures 6 and 7, it
can be concluded that the application of
a higher distance from the spinneret to the
collector resulted in slightly bigger distri-
bution of the monofilaments’ diameters
and bigger average diameters. This gener-
al trend can be observed in all cases, apart
from one sample (1). In addition to the
above, the relation between the distance
and morphology of fibers was confirmed.
According to previous research, the cor-
responding distance between the nozzle
and collector allows for complete solvent
evaporation, which also affects the mor-
phology of the fibers (when the distance
is too small fibers stick together) [21, 22].

In the case of dependencies between the
average diameter of fibers and the volt-
age applied, a clear relationship was not
defined. Prior studies have noted the
importance of the voltage applied in the
electrospinning process as it is connected
to the creation of the Taylor’s cone at the
tip of the spinneret which starts the for-
mation of fibers [23]. The voltage applied
is the driving force for charge transfer in
the stream of the polymer and the den-
sity of the loads applied, as the amount
of charge per unit of the drop surface is
described by the voltage applied, the dis-
tance from the nozzle to the collector and
the conductivity of the solution. These
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Table 2. Thickness distribution of hyaluronic acid-based nanofibers according to different

process parameters.
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Table 2 continued. Thickness distribution of hyaluronic acid-based nanofibers according

to different process parameters.
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values must be adjusted to the type of
solvent and polymer concentration; how-
ever, this dependency was not confirmed.
The increasing voltage should therefore
cause an increase in the diameter of fib-
ers, while the value of the critical voltage
depends strongly on the concentration of
the solution (the threshold increases with
the concentration) [24].

NMP residual examination

The final stage of the study included
verification of NMP residues in the hy-
aluronic acid non-woven. Two drying
temperatures: 90-95 °C and 130-140 °C
were tested, and as a control a polymer
which had not been subjected to drying
at elevated temperature was used. Drying
(heating) was carried out at a pressure of
0.1-0.009 MPa. Different drying times of
6 and 24 hours were used, respectively.
In order to remove the hyaluronic acid,
after dissolving samples in water, the
solutions were subjected to filtration

with the use of a VIVASPIN membrane
of 2,000 MWCO HY and then centri-
fuged (900 rpm), resulting in an aqueous
solution containing only small molecule
compounds. Given that the initial con-
centration of NMP in ammonia-water
amounted to 33.33%, it was expected
that NMP residues must be less than this
level. Determination of NMP was per-
formed spectrophotometrically by read-
ing the absorbance value at a wavelength
of 282.5 nm. The absorbance at this
wavelength is also used for the calibra-
tion curve. Absorbance was performed
for concentrations of 1%, 3%, 5%, 7%
and 10% NMP in water. Figures 8 and 9
present the UV spectra of aqueous solu-
tions of NMP at different concentrations
and the dependency of the absorbance on
the NMP concentration in water, respec-
tively.

It was found that drying the samples sig-
nificantly reduces the amount of NMP

residues, which makes it available for
medical applications. However, the re-
sults obtained indicate that in conditions
without further drying, the residue of
NMP in hyaluronic acid is 3.81% (7a-
ble 3).

Heating (drying) of the samples signifi-
cantly reduces the content of NMP. It is
surprising that the effectiveness of the
removal of NMP residues in two 24-hour
experiments at different temperatures is
the same, which is because the minimum
content of NMP in both cases is 0.31%.

DSC analysis

From the point of view of solvent resid-
ual removal and the processing method
— electrospinning at elevated tempera-
ture, it was important to check whether
the polymer will undergo changes during
these processes. According to the results
obtained (Figure 4 — rheological results),
it was confirmed that DSC curves, re-
gardless of the molecular weight of the
hyaluronic acid, are characterised by
a broad peak with an endothermic peak in
the range of 110-130 °C associated with
the loss of chemically adsorbed water.
This phenomenon has been confirmed in
prior works [25]. In contrast, at tempera-
tures above 230 °C polymer degradation
occurred which is associated with the oc-
currence of a narrow exothermic peak. In
the case of the drying process (post-heat-
ing) of fibrous structures, it is preferred
to use temperatures below 120 °C, which
in the case of electrospinning was set at
30 °C (Figure 10)

B Summary

One of the key aspects of electrospinning
is the proper selection of the polymer, its
molecular weight and concentration and
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Figure 6. Dependence of the distance from the collector on the

average dimension of nanofibers.
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Figure 7. Dependence of the voltage applied on the average

dimension of nanofibers.
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the properties of solvents used. All these
parameters affect the spinning solution’s
viscosity and the surface tension, which
decide upon the success of the process.
The molecular weight of the polymer
and solvent system were selected in such
a way that they ensured sufficient surface
tension and viscosity. Both these pa-
rameters allowed for manufacturing fib-
ers of diameters between 20 to 400 nm.
Examination of the influence of the mo-
lecular weight on the homogeneity of
the final fibers revealed that the most
uniform and smooth nanofibers were
obtained in the process where HA with
a molecular weight of 100-150kDa was
used. The solvent system, which ensures
the stability of the process of electros-
pinning, was determined as a mixture
of ammonia water and NMP at a ratio of
2:1, respectively, with the most optimal
polymer concentration being 12%.

Studies on electrospinning process pa-
rameters led to the selection of optimum
conditions according to the diameters of
the nanofibers obtained. It was found that
a distance from the collector (voltage
25 kV) equalling 450 mm is optimal for
the process. The optimal fibrous struc-
tures obtained are characterised by a size
of the diameter of filaments between 80-
100 nm, which constitutes 45%.

Studies concerning the presence of NMP
in fibrous structures have shown that
it is desirable to perform an additional
process of heating enabling a significant
reduction in the content of the solvent. At
the same time the application tempera-
ture in the range of 90-95 °C remains ef-
ficient and safe to carry out this process.
The lack of solvent residues is extremely
important from the point of view of the
medical use of HA-based non-woven.
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The objective of the study was achieved,
which included the design and characteri-
sation of promising electrospun scaffolds
for prospective use in tissue engineering
purely based on hyaluronic acid sodium
salt. This research will serve as a basis
for future studies on customised biopol-
ymeric scaffolds. It provides a frame-
work for exploration of the influence of
different process parameters on the mor-
phology of HA-based fibrous structures.
It also confirms previous findings and
contributes additional evidence that it is
possible to achieve electrospun pure HA
scaffolds in the range of predetermined
parameters, which gives a great basis for
enriching scaffolds with bioactive addi-
tives. The studies will be continued to es-
tablish a biological response with respect

25

c, %

Figure 9. Dependency of the absorbance on the NMP concentration

to different morphologies of the fibers
obtained and used as a scaffolds.
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