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ABSTRAKT

Tato  diplomová práce  si  klade  za cíl  najít  způsoby produkce  nanovláken kyseliny hyaluronové 
pomocí elektrostatického zvlákňování z polymerního roztoku. Kyselina hyaluronová je biopolymer 
vlastní lidskému tělu, a je široce studována pro možnost využití v medicínských aplikacích, jako je 
tkáňové  inženýrství  a  distribuce  léčiv.  Především  v  tkáňovém  inženýrství  byla  prokázána 
nezastupitelnost  nanostruktur  pro úspěšnou podporu růstu buněk.  Elektrostatické zvlákňování  je 
pokročilá metoda výroby nanovláken, která může být převedena do výroby ve velkém měřítku. 
Cílem experimentální části této práce je určit parametry roztoku a procesní parametry zajišťující 
úspěšnou tvorbu nanovláken obsahujících kyselinu hyaluronovou.

Klíčová  slova:  kyselina  hyaluronová,  polyvinylalkohol,  poly(ethylen  oxid),  elektrostatické 
zvlákňování z roztoku, rozpouštědlo

ABSTRACT

The current Master’s thesis is devoted to finding means to produce hyaluronic acid nanofibers via 
polymer solution electrospinning.  Hyaluronic acid is  a  biopolymer own to human body,  and is 
widely investigated for potential use in medical applications, such as tissue engineering and drug 
delivery. Especially in tissue engineering, nanostructures have been found essential to successfully 
sustain  cell  growth.  Electrospinning  is  a  progressive  method  of  nanofibers  fabrication,  with 
potential to large scale production modification. The experimental part of the current thesis aims to 
determine  solution  and  processing  parameters  necessary  to  successfully  electrospun  nanofibers 
containing hyaluronic acid.

Keywords:  hyaluronic  acid,  polyvinylalcohol,  poly(ethylene  oxide),  solution  electrospinning, 
solvent
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INTRODUCTION

Electrospinning is a thin fiber fabrication method. It was first described in 1902 by Cooley and 
Morton [1], [2],when the effect of strong electric field on liquids was observed. Deformation of free 
liquid surface and disintegration of  droplets  occurs  at  sufficient  electric  field strength  [3].  The 
deformation is caused by elongation of the material at high rates. In case of polymer solution or 
melt, solidification of material occurs during electric field driven elongation, and fibers of tens to 
hundreds of nanometers in diameter are formed. Typically, non-woven fiber mats are produced due 
to whipping instability taking place in the process. The method is being studied and new approaches 
are arising, as well as deeper understanding of the electrospinning phenomenon.

Electrospinning of biocompatible polymers is desirable due to potential use in medicine, pharmacy 
and cosmetics. Nanofibers are a promising material in tissue engineering for various types of tissue 
[4]–[6].  Nanofibers  based  drug  delivery  systems  make  use  of  enormous  specific  surface  of 
nanofibers,  possibility  of  functional  group  addition  to  the  fiber  fundamental  material,  and 
encapsulation of a material inside a core-shell structured fibers. This area is being studied by many 
researchers, such as Agarwall et al., 2008,  Rogina, 2014, Vikram and Vasanthakumari, 2016, and 
Burke  et  al.,  2017,  [4],  [7]–[9].  Cosmetic  industry  is  already  making  use  of  electrospun 
biocompatible polymer fibers. This is mainly due to inherent hydrophilicity of biopolymers, as well 
as large specific surface area of nanofibers. These qualities make the nanofibers excellent hydration 
agents. Other uses of nanofibrous non-woven mats include mechanical filters, or sensors [10].

The currents  thesis  aims to  experimentally  determine  the  conditions  allowing a  polysaccharide 
hyaluronic acid (HA) to be spun by direct current electric field. This have been done by several  
research groups, such as Um et al., 2004, Liu et al., 2011 or Brenner et al., 2012 [11]–[13]. In the 
current thesis, a novel approach to solvent selection is applied. Electrospinning of bi-polymer blend 
solutions is applied as well.

In theoretical part of the thesis, the process of polymer solution electrospinning is described. The 
influence of various parameters is reviewed with respect to relevant literature. The electrospinning 
process is not fully understood yet, and the significance of respective parameters is being discussed 
among the experts.  The current thesis  gives a review of physical phenomena playing a part  in 
electrospinning process and theories of electrospinning onset and jet flow. Theoretical background 
on the material choice and analytical methods is also given in this part of the thesis.

The  experimental  part  gives  the  details  of  materials,  their  chemical  modification  and 
electrospinning process.  The results  of  polymer  solution  analysis  are  given and discussed with 
respect to resulting fiber analysis.
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I. THEORETICAL PART
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1 FUNDAMENTALS OF ELECTROSPINNING

In electrospinning, a fiber is formed via uniaxial stretching of a viscoelastic material. This is done 
using electric force. A polymer jet is formed when the repulsive electrostatic force induced in the 
liquid overcomes the surface tension. Solidification is achieved via rapid solvent evaporation due to 
enormous specific surface area of the fibers, and path length being enlarged by so-called whipping 
instability. The method inherently leads to continuous fiber formation, which ends only when the 
material is consumed [7], [14].

1.1 Electrohydrodynamics

Liquid  body  behavior  in  an  external  electric  field  is  described  by  electrohydrodynamics.  The 
existence of electrospinning phenomenon can be explained using several physical concepts, which 
will be discussed in this section [14].

Maxwell’s first law of electrostatics gives the relation for electric field magnitude as follows:

                                                              ∇⃗ E⃗=ρ
ε                                               (1),

where  ρ denotes  the  charge  density  and  ε denotes  electric  permittivity.  An  electric  field  is  a 
conservative field, therefore a scalar potential φ exists, for which the following equation applies:

                                                                    E⃗=−gradφ                                                             (2).

The hydrodynamic processes associated with electrospinning take place in the surface layer of the 
liquid. Therefore capillary forces, described by surface tension, and electric bi-layer formation have 
to be taken into account.

Surface tension is defined as the force needed to enlarge the surface area of a liquid by an area unit.  
A widely accepted explanation for its existence is through omnidirectional intermolecular forces. In 
the bulk of homogeneous liquid, all the intermolecular forces cancel each other out. The surface is 
commonly an interface of gas and liquid phases.  The intermolecular forces acting in a gas are 
considerably lower than in a liquid. This situation leads to an imbalance of forces at the interface, 
with the resultant force acting perpendicular to liquid surface, in the direction out of the liquid. In 
agreement with the lowest energy principle, the surface of a liquid will always assemble in a shape 
with the lowest surface area possible, thus minimizing the force acting on the surface [15].

Conductivity in a liquid is typically provided by free ions. In a static electric field, the charges 
gather at the surface, thus increasing charge density at the surface. This increased charge density 
attracts particles of opposite charge in the surrounding of a charged surface, due to which an electric 
bi-layer is formed. As a result of this phenomenon, the potential is constant and field intensity is 
zero  inside  conductive  bodies  with  high  free  charge  concentration.  The  bi-layer  thickness  is 
typically in the range of tens of nanometers and the charge density is multiple times higher in 
comparison to the bulk, therefore the molecules in the surface layer are affected by the external 
electric field more. In electrospinning, electric bi-layer can be understood as the reason for only the 
surface molecules to be drawn from the liquid [14].

Electric pressure is generated due to difference in strength of electric field generated by the surface 
charge, and electric field generated by the charge in the bulk of the liquid and elsewhere in the 



TBU in Zlín, Faculty of Technology                                                                                                   14

space. As was stated above, electric field inside the bulk of the liquid is shielded by the surface 
electric field, therefore it remains constant. A relation for electrostatic pressure can be written as 
follows:

                                                                         pe=
ε E2

2
                                                             (3),

where ε denotes electric permittivity and E denotes total electrostatic intensity acting on the liquid 
[14].

The onset of electrospinning can be in the most general way assumed when the electric pressure 
overcomes the capillary forces. The process will be discussed in more details in the following 
section.

1.1.1 Electrospinning onset

Theory of electrospinning onset have been developed via analysis of liquid bodies disintegration. 
When a liquid droplet is subjected to an electric field, a spike-like structure is observed [14]. The 
spikes are the precursors of spray/jet formation. The charge density is concentrated at the small 
radius. The problem of electric potential near the tip of the spike was investigated by Taylor [3], and 
led to the electrospinning cones being named Taylor cones. Taylor considered a fairly conducting 
liquid cone of a semi-vertical angle 2θ in an external electrostatic field.

Fig. 1: Taylor cone scheme

In his work, he determined the potential near the cone tip as 

                                                         φ=φ 0+ A√r P1 /2(cosθ )                                              (4),

where φ0 denotes the potential at the angle θ limiting to zero,  A is a constant, r denotes the radial 
distance from the origin and P1/2(cosθ) is the fractional order Legendre polynomial of the half-angle 
of the cone. To satisfy the condition of a constant potential at the surface of the cone, the Legendre 
polynomial has to be equal to zero, which gives the angle θ = 49.3°. As the eq. (4) was found by 
considering the balance between capillary and electrostatic pressure, Taylor managed to determine a 
critical voltage, i.e. the lowest voltage sufficient to draw a fluid from a capillary:
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                                       V c=4 ln (2 h
R

)⋅(1,3π Rγ )⋅(0,09)                                              (5),

where  h [m] denotes the tip-to-collector distance,  R [m] denotes the outer radius of the capillary, 
and  γ [mN·m-1]  denotes  the  surface  tension.  It  is  ought  to  remember  that  eq.  (5)  was  derived 
considering a fairly conducting fluid in a capillary, and therefore is not generally valid.

Taylor cones are formed on free liquid surface, as well as at the capillary tip. This phenomenon is 
explained  by  self-organization  induced  by  electrostatic  field.  Charges  of  the  same  sign  are 
introduced to the liquid surface, resulting in a repulsive force. This force causes the original roughly 
hemispherical shape to flatten and create a rim. In this rim, a stationary wave is formed, which gives 
a rise to a Taylor cone formation and start of jetting [14].

The wave in the case of electrospinning is governed by gravity, electrostatic field, and capillary 
forces arising from surface tension and non-zero curvature of the surface. The stationary wave then 
follows the dispersion law, which can be derived as

                                                           ω 2=(ρ g+γ k2−ε E0
2 k) k

ρ                                                 (6),

where ω denotes angular frequency, ρ denotes liquid mass density,  g denotes gravity acceleration, 
γ denotes surface tension, k denotes wave number, ε denotes dielectric permittivity and E0 denotes 
the  magnitude  of  applied  electric  field  [14].  As  implied  in  the  previous  paragraph,  the  critical 
parameter  for  electrospinning  is  the  electric  field  strength.  According  to  the  theory  of  fastest 
forming instability,  as derived by Lukáš et  al.  [16],  an unstable wave is formed at the limiting 
boundary condition  kh→∞,  h being the thickness of a planar liquid layer. This leads to (ωt-kh) 
reaching zero. A critical electric field can be found as

                                                                         4√4 γ ρ g

ε 2
                                                            (7).

If capillary length a is defined as 

                                                                          a=√ γ
ρ g

                                                             (8),

the instability growth can be analyzed similarly to the aforementioned approach, using the condition 
of equality of capillary and electric pressures. In this case, capillary length is defined by capillary 
pressure  and can  be  unified  with  a  typical  radius  of  curvature.  This  condition  is  conveniently 
defined by dimensionless electrospinning number, as follows:

                                                                         Γ =
aε E0

2

2γ
                                                           (9).

As a result of definition, electrospinning number Γ is equal to 1 at the critical electric field  Ec. 
Therefore, electrospinning may occur only for Γ > 1 [14], [17].

Since the electrospinning onset via fastest forming instability theory derived by Lukáš et al. [16] for 
free liquid surface concludes in equilibrium of capillary and electrostatic pressure, it can be used to 
describe the capillary electrospinning as well.  It gives the condition that electrospinning from a 
capillary may occur only if the capillary diameter 2r is equal to or greater than the wavelength of a 
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fastest growing instability [14]. This makes the fastest forming instability theory a more generalized 
approach to the problem of electrospinning onset.

Rayleigh instability

Electrospinning onset and jet formation is closely related to Rayleigh instability. This instability 
takes place if the surface tension of a fluid cylinder of a certain volume is higher than the surface 
tension of several droplets of the same volume. Perturbations of various wavelengths occur on the 
surface of the liquid jet, consequently leading to disintegration of the jet into isolated droplets in an 
avalanche effect matter. Rayleigh instability therefore hinders the stable jet formation and results in 
electrospraying.  The  initial  stage  of  electrospinning  can  be  achieved  only  when  the  Rayleigh 
instability formation is prevented by external electric field. The effect of this instability drops with 
higher conductivity of the fluid [14].

1.1.2 Flow in an external electric field

As implied earlier, polymer solution is subjected to strong extensional stress during electrospinning. 
It  has  been  shown  that  Newtonian  approximation  gives  inaccurate  results  [18].  Viscoelastic 
behavior of polymers has a non-negligible effect on the jet behavior in high elongation rate, such as 
in electrospinning. The jet path from spinneret towards collector can be split into two regions – 
stable and whipping jet region. These will be discussed separately.

Fig. 2: A scheme of electrospinning jet path

Stable jet region

At the initial part of electrospinning, the jet path remains rather straight, so as to the stable jet region 
name. In this region, the jet behavior is a result of viscoelastic forces prevailing over inertia. Three 
stages can be found in this phase of spinning:
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a)     I. pseudo – Newtonian,

b)     II. strain hardening,

c)     III. pseudo-steady [18].

The pseudo-Newtonian stage refers to low strain and it is typically described using Newtonian fluid 
approximation. Trouton ratio (ηe/η) in this region equals 3 [18].

In strain hardening stage, the jet behavior is a result of electromechanical and viscoelastic stresses 
acting on the fluid. Strain hardening due to locking up of the chains via entanglement knots is a 
typical feature of this stage. Strain hardening aids stability and cohesion in the forthcoming stages 
of  electrospinning  and  therefore  governs  the  success  of  the  process.  It  is  argued  that  strain 
hardening can occur in any polymer at deformation rates sufficient to ensure entanglement network 
strengthening  [19].  To  enhance  strain  hardening,  branching  of  polymer  and  increase  in 
polydispersity can be introduced  [20]. Palangetic et  al.,  2014, suggest higher polydispersity can 
increase  the  spinnability  of  a  polymer  solution  [21].  This  is  based  on  higher  elasticity  of 
polydisperse system over monodisperse, which leads to fewer instabilities being formed.

For pseudo-steady stage of stable jet region, it is typical that the tensile stress settles at a given 
value, although thinning of the jet continues. The electric field can be described by the far-field 
value E = UH-1, where E denotes electric field intensity, U denotes voltage and H denotes distance 
between the  opposite  electrodes.  In  the  previous  regions  on  the  other  hand,   the  electric  field 
intensity decreases gradually from the tip of a Taylor cone to the far-field value. Jet inertia and 
tangential  electric forces overcome the viscoelastic forces,  making them negligible.  As a result, 
transition to whipping region occurs [18].

Whipping jet region

The rapid bending, or whipping, of a jet in the latter region of electrospinning path can be devoted 
to Earnshaw’s theorem, which claims: “A charged body placed in an electric field of force cannot  
rest in a stable equilibrium under the influence of the electric forces alone.” vide Jeans, 1908 [22]. 
Rapid elongation of the jet continues. Reneker and Yarin, 2008, state up to 10 000 times elongation 
[23]. The intrinsic Coulombic forces overcome the interaction of the jet and external electric field 
greatly,  making  the  latter  negligible.  The  Coulombic  forces  acting  along  the  axis  of  a 
unidimensional jet exceed the transverse ones, resulting in jet elongation [14].

Kinetic energy required to keep the elongated jet moving in straight direction would be too high, 
therefore coiling of the jet occurs due to bending instability. The coil typically increases in diameter 
as  it  approaches  the  collector.  Higher-order  bending instabilities  may occur  as  well,  creating a 
fractal pattern of the resultant fiber. Each bending, or whipping, instability causes yet more rapid 
elongation. If third-order bending instabilities occur, the diameter of the fiber can be of fractions of 
micron. Elongation leads to increase in surface area and accelerates solvent evaporation. Elongation 
typically stops when complete drying of the fiber is achieved [14], [23].

Reneker  and  Yarin,  2008,  identified  the  main  influences  on  whipping  instability  during 
electrospinning using computational modeling. These include electric bending force, viscoelastic 
stresses and gradual increase in elongation viscosity caused by solvent evaporation.  The effects 
found negligible in their model include gravity, air viscosity and jet surface tension [23].
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Branching and bead-on-string instabilities

Typical  instabilities  of  electrospun jet,  besides  the  bending instability,  include  a  bead-on-string 
instability and branching instability. Both are a result of Rayleigh instability, which was described 
earlier.  With  respect  to  the  wavelength  of  a  critical  perturbation,  the jet  is  either  stabilized,  or 
destabilized by the excess electrical charges on the fluid jet surface and consequent elongation flow 
[23].

High excess of surface charge produces branches on the original jet. A stable shape of a liquid in an 
external electric field is a cylinder. However, sufficient charge density is able to stabilize quasi-
stable states of matter, creating cylindrical undulations on the original jet. These undulations are 
carried in the outward direction to a lower potential. If the energy difference is sufficient to create 
additional surface area, branching occurs. Multiple branches can be formed on a single jet [23].

Except  for  undulations,  a  disintegration  of  the  jet  into  droplets  may  occur  due  to  Rayleigh 
instability, as was described in 1.1.1. As the droplets are elongated in strong electric field, a fluid 
bridge is created between the droplets and a bead-on-string structured fiber is formed. In contrast to 
branching, bead-on-string instabilities are formed when the jet charge density is low. Stabilization 
against bead formation is possible via increasing solution viscoelasticity or using ionic additives, 
such as inorganic salts, to increase the conductivity of electrospinning solution [23].

1.2 Electrospinning setup

The conventional electrospinning setup consists of a high direct current (DC) voltage power supply, 
a single-nozzle spinneret and a static grounded collector, as can be seen in fig. 3.

Fig. 3: Conventional DC electrospinning setup scheme

For many applications it is advantageous to modify this setup [24]. Typical modifications involve 
the use of alternating current (AC) voltage  [24], needleless spinneret or multi-jet spinneret, and a 
collector allowing alignment of the resulting fibrous mat, such as a rotating collector. Electrospinner 
modifications are out of the scope of the current thesis. Further information on this topic can be 
found for example in Teo and Ramakrishna, 2006, Nayak et al., 2012, or Alghoraibi and Alomari, 
2018 [24]–[26].
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1.3 Electric wind effect

Electric  wind  is  in  general  present  in  asymmetric  capacitors,  which  applies  to  a  typical  DC 
electrospinner too. As stated earlier, the electric field is not constant through the whole spinning 
area, but reaches a maximum at the vicinity of small charged bodies, i.e. needles, Taylor cones, 
liquid droplets etc. The electric field achieves sufficient strength for ionisation of ambient gas and 
ion  acceleration.  This  results  in  gas  fluxes.  According to  Lukáš  et  al.,  2009,  the  electric  wind 
velocity  is  comparable  to  the  velocity  of  jet  motion.  Therefore  it  can  alter  the  path  of  the  jet 
significantly and sway it away from the collector. The spinneret and collector create electric wind of 
opposite charges. If the electric wind velocity of the collector is high enough, the fibers will not 
reach the collector, as the electric wind overcomes the attractive Coulombic forces [14].

1.4 Parameters of electrospinning process

In general, the process parameters can be divided into three groups: solution parameters, processing 
parameters  and  ambient  parameters.  Unlike  processing  and  ambient  parameters,  solution 
parameters,  such  as  viscosity,  concentration,  molecular  weight  (Mw) or  conductivity,  cannot  be 
controlled independently, as they influence one another [7]. In this thesis, the main focus is on the 
solution parameters.

1.4.1 Solution parameters

Electrospinning process is highly dependent on both solvent, and polymer characteristics, as well as 
their  interactions.  Some  of  the  most  important  solution  parameters  will  be  discussed  in  the 
following section separately.

Polymer chain in a solution

The  conformation  and  relaxation  of  a  polymer  chain  in  a  solution  is  highly  dependent  on  the 
polymer  chain  composition,  and  interactions  of  the  polymer  chain  to  the  solvent  molecules 
respective to interactions among polymer segments, or solvent molecules to each other. The basic 
concepts relevant to electrospinning process will be discussed in this section.

Polymer solubility

The ability of a polymer to dissolve in a certain solvent, or solvent mixture, is given by the Gibbs 
free energy of mixing, defined as follows:

                                                           ΔGM=Δ H M−T ΔS M                                                      (10),

where HM denotes the enthalpy of mixing, T denotes the thermodynamic temperature and SM denotes 
the entropy of mixing  [27]. Systems in equilibrium tend to minimize their free energy, therefore 
mixing is only possible in such systems, which give negative change in Gibbs free energy. The 
entropy of polymer solution is always higher compared to a polymer in solid state. Therefore the 
term -TΔSM is always negative. The overall change in Gibbs free energy is mainly governed by the 
change in enthalpy. This change is given by 

                                                         Δ H M=N 1φ 2Δε−T Δ SM                                                  (11),
where N1 denotes the number of solvent molecules, φ2 denotes the volume fraction of a polymer and 
Δε denotes the energy change [28]. Energy change is a term expressing the energy interaction of a 
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polymer to solvent, polymer segment to polymer segment and solvent to solvent combined. These 
interactions are conveniently described using dimensionless polymer-solvent interaction parameter:

                                                                       χ= Δε
k BT

                                                              (12),

where  kB is the Boltzmann constant  [28]. Interaction parameter  χ is tabelized for many polymer-
solvent pairs at infinite dilution.

Hildebrand in 1950, followed by Hansen in 2000, made an attempt to estimate relative miscibility 
of  systems  based  on  the  strength  of  respective  intermolecular  forces.  Hansen  assumed  three 
components  of  the  solubility  parameter:  a  dispersion  force  component  (fD),  a  polar  interaction 
component (fP) and a hydrogen bond component (fH). In a 3D Cartesian plot, a sphere of solvents 
can be found for every respective polymer, with the solvent quality declining from the center to the 
edges. As a general rule, a good solvent allows polymer chains to uncoil and stretch, whereas in bad 
solvent compact coils and microscopic clumps of polymer are formed. Hansen solubility parameters 
can be also graphed in a 2D triangular Teas graph, where the solubility of a polymer can be mapped 
conveniently.  Luo et  al.,  2010,  used  Teas  graph mapping to  find  suitable  solvents  and solvent 
mixtures for electrospinning of polymethylsilsesquioxane (PMSQ) [29]. Solvent quality governs the 
degree of chain entanglements in a polymer solution.  This topic will  be further discussed later. 
Experimental experience shows that a good solvent does not ensure spinnability. On the contrary, 
better spinnability was observed by several researchers for lower quality solvents, see  [14], [20], 
[29], [30].
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Fig. 4: Teas graph – a ternary plot designed to depict fractional solubility parameters of solvents  
derived from Hansen solubility parameters

Chain entanglements

A common parameter to describe the behavior of a polymer chain in a solution is intrinsic viscosity, 
i.e.  the  limiting viscosity  at  zero  concentration approximation.  Intrinsic  viscosity  [η]  is  closely 
related to polymer Mw through Mark-Houwink equation:

                                                                   [η ]=K M w
a                                                               (13),

where K and a are constants dependent on polymer, vide Tanford, 1961 [31]. It is generally believed 
that the number of chain entanglements is a crucial parameter for successful spinning, however, 
clear understanding of minimum entanglements is still missing. A straightforward way to describe 
the  degree  of  chain  overlap,  which  can  serve  as  a  good approximation  of  chain  entanglement 
number, is so-called Berry number, defined as follows:

                                                                     Be=c⋅[η ]                                                               (14),

with c being the molar concentration of polymer [32]. Shenoy et al., 2005, proposed an alternative 
way to determine the entanglement number in solution:
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                                                                  (η e)sol=
φ p M w

M e

                                                         (15),

where φp is the volume fraction of polymer in solution, Mw is the molecular weight of the polymer, 
and  Me the entanglement molecular weight, which corresponds to the average molecular weight 
between entanglement  junctions.  This model should be more appropriate  for use in semi-dilute 
polymer  solutions,  because  Berry  number  is  derived  using  sphere  hydrodynamics  model.  This 
model is accurate only in dilute solutions  [20]. Both approaches work with the assumption, that 
solution  viscosity  rises  with  the  number  of  entanglements.  It  is  likely  the  reason  viscosity  is 
sometimes used as  a  determining solution parameter  for successful  electrospinning process  [7], 
[14], [33].

A common assumption in electrospinnability models is that a minimum of one entanglement per 
chain is necessary for a stable jet formation. Using this assumption, a critical concentration can be 
easily taken from Berry number, resulting in

                                                                         ccr≈
1

[η ]
                                                            (16).

However,  Shenoy  et  al.,  2005,  report  a  minimum  number  of  entanglements  for  complete  jet 
stabilization to be 2,5 entanglements per chain [20]. Above the critical concentration, fiber diameter 
increases with concentration [7], [14], [20]. In a poor solvent, the critical concentration have been 
observed to decrease [20].  Malkin et  al.,  2017, reported spinnability of solutions below critical 
concentration. They identified two contribution to solidification of the fibers – solvent evaporation 
and extension induced polymer-solvent demixing [30]. Such approach is advantageous for solutions 
in which high Mw of a polymer prevents attaining the critical concentration due to high viscosity [7], 
[20], [29], [30].

Chain  entanglements  are  a  function  of  Mw,  as  well  as  concentration.  Therefore,  the  critical 
concentration has to be related to a given Mw [12], [13]. In the case of Berry number assumption, 
the effect of molecular weight is represented within the definition of limiting viscosity number (see 
eq. 13).

Surface tension

The origin of surface tension was discussed in section 1.1. In a typical electrospinning solution, 
surface  tension  is  mainly  governed  by  the  solvent.  However,  additives,  such  as  surface  active 
substances or salts, as well as the polymer-solvent interaction, can have a significant impact on it 
[34].

The effect  of  surface tension  is  in  the  most  general  approximation  described by dimensionless 
electrospinning  number,  which  was  defined  by  eq.  (9)  in  section  1.1.1.  High  surface  tension 
prevents the jet to be ejected at low fields. It has been demonstrated that increase of electric field 
strength can lead to instabilities formation and result  in beaded structures  [7].  Surface tension 
determines the polymer tendency to create the lowest specific surface area possible. Therefore, the 
tendency to form beads, or bead-on-string structures increases with the increase of surface tension 
[20]. On the other hand, Reneker and Yarin, 2008, found the surface tension forces negligible in 
their  model,  and  attribute  the  main  contribution  to  bead-on-string  and  branching  instabilities 
formation  to  Rayleigh  instability  influence  and  polymer  chain  related  characteristics,  mainly 
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elasticity of the solution, and corona discharge, which is governed by the solution conductivity [23]. 
The role of surface tension in electrospinning thus needs further investigation in order to be fully 
understood.

Electric conductivity

Electric conductivity is the measure at which an electric charge can pass through a material. In a 
liquid, conductivity is typically governed by free ions. It increases with the number of ions per 
volume unit and with the ion drift velocity. Ion drift velocity is the product of ion mobility and 
magnitude of applied electric field. Ion mobility is proportional to the charge of a single ion and 
diffusion  coefficient,  and  inversely  proportional  to  Boltzmann  constant  and  thermodynamic 
temperature [35], [36].

Conductivity of a solution is closely related to the surface charge density.  It  helps increase the 
electrospinning number by increasing the electric energy and increase the stability of a spinning jet 
[37].  Higher conductivity prevents the fluid cylinder from undergoing Rayleigh instability  [14], 
[23].  Ionic  polymers  act  on  their  own as  a  conductivity-increasing  media,  which  makes  them 
advantageous in terms of electrospinning. Ions of small diameters have greater charge density and 
higher ionic mobility, leading to higher elongation force. The addition of inorganic salts results in 
smaller fiber diameter, as well as higher spinnability [38].

1.4.2 Processing parameters

Among  the  most  important  processing  parameters,  electric  field  strength  and  tip-to-collector 
distance stand out. The tip-to-collector distance needs to give sufficient time for the jet to dry off 
before it reaches the collector [7]. By the nature of an electric field, the field strength is inversely 
proportional to the separating distance squared. In general, it is advantageous to use the lowest tip-
to-collector distance possible, hence minimizing the applied voltage. The use of higher electric field 
strength leads to thinner fibers. In too high fields, instabilities may occur in form of non-uniform 
fibers, bead-on-string structures, or complete disruption of the jet [7].

1.4.3 Ambient parameters

By ambient parameters, mainly temperature, pressure and humidity are understood. These influence 
the rate of solvent evaporation during spinning and conductivity of the environment. Pressure is 
negligible in most experiments. Humidity and temperature affect the solvent evaporation rate and 
therefore have a significant impact on electrospinning process [7], [21].

1.5 Core-shell fibers

A core-shell structure is a type of a composite, that has a distinct boundary between the core and 
shell phase. Typically, the chemical nature of the phases is different. Core-shell structure enables 
tuning of mechanical properties, such as stiffness, toughness, optical properties and other  [7]. It 
allows  hollow  body  fabrication  via  selective  dissolution  of  core  component  [39].  In  terms  of 
electrospinning,  it  provides  a  tool  to  use this  technique  with materials  which are  normally  not 
electrospinnable,  including materials  of  low molecular  weight.  In  principle,  an electrospinnable 
polymer is used as a template for the non-electrospinnable component to be drawn at [40]. It can be 
used for encapsulation of non-solid state matter,  such as liquid-crystalline substances  [41]–[43]. 
Core-shell  structured fibers have a potential  to be used as sensors,  drug delivery systems or in 
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microscale  electronic  devices,  for  example  batteries.  An  important  field  of  research  is  also 
fabrication of nanotubes [44].

1.5.1 Co-axial electrospinning

A common  way  to  fabricate  core-shell  structured  fibers  is  the  use  of  co-axial  spinneret.  The 
apparatus  typically  consists  of  multiple  (at  least  two)  nozzles  and  separate  fluid  distribution 
channels. A double-nozzle spinneret is not sufficient to ensure core-shell structure formation. A 
viscous pressure due to viscosity difference is necessary to keep the core encapsulated within the 
shell. The respective solutions have to be immiscible, or partly immiscible in order to create a stable 
Taylor cone. Due to shear stress being generated at the core/shell interface, it is necessary for the 
viscous forces acting at the shell fluid to overcome the interfacial surface tension. In practice this 
can be ensured by maintaining the shell fluid viscosity to be lower than the core fluid viscosity [43], 
[44]. 

Pursue  for  large  scale  fiber  fabrication  drives  the  research  to  find  alternatives  to  nozzle-based 
spinneret, as only one Taylor cone develops in such devices and, consequently, only one fiber is 
drawn at a time. Vysloužilová et al., 2017, described a device where dual nozzle is replaced with a 
dual  slit.  The separate  channels for each fluid are  preserved. The device is  capable of creating 
multiple jets at the same time, increasing the productivity of the process greatly [39].

Fig. 5: Co-axial electrospinning setup scheme

1.5.2 Self-organized phase separation

A single nozzle electrospinning of core-shell fibers is possible for certain immiscible materials. The 
materials are present in the nozzle or drop in the form of an emulsion. A continuous fiber with a  
long range core-shell structure is created via rapid stretching of core material droplet inside the shell 
material. A force capable to ensure encapsulation of one material within the other has to exist. This 
can be done via electric field induced separation, which requires the phases to possess opposite 
charges.  At  the  formation  of  Taylor  cone  and  jet  spinning,  the  fluid  with  higher  electric 
susceptibility will be drawn towards the outer edge by electric force, creating the shell layer. More 
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common approach is  to  take an advantage  of  difference  in  viscous force.  The higher  viscosity 
polymer will  be encapsulated inside the lower viscosity polymer in high elongation rates, as to 
ensure an even velocity profile of the jet as a whole. The electric field induced phase separation is 
less advantageous also due to fast discharge of many common electrospinning solutions [44], [45]. 
Ma et al., 2017, have produced core-shell structured chitosan/HA fibers via phase separation with 
the use of build-in electric field [46].

There are several issues to be addressed in co-axial electrospinning. A good concentricity of the 
spinneret needs to be ensured. Mutual adherence of the materials may cause problems in some 
cases, however this effect can be minimized by inner nozzle modification. Flow rate balance of 
respective fluids is necessary to eliminate fiber diameter fluctuations. These problems vanish in 
single nozzle electrospinning devices. They also allow for simple transformation into large scale 
fabrication [45], [47].

Fig. 6: A scheme of core-shell electrospinning of an emulsion

1.6 Applications

As an inexpensive technology with potential to produce large volumes of nanofibers in a short time, 
electrospinning is extremely desirable to be used in industry, and has already found applications. 
Highly porous structures with large specific surface area make it suitable for sensor and membrane 
manufacturing  [45], [48]–[50]. Recent advances show promising results in tissue engineering and 
drug delivery [5], [6].

Commercial solutions to electrospun nanofibers and non-woven mats production are available. As 
an example, NanospiderTM and 4SPIN® technology can be listed. NanospiderTM was developed 
and  patented  by  Jirsák  et  al.,  2005,  and is  commercially  produced  by Elmarco  s.r.o.  4SPIN® 
technology is used by Contipro a.s. for electrospinning of biopolymers including various proteins 
and HA.
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2 MATERIALS CONSIDERATION

In natural fibers, uni-directional orientation is formed by specific growth direction. Man-made fiber 
fabrication techniques typically involve uni-directional stretching using various kinds of force. The 
material characteristics need to be carefully tailored to fulfill the requirements of the given method, 
but some generic guidelines can be found for suitable polymer choice. Linearity of polymer chains 
allows for alignment in a certain direction, therefore creating a fiber. A sufficient cohesion of the 
chains is necessary to prevent fiber breakup. The cohesive force, as well as the ability to align,  
grows along with the polymer length [51]. 

Materials  for solution electrospinning can be classified in  several  perspectives,  such as  solvent 
nature,  biocompatibility,  biodegradability,  ionic  character  etc.  For  the  purpose  of  this  thesis, 
biocompatible and water soluble polymers were used.

2.1 Hyaluronic acid

HA, sometimes denoted hyaluronan alongside sodium hyaluronate, is a polar biopolymer found in 
animal  tissue,  namely synovial  fluid and extracellular  matrix.  It  can  be  harvested  in  Mw up to 
milions of g·mol-1. Its biocompatibility makes it desirable for use in medicine and cosmetics. HA is 
used in synovial fluid replacement in rheumatology. It is widely used in eye surgery, wound healing 
and drug delivery. Lately it is being used in cosmetics as a moisturizing agent [52].

Fig. 7: HA structure formula

2.1.1 Properties

HA is a polysaccharide consisting of (1,4)-β linked D-glucoronic and (1,3)-β linked N-acetyl-D-
glucosamine units. The chain primary structure is linear, but chemical cross-linking is possible. HA 
is water-soluble in low concentrations and highly hygroscopic in dry state. It is prone to degradation 
by oxygen and UV light. It can serve as a scavenger or free radicals [52]. HA displays behavior of a 
polyelectrolyte. Polyelectrolytes are characterized by dissociating groups in their repeating units. 
Therefore the polymer molecules are present in the form of ions in a solution [6], [53].

2.1.2 Electrospinning

Attempts  to  fabricate  HA nanofibers  via  electrospinning have  been many.  The role  of  solvent, 
concentration and Mw is being investigated. The challenges are mainly high viscosity at very low 
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concentrations, high surface tension of HA aqueous solutions, and insufficient solvent evaporation 
rate. Um et al., 2004, performed electrospinning of HA from acidic solution. They observed positive 
effect  of  adding low molecular  weight  HA to  high  molecular  weight  HA, thus  controlling  the 
viscosity. Ethanol (EtOH) addition had a positive effect as well. However, satisfactory outcomes 
were achieved only when an air blowing system was attached to the electrospinning apparatus. This 
ensured high solvent evaporation rate and provided the system with additional  pulling force to form 
the  jet  [11].   Uppal  et  al.,  2010,  report  electrospinning of  HA from aqueous solution  with the 
addition of cocamidopropyl betaine as surfactant. 1 wt.% - 4 wt.% solutions were spun using DC 
voltage  ranging  from  12,5 kV  to  15 kV  [54].  HA  was  also  successfully  spun  from  N,N,-
dimethylformamide (DMF) based solutions [13]. 

2.2 Polyvinyl alcohol

Polyvinyl  alcohol  (PVA) is  a  biocompatible  water-soluble  polymer.  It  was  first  synthesized  by 
Herman  and  Haehnel,  1924,  by  polyvinylacetate  hydrolysis.  It  cannot  be  produced  via 
polymerization, as the monomer is unstable. PVA is easily spun into fibers from aqueous solution 
by various methods, such as wet spinning, dry spinning or air-gap spinning. Using cross-linking 
reactions or surface modifications, the fibers can be made water-insoluble. Macro-scale PVA fibers 
are used for rope or fishing net fabrication due to low elongation and high tenacity. The -OH groups 
in  the  structure  provide  good  adhesion  to  natural  rubber  and  PVA can  therefore  be  used  as 
reinforcement agent in rubber products. Due to biocompatibility, PVA has found applications in 
medicine, e.g. as surgical threads [55], [56].

Fig. 8: PVA structure formula

2.2.1 Properties

PVA is a polar polymer due to -OH groups. In relaxed state it is amorphous, but when stress is 
applied, the oriented molecules tend to crystallize. There are strong intermolecular forces present. 
The number of -OH groups governs PVA sensitivity to water. PVA is soluble in water, however, the 
rate of solution is very low at room temperature. Therefore it is usually dissolved at 70°C or higher 
temperature.  The  decomposition  temperature  is  below  melting  temperature,  melt  processing  is 
therefore  impossible.  In  dilute  PVA solutions  in  air  atmosphere,  the  surface  tension  decreases 
gradually until an equilibrium is reached. This is partially due to diffusion of PVA molecules to the 
surface of the liquid. It also appears, that molecules association, and oxidation take place at the 
liquid-air interface [55], [57]. 
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2.2.2 Electrospinning

PVA is a desirable material for electrospinning. It can be easily spun from aqueous solutions. The 
critical concentration appears to be 10 wt.% at molecular weight around 93 kDa. Shenoy et al., 
2005, found a correlation between pre-treatment of PVA with temperature above 95°C and lower 
tendency to form a stable jet. They estimate a connection to physical gelation occurring in aqueous 
PVA solution [33]. 

2.3 Poly(ethylene oxide)

Poly(ethylene  oxide)  (PEO) is  a  linear  synthetic  polyether.  It  displays  nonionic  character.  It  is 
synthesized via catalytic polymerization of ethylene oxide. This reaction provides material of very 
high Mw, up to milions of g·mol-1. PEO is soluble in cold water at any Mw, and miscible with ionic 
or amphoteric liquids. It creates hydrogen bonds due to -OH terminal groups [58], [59].

Fig. 9: PEO structure formula

2.3.1 Properties

PEO is a semicrystalline polymer due to linearity. Partial negative charge located on the oxygen 
atoms causes PEO to act as a proton acceptor, and form blends with proton donating polymers [60]. 
PEO is used as a plasticizer in polymer processing, a water soluble lubricant, or an antistatics in 
urethane rubber production. It can be processed as a thermoplastic via extrusion techniques  [59], 
[60].

PEO is highly biocompatible, with extremely low cytotoxicity and imunogenicity. Although it is not 
biodegradable, it  can be easily excreted from living organisms. Due to these properties, PEO is 
highly desirable in medicine and pharmaceutical applications. It is United States Food and Drug 
Administration (FDA) approved for number of applications in medicine. It has a potential to create 
3D structures, such as hydrogels, making it a suitable material for scaffolds in tissue engineering 
[58], [61], [62].

2.3.2 Electrospinning

PEO can be easily spun from multiple solvents, the commonly used being water, EtOH, DMF or 
chloroform. Due to high spinnability it is desirable in research of electrospinning phenomena. For 
this purpose it was used by Reneker and Yarin, 2008, Shenoy et al.,2005, Yan et al., 2011, Son et al., 
2004, and many others  [20], [23], [63], [64]. It is a common choice as a dragging polymer for 
biopolymers with low spinnability, such as chitosan, collagen or HA [58]. 

3 ANALYSIS METHODS

The  electrospinning  solutions,  as  well  as  the  obtained  fibers,  were  analyzed  to  determine 
correlations between solution parameters, electrospinning process and resulting fiber morphology. A 
theoretical background of the analysis methods is given in this section.
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3.1 Solution analysis

As stated  in  1.4.1,  there  are  several  solution  parameters  affecting  the  electrospinning  process. 
Theoretical background of the measurement methods used in the experimental part of the thesis is 
given in this section.

3.1.1 Tesiometry

Surface tension can be measured using number of techniques. These include capillary rise method, 
stalagmometry, force based methods such as Wilhelmy plate method, or optical methods based on 
drop shape analysis. In this section, a pendant drop measurement method will be described in more 
details, since it is the method used in the experimental part of the current thesis.

A pendant drop measurement uses the curvature of the drop profile to determine the tension on the 
interface of two phases, i.e. surface tension. Typically, a specifically heavier liquid is suspended into 
a specifically lighter phase, air or other gas most frequently. A direct consequence of surface tension 
existence is Laplace pressure generation, i.e. a difference in pressure outside and inside the liquid 
droplet. Laplace pressure can be described using the following equation:

                                                                  Δ p=γ ( 1
R1

+ 1
R2

)                                                      (18),

where γ denotes interfacial tension, and R1 and R2 denote radii of horizontal and vertical circles of 
curvature, respectively [65]. If there are no other forces acting on the droplet, its shape is spherical. 
Due to gravity, a hydrostatic pressure contributes to the inner pressure of the liquid and deforms the 
original sphere. The hydrostatic pressure is defined as follows:

                                                                     Δ phyd=Δ ρ gl                                                        (19),

where  Δρ denotes  the  difference  in  densities  of  the  respective  phases,  g denotes  gravitational 
acceleration  and  l  denotes  vertical  distance  between  measuring  point  and needle  opening.  The 
deviation from spherical shape is therefore given by the relationship between the surface tension 
and weight of the drop. With the knowledge of density difference between the phases, and the 
dimensions of the droplet, it is possible to calculate the surface tension from the shape of the droplet 
[65], [66].

3.1.2 Viscometry

Two separate kinds of viscosity are defined – kinematic and dynamic viscosity. Kinematic viscosity 
is the way to express gravity influence on the flow. Dynamic viscosity as the measure of resistance 
to  flow  was  first  thoroughly  described  by  Newton.  He  found  the  shear  stress  to  be  directly 
proportional to dynamic viscosity and shear rate of a fluid in shear flow [67]. Fluids can be divided 
into two groups – those which maintain constant dynamic viscosity at any given shear rate,  so 
called newtonian fluids, and those in which dynamic viscosity is a function of shear rate, so called 
non-newtonian  fluids.  Several  measurement  techniques  have  been  developed  to  measure  the 
dynamic viscosity in both newtonian and non-newtonian fluids. The most common include capillary 
viscometers, rotational rheometers or the falling sphere method, also known as Hoppler viscometry. 
Special techniques to measure dynamic viscosity in elongation flow exist as well [68].
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Rotational  rheometer  is  probably  the  most  common device  used  for  to  viscometry  in  polymer 
science. They are capable of measurement in wide range of shear rates. In principle, a rotating part  
of the rheometer creates shear stress on the sample, resulting in shear flow at a certain rate. The 
viscous behavior of the sample results in torque, which can be measured. Common geometries are 
plate-plate, cone-plate, and cup and bob geometry [68].

3.1.3 Conductometry

Conductivity is defined as the reciprocal value of electric resistance. A straightforward means to 
measure it is therefore by taking an advantage in Ohm’s law, which states

                                                                       I=U
R

=U⋅σ                                                        (21),

where I denotes the electric current, U denotes voltage, R denotes electric resistance and σ denotes 
electric conductivity. By putting a voltage of a known magnitude onto an electrode submerged in a 
conductive fluid, the current can be measured. Conductivity of the fluid can be directly determined 
using this knowledge [69].

3.1.4 Density measurement

Density is defined as the mass to volume ratio. The most common measurement technique for liquid 
density measurement is direct measurement of a mass and volume. To avoid fluctuations due to 
temperature, ultrasonic measurement technique may be used [70]. In the current thesis, oscillating 
U-tube method was used, and therefore will be described in more details in this section.

The oscillating U-tube method is based on the resonance frequency shift induced by change in mass 
of a body. A glass U-tube of a defined volume and resonance frequency is filled with the liquid 
sample,  thus  changing  its  overall  mass  and  average  density.  Oscillations  at  a  characteristic 
frequency are induced in the U-tube. Resonance frequency shift is detected and used to calculate the 
density of the sample [71].

3.2 Fiber analysis

Nanofibers  can  be  evaluated  from  many  points  of  view  –  mechanical  performance  analysis, 
biological activity, surface activity etc. In this thesis, the focus is on morphology, therefore the fiber 
analysis is reduced to microscopic analysis. The principles of microscopic methods used in the 
experimental part of the current thesis will be briefly described in the following subsections.

3.2.1 Scanning electron microscopy

Electron microscopy makes use of wave character of accelerated electrons. The accelerating voltage 
ranges from 0.1 keV to 50 keV. The elementary interactions between the sample and electron beam 
are elastic and inelastic scattering. These interaction cause a gradual loss of energy, hence a limit of 
depth of information in scanning electron microscopy (SEM). The depth of information depends on 
the electron beam energy, and sample density. Typically it lies between 10 nm – 10 μm. There are 
several phenomena contributing to SEM imaging. The most important include secondary electrons, 
backscattered electrons and Auger electrons [72].
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The secondary electrons are the outcome of inelastic collisions, in which the electron is excited to a 
sufficient  energy  level  allowing  it  to  overcome  the  work  function.  Low  energy  is  typical  for 
secondary electrons, the typical values being 2-5 eV [72].

Backscattered electrons are produced by elastic interactions of primary electron beam. Multiple 
scattering causes the electrons to lose energy, leading to very broad energy range (50 eV up to 0,8 
times the original accelerating voltage) [72].

Auger electrons are one of the possible outcomes of electron deexcitation. If an electron from lower 
energy level leaves the electron shell, a higher energy level electron fills its position. The difference 
in energy can be either converted to a photon, resulting in X-ray emission, or it can be transferred to 
another  electron,  providing it  with sufficient  energy to  overcome the work function.  The latter 
mechanism refers to Auger electron generation [72].

3.2.2 Fluorescence confocal microscopy

Confocal microscopy is a modification of optical microscopy. In contrast to conventional wide field 
microscopy, it uses focused light beams to scan the sample. This way the sample is sectioned in a 
non-invasive  way,  which  allows  the  instrument  to  construct  a  3D image.  In  general,  confocal 
microscopy is not limited to fluorescent samples, however, it is convenient to join these techniques, 
especially in biological applications. Fluorescence microscopy maximizes the contrast and helps to 
remove out-of-focus light, thus increasing the resolution [73].

Fluorescence is a quantum phenomenon taking place in certain molecules. Essentially, an electron is 
excited to a higher energy state by a photon absorption. After that, deexcitation to ground energy 
state occurs, accompanied by photon emission. The emitted photon’s wavelength is longer than the 
originally absorbed photon, i.e. the energy is lower. This is due to radiationless relaxation processes. 
The difference of wavelengths of absorbed and emitted photon is referred to as the Stoke’s shift. 
The  magnitude of  Stoke’s  shift  is  highly  dependent  on fluorescent  molecule  structure.  In  most 
instruments, the excitation light is in the range of visible or UV light, the emitted light alike [74].
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II. EXPERIMENTAL PART
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4 AIM OF WORK

The current thesis aims to find solutions containing HA of various  Mw, which can be spun into 
nanofibers using DC electric field. The solutions are then characterized with respect to parameters 
vital to electrospinning process.

5 SAMPLE PREPARATION

The following section gives the description of chemical modifications which were performed on 
some polymers used. It also gives detailed description of electrospinning solutions preparation, and 
the specifications of electrospinning experimental device.  

5.1 Chemicals

Polymers and solvents

HA of the following  Mw: 124 kDa, 243 kDa, 370 kDa, 600 kDa, 1 180 kDa and 1 500 kDa was  
kindly gifted by Contipro a.s. PVA 89-98 kDa, 99+% hydrolyzed, and PEO of  Mw 300 kDa and 
600 kDa respectively were purchased from Sigma Aldrich.

Demineralized (DEMI) water was prepared usign Milipore Direct-Q 3UV system. EtOH absolute 
Spectranal and propan-2-ol (IPA) puriss p.a., ACS reagent were purchased from Sigma Aldrich. 
Methanol (MeOH) p.a. was purchased from Lach:Ner.

Benzethonium chloride (BAC) ≥97 % was purchased from Sigma Aldrich.

Chemicals for modification of HA and PVA

Disodium hydrogen phosphate  dodecahydrate  ≥99%,  4-acetamido-TEMPO (4-Ac-TEMPO) free 
radical, 97%, dimethyl sulfoxide (DMSO) ACS reagent, ≥99,9%, Nile Blue A, dye content ≥75 %, 
NaBH3CN  reagent  grade,  95%,  pyridine  anhydrous,  99,8%,  fluorescein  isothyocyanite  isomer 
(FITC) ≥90% and dibutiltin dilaurate ≥95% were purchased from Sigma Aldrich. Sodium bromide 
pure  was  purchased  from Lachema  a.s.  Na2S2O3·5  H2O pure  was  purchased  from Lach:Ner. 
Sodium hypochlorite solution pure was purchased from Penta. NaCl PharmaGrade was purchased 
from SAFC.

5.2 HA oxidation and fluorescent labeling of HA and PVA

Oxidation of HA was performed in order to find out the influence of such chemical modification on 
electrospinning performance. It also allows for fluorescence labeling using Nile Blue to be done. 
Fluorescence labeling of HA and PVA was done in order to examine the structure of fibers obtained 
from bi-component blend solution electrospinning using fluorescence microscopy.

5.2.1 HA oxidation

Oxidation of HA was performed following modified procedure published by Huerta-Angeles et al., 
2012 [75]. Briefly, 1 g of HA 600 kDa was dissolved in 100 ml of DEMI water by stirring for 24 
hours at 50°C. Sodium bromide, 0,129 g, and disodium hydrogen phosphate, 0,771 g, were added to 
the solution. After cooling the solution to 5°C, 5 mg 4-Ac-TEMPO pre-dissolved in 500 μl DEMI 
water, and 450 μl sodium hypochlorite were added. The reaction was carried for 45 minutes under 
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nitrogen atmosphere. Then the reaction was stopped by adding 2 ml of 5% Na2S2O3 solution. The 
product was dialysed for three days and then dried via lyophilization in yield 95,5 %. 

5.2.2 HA fluorescent labeling

Oxidized HA (HA-ox) was labeled with Nile Blue fluorescent dye by following modified procedure 
published by Šmejkalová et al., 2017 [76]. 2 wt.% HA-ox solution was prepared by dissolving 0,5 g 
of HA-ox in DEMI water. The solution was stirred for 24 hours at 50°C. 92 mg of Nile Blue was 
dissolved in 5 ml DMSO by stirring for 5 minutes at room temperature. The Nile Blue solution in 
DMSO was poured into the HA-ox solution. The reaction was carried for 5 hours in darkness at 
25°C. After that, 79 mg NaBH3CN was added, and the reaction was left to carry on over the night. 
During the process the mixture was kept in darkness. After the reaction terminated, the remaining 
Nile Blue was washed out using excess IPA. Further cleaning was performed via dialysis in NaCl 
solution for 5 days and the product was isolated by lyophilization in yield 78,2 %.

5.2.3 PVA fluorescent labeling

Fluorescent labeling of PVA using FITC was performed following modified procedure published by 
Kaneo et al, 2005 [77]. 0,5 g of PVA (Mw = 89-98 kDa) were dissloved in combination of 66,6 ml 
DMSO and 416,6 μl pyridine by stirring for 24 hours at 80°C. 83 mg of FITC and 31 μl dibutiltin 
dilaurate were added to the solution and the reaction was carried for 2 hours at 95°C in darkness. 
After the reaction terminated, free dye was washed out using excess IPA. The final product was 
obtained by lyophilization in yield 88 %. 

5.3 Solution preparation

HA of various Mw was dissolved in binary or ternary solvent mixtures. The dissolving was done at 
50°C under vigorous stirring for 48 hours regardless the HA Mw and solvent mixture, to obtain 
completely homogenized solution [78]. The optimal binary and ternary solvent mixtures were found 
experimentally  by  changing  the  respective  solvents  ratio.  The  solvent  mixtures  chosen for  the 
experiments are H2O:IPA at weight ratio 10:7, and H2O:EtOH:MeOH at weight ratio 5:5:1. The 
solutions were prepared at various weight concentrations.

Solution of mixed Mw HA was prepared in a way corresponding to the procedure described in the 
previous paragraph. Binary solvent mixture of H2O and EtOH at weight ratio 4:3 was used. HA of 
Mw 124 kDa, 243 kDa, 370 kDa and 600 kDa was used in the first round of experiments. For 
second  round of  experiments,  HA of  Mw 1,18  MDa and  1,5  MDa were  added  to  explore  the 
influence of high  Mw fractions on electrospinning process. The weight fractions of each Mw were 
equivalent in both cases.

HA/PVA blend solution was prepared by the following procedure: 2 wt.% HA and 1 wt.% PVA 
solutions were prepared separately in DEMI water. Dissolving of PVA was done by stirring it in 
DEMI water at 80°C for at least 5 hours. BAC aqueous solution of various weight concentration 
(see table 1) was added into PVA solution and stirred. HA solution was then added to PVA solution 
with BAC and stirred at room temperature for 1 hour to ensure complete homogenization of the 
solution [78].
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Table 1: Contents of HA/PVA blend solutions with addition of BAC

BAC concentration of 
the original solution 

[wt.%]

Respective components contents in resulting solutions

HA 600 kDa [wt.%]
PVA 89-98 kDa 

[wt.%]
BAC [wt.%]

1 1,1 0,44 0,006

2 1,1 0,44 0,013

5 1,1 0,44 0,033

10 1,1 0,44 0,065

HA/PEO blend solutions were prepared by mixing the polymers at 1:1 ratio, adding it to DEMI 
water and then stirring vigorously at room temperature for 48 hours. The weight concentration was 
adjusted to 2 wt.% in all cases, considering the desired outcomes of the experiments. This procedure 
was done regardless the Mw of respective polymers used [58], [64].

For  the  purpose  of  confocal  microscopy,  HA/PVA  and  HA/PEO  blend  solution  containing 
fluorescent labeled polymers were prepared. The procedure does not differ from those described 
above. In HA/PVA blend solution, the content of BAC was 0,065 wt.%, FITC labeled PVA (PVA-
FITC) made up 4 % of PVA content, and Nile Blue labeled HA (HA-NB) content made up 4 % of 
HA content. For HA/PEO blend solution, 600 kDa PEO was chosen. HA-NB made up 5 % of 600 
kDa HA content.

5.4 Electrospinning equipment

A home-made electrospinner was used to conduct electrospinning experiments. It consists of a high 
DC voltage power supply Spellman SL150, a grounded metal collector and a simple rod metal 
spinneret.  The collector’s  diameter  is  40,3  mm,  the  spinneret  is  8  mm in  diameter.  The setup 
corresponds to the typical setup sketched in fig. 3. The tip-to-collector distance is interchangeable. 
In  the  experiments,  the  tip-to-collector  distance  was  kept  at  76  mm.  The  experiments  were 
conducted in air atmosphere at room temperature and humidity, and normal pressure. The fibers 
were collected using a recycled paper target, in order to ensure good adhesion.

Fig. 10: Electrospinning device used in experimental part of the current thesis (high voltage power  
supply not in picture)
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6 SAMPLE ANALYSIS

Specifications of analytical methods used in the experiments are given in the following section.

6.1 Viscometry

Dynamic viscosity was determined using rotational rheometer Malvern Kinexus pro+ with cup and 
bob geometry. The measurements were conducted at 25°C at 11 different shear rates ranging from 
0,1 s-1 to 10 s-1.

6.2 Conductometry

A portable conductometer Mettler Toledo Seven2Go Pro was used to determine the conductivity of 
the solutions. Each solution was measured three times at room temperature.

6.3 Density measurement

Density of the solutions was determined using Anton Paar DMA 5000M. The measurement was 
conducted three times for each sample at 25°C.

6.4 Tensiometry

The surface tension was determined using Krüss Drop Shape Analyzer DSA 100. Three separate 
drops of each sample were measured. Each drop was measured 30 times with 1 s delay between the 
measurements. Dixon’s Q-test was used to exclude the outliers. The measurement was conducted at 
25°C in air atmosphere.

6.5 SEM analysis

Fiber  morphology  analysis  was  done  using  Phenom  Pro  X  scanning  electron  microscope  in 
backscattered electrons mode. The samples were sputtered with a layer of gold prior to the analysis. 
The acceleration voltage was 10 kV. 5 000 times and 10 000 times magnification was used. Optical 
analysis of the images was done using ImageJ software.

6.6 Fluorescent confocal microscopy

Olympus  FLUOVIEW FV3000  Laser  Scanning  Microscope  with  coherent  light  sources  of  the 
following wavelengths: 405 nm, 488 nm, 561 nm and 640 nm, was used for fluorescence confocal 
microscopy.

7 RESULTS

The results of solution and fiber analysis are presented in the following section.

7.1 Single Mw HA solutions

It was not possible to electrostatically spun HA of any Mw from solely aqueous solution. Binary and 
ternary solvent mixtures were found experimentally, given respect to literature [29], [30]. Upper and 
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lower limiting, as well as ideal concentrations were determined for each solvent mixture and HA 
Mw. The criteria evaluated in suitability for electrospinning are the following:

a) complete solvent evaporation at given tip-to-collector distance,

b) formation of stable jet instead of particle formation,

c) number of Taylor cones formed,

d) speed of complete material consumption.

Fig. 11: Solutions of 0,6 MDa HA in H2O:IPA 10:7, a) 3,2 wt.%, b) 2,3 wt.%, c) 1,3 wt.%

Fig. 12: Solutions of 1,18 MDa HA in H2O:IPA 10:7, a) 2,9 wt.%, b) 1,2 wt.%, c) 1,0 wt.%

c)b)a)

a) b) c)
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Fig. 13: Solutions of 0,6 MDa HA in H2O:EtOH:MeOH 5:5:1, a) 2,8 wt.%, b) 2,4 wt.%,  
c) 0,7 wt.%

Fig. 14: Solutions of 1,18 MDa HA in H2O:EtOH:MeOH 5:5:1, a) 2,3 wt.%, b) 2,2 wt.%,  
c) 1,5 wt.%

c)b)a)

a) b) c)
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Fig. 15: SEM micrographs of HA 0,6 MDa H2O:IPA 10:7 3,2 wt.% solution fibers; a) non-oxidized  
HA, spinning voltage 20,5 kV b) HA-ox, spinning voltage 17,1 kV

b)

a)

b)
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Fig. 16: SEM micrographs of HA 0,6 MDa H2O:IPA 10:7 2,3 wt.% solution fibers; a) non-oxidized  
HA, spinning voltage 20 kV b) HA-ox, spinning voltage 15,8 kV

b)

a)

b)



TBU in Zlín, Faculty of Technology                                                                                                   41

Fig. 17: SEM micrographs of HA 0,6 MDa H2O:IPA 10:7 1,3 wt.% solution fibers, a) non-oxidized  
HA, spinning voltage 16,2 kV b) HA-ox, spinning voltage 16,4 kV

a)

b)
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Fig. 18: SEM micrographs of HA 1,18 MDa H2O:IPA 10:7 2,9 wt.% solution fibers, spinning  
voltage 24 kV

Fig. 19: SEM micrographs of HA 1,18 MDa H2O:IPA 10:7 1,2 wt.% solution fibers, spinning  
voltage 16,3 kV



TBU in Zlín, Faculty of Technology                                                                                                   43

Fig. 20: SEM micrographs of HA 1,18 MDa H2O:IPA 10:7 1,0 wt.% solution fibers, spinning  
voltage 19,0 kV

Fig. 21: SEM micrographs of HA 0,6 MDa H2O:EtOH:MeOH 5:5:1 2,8 wt.% solution fibers,  
spinning voltage 19,1 kV
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Fig. 22: SEM micrographs of HA 0,6 MDa H2O:EtOH:MeOH 5:5:1 2,4 wt.% solution fibers,  
spinning voltage 16,5 kV

Fig. 23: SEM micrographs of HA 0,6 MDa H2O:EtOH:MeOH 5:5:1 0,7 wt.% solution fibers,  
spinning voltage 14,9 kV
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Fig. 24: SEM micrographs of HA 1,18 MDa H2O:EtOH:MeOH 5:5:1 2,3 wt.% solution fibers,  
spinning voltage 29,2 kV

Fig. 25: SEM micrographs of HA 1,18 MDa H2O:EtOH:MeOH 5:5:1 2,2 wt.% solution fibers,  
spinning voltage 22,9 kV
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Fig. 26: SEM micrographs of HA 1,18 MDa H2O:EtOH:MeOH 5:5:1 1,5 wt.% solution fibers,  
spinning voltage 19,2 kV

b)
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Table 2: Morphology analysis of single Mw HA electrospinning products

Solvent 
mixture

Molecular 
weight 
[kDa]

Concentration 
[wt.%]

Spinning 
voltage 

[kV]
Product form

Diameter 
[µm]

H2O:IPA 
10:7

600

3,2 - non-oxidized 20,5
Spherical particles

Fibers

0,3 – 0,6

0,04 – 0,1

3,2 - oxidized 17,1 Spherical particles 0,1 – 0,6

2,3 - non-oxidized 20,0
Spherical particles

Fibers

0,3 – 1,0

0,06 – 0,1

2,3 - oxidized 15,8 Spherical particles 0,3 – 0,8

1,3 - non-oxidized 16,2
Spherical particles

Fibers

0,4 – 1,2

0,05 – 0,1

1,3 - oxidized 16,4 Spherical particles 0,2 – 0,5

1 180

2,9 24,0 Fibers 0,05 – 0,09

1,2 16,3
Spherical particles

Fibers

0,3 – 0,8

0,06 – 1,0

1 19,0 Spherical particles 0,7 – 1,1

H2O:EtOH:
MeOH 

5:5:1

600

2,8 19,1
Spherical particles

Fibers

0,4 – 1,0

0,05 – 0,07

2,4 16,5
Spherical particles

Fibers

0,2 – 0,8

0,05 – 0,07

0,7 14,9 Spherical particles 0,3 – 1,4

1 180

2,3 29,2 Elongated beads 0,2 – 0,4

2,2 22,9 Fibers 0,05 – 0,08

1,5 19,2 Fibers 0,05 – 0,1
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Table 3: Characteristics of electrospinnable single Mw HA solutions

Solvent 
mixture

Mw [kDa]
Concentration 

[wt.%]
Density 
[g·cm-3]

Surface 
tension 

[mN·m-1]

Conductivity 
[μS·cm-1]

H2O:IPA at 
weight ratio 

10:7

600

3,2 0,937043 27±1 854±2

2,3 0,925345 25,0±0,5 568,4±0,4

1,3 0,942085 26,2±0,3 465±1

1 180

2,9 0,934543 24±3 682±2

1,2 0,933866 28±2 386±2

1,0 0,935955 27,1±0,5 343±2

H2O:EtOH:
MeOH at 

weight ratio 
5:5:1

600

2,8 0,905499 32,3±0,9 740±8

2,4 0,919826 30,5±0,5 748±1

0,7 0,908960 30,2±0,8 249±1

1 180

2,3 0,917288 27,4±0,8 704±1

2,2 0,907604 28±2 616±1

1,5 0,906813 27,6±0,9 459,3±0,7

Fig. 27: Viscosity of 0,6 MDa HA in H2O:IPA 10:7 solution as a function of shear rate
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Fig. 28: Viscosity of 1,18 MDa HA in H2O:IPA 10:7 solution as a function of shear rate

Fig. 29: Viscosity of 0,6 MDa HA in H2O:EtOH:MeOH 5:5:1 solution as a function of shear rate
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Fig. 30: Viscosity of 1,18 MDa HA in H2O:EtOH:MeOH 5:5:1 solution as a function of shear rate

7.2 Mixed Mw HA solutions

Fig. 31: Solutions of mixed Mw HA in H2O:EtOH 4:3, a) HA 124 kDa, 243 kDa, 370 kDa, 600 kDa 
– 4,3 wt.%, b) HA 124 kDa, 243 kDa, 370 kDa, 600 kDa – 3,5 wt.%, c)  HA 124 kDa, 243 kDa,  

370 kDa, 600 kDa – 1,0 wt.%, d) HA 124 kDa, 243 kDa, 370 kDa, 600 kDa, 1 180 kDa, 1 500 kDa 
– 3,5 wt.%
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Fig. 32: SEM micrographs of mixed Mw (124 kDa, 243 kDa, 370 kDa, 600 kDa) HA H2O:EtOH 
4:3 4,3 wt.% solution fibers, spinning voltage 18,5 kV

Fig. 33: SEM micrographs of mixed Mw (124 kDa, 243 kDa, 370 kDa, 600 kDa) HA H2O:EtOH 
4:3 3,5 wt.% solution fibers, spinning voltage 16,9 kV
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Fig. 34: SEM micrographs of mixed Mw (124 kDa, 243 kDa, 370 kDa, 600 kDa) HA H2O:EtOH 
4:3 1,0 wt.% solution fibers, spinning voltage 21,2 kV

Fig. 35: SEM micrographs of mixed Mw (124 kDa 243 kDa, 370 kDa, 600 kDa, 1 180 kDa,  
1 500 kDa) HA in H2O:EtOH 4:3 3,5 wt.% solution fibers, spinning voltage 20,2 kV
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Table 4: Morphology analysis of mixed Mw HA electrospinning products

HA Mw [kDa]
Concentration 

[wt.%]
Spinning voltage 

[kV]
Product form Diameter [µm]

124; 243; 370; 
600

4,3 18,5
Spherical particles

Fibers

0,1 – 0,7

0,05 – 0,09

3,5 16,9 Spherical particles 0,2 – 0,7

1,0 21,2 Spherical particles 0,2 – 0,5

124; 243; 370; 
600; 1 180; 1 500

3,5 20,2 Elongated beads 0,1 – 0,3

Table 5: Characteristics of HA solution containing Mw 128 kDa, 243 kDa, 370 kDa and 600 kDa at  
weight ratio 1:1:1:1 in H2O:EtOH 4:3 solvent mixture

Concentration [wt.%] Density [g·cm-3] Surface tension [mN·m-1] Conductivity [μS·cm-1]

4,3 0,930287 27,0±0,2 1136±4

3,5 0,935694 27,9±0,2 1090±5

1,0 0,939916 28,8±0,6 432±1

Fig. 36: Viscosity of HA of mixed Mw in H2O:EtOH 4:3 solution as a function of shear rate
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7.3 HA/PEO bi-component blend solutions

Fig. 37: PEO 300 kDa/HA blend solutions; a) HA 243 kDa, b) HA 370 kDa, c) HA 600 kDa

Fig. 38: PEO 600 kDa/HA blend solutions; a) HA 243 kDa, b) HA 370 kDa, c) HA 600 kDa

a) b) c)

b)a) c)
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Fig. 39: SEM micrographs of PEO 300 kDa and HA 243 kDa solution fibers, spinning voltage  
18,2 kV

Fig. 40: SEM micrographs of PEO 300 kDa and HA 370 kDa solution fibers, spinning voltage  
18,2 kV
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Fig. 41: SEM micrographs of PEO 300 kDa and HA 600 kDa solution fibers, spinning voltage  
18,2 kV

Fig. 42: SEM micrographs of PEO 600 kDa and HA 243 kDa solution fibers, spinning voltage  
24,5 kV
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Fig. 43: SEM micrographs of PEO 600 kDa and HA 370 kDa solution fibers, spinning voltage  
24,5 kV

Fig. 44: SEM micrographs of PEO 600 kDa and HA 600 kDa solution fibers, spinning voltage  
24,5 kV
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Table 6: Morphology analysis of PEO/HA electrospinning products

PEO Mw [kDa] HA Mw [kDa]
Spinning voltage 

[kV]
Product form Diameter [µm]

300

243 18,2 Bead-on-string
0,25 – 0,5

0,02 – 0,05 

370 18,2 Bead-on-string
0,3 – 0,5

0,03 – 0,07

600 18,2 Bead-on-string
0,2 – 0,6

0,04 – 0,1

600

243 24,5 Bead-on-string
0,2 – 0,7

0,05 – 0,1

370 24,5 Bead-on-string
0,3 – 0,6

0,05 – 0,1

600 24,5 Bead-on-string
0,3 – 0,6

0,03 – 0,09

Fig. 45: Fluorescence confocal microscopy micrographs of HA-NB 600 kDa and PEO 600 kDa 
2 wt.% aqueous solution, spinning voltage 24,5 kV
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Table 7: Characteristics of electrospinnable HA/PEO blend solutions

PEO Mw 

[kg·mol-1]
HA Mw [kg·mol-1] Density [g·cm-3]

Surface Tension 
[mN·m-1]

Conductivity 
[μS·cm-1]

300

243 1,003294 46±2 1284±8

370 1,003525 49,3±0,2 1255±7

600 1,003597 49±2 1241±6

600

243 1,003816 51±2 1312±4

370 1,003769 52±2 1258±3

600 1,003638 54±1 1213±3

Fig. 46:  Viscosity of HA and 300 kDa PEO bi-component solutions as a function of shear rate

Fig. 47:Viscosity of HA and 600 kDa PEO bi-component solutions as a function of shear rate
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7.4 HA/PVA bi-component blend solutions

Fig. 48: PVA 89-98 kDa/HA 600 kDa blend solutions; a) 0,006 wt.% BAC , b) 0,013 wt.% BAC,  
c) 0,033 wt.% BAC, d) 0,065 wt.% BAC

Fig. 49: SEM micrographs of PVA 89-98 kDa and HA 600 kDa solution with 0,006 wt.% BAC 
fibers, spinning voltage 20,4 kV

a) b) c) d)
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Fig. 50: SEM micrographs of PVA 89-98 kDa and HA 600 kDa solution with 0,013 wt.% BAC 
fibers, spinning voltage 18,8 kV

Fig. 51: SEM micrographs of PVA 89-98 kDa and HA 600 kDa solution with 0,033 wt.% BAC 
fibers, spinning voltage 17,5 kV
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Fig. 52: SEM micrographs of PVA 89-98 kDa and HA 600 kDa solution with 0,065 wt.% BAC 
fibers, spinning voltage 15,9 kV
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Fig. 53: Fluorescence confocal microscopy micrographs of PVA-FITC and HA-NB solution with  
0,065 wt.% BAC fibers, spinning voltage 18,1 kV, a) PVA-FITC visible (excitation wavelength  

488 nm), b) HA-NB visible (excitation wavelength 640 nm), c) both PVA-FITC and HA-NB visible  
(combined excitation wavelengths)

a) b)

c)
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Table 8: Morphology analysis of PVA/HA electrospinning products

HA 600 kDa
1,1 wt.%

PVA 89-90 kDa
0,44 wt.%

BAC [wt.%]
Spinning voltage 

[kV]
Product form Diameter [µm]

0,006 20,4 Elongated beads 0,1 – 0,5

0,013 18,8 Bead-on-string
0,3 – 0,7

0,05 – 0,1

0,033 17,5 Bead-on-string
0,1 – 0,8

0,03 – 0,06

0,065 15,9 Bead-on-string
0,2 – 0,6

0,06 – 0,1

Table 9: Characteristics of electrospinnable HA/PVA blend solutions with BAC addition

HA 600 kDa
1,1 wt.%

PVA 89-90 kDa
0,44 wt.%

BAC [wt.%] Density [g·cm-3]
Surface Tension 

[mN·m-1]
Conductivity 

[μS·cm-1]

0,006 1,002793 43,7±0,9 1473±7

0,013 1,002755 42,6±0,2 1496±2

0,033 1,002924 41,4±0,6 1513±4

0,065 1,002823 41,1±0,2 1546±4

Fig. 54: Viscosity of HA/PVA bi-component solutions with addition of BAC as a function of shear  
rate
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8 DISCUSSION

The  experiments  described  in  previous  section  were  designed  to  find  conditions  allowing 
electrospinning of  solutions  containing  HA.  The  solutions  were  characterized,  emphasizing  the 
parameters which are connected to electrospinning performance according to experts. The result 
will be discussed in the following sections.

8.1 Electrospinning of single Mw HA

HA of 0,6 MDa and 1,18 MDa were spun from two different solvent mixtures – water and IPA, and 
water, EtOH and MeOH. These systems were chosen with respect to literature, corresponding to 
findings of Luo et al., 2010 [29]. The selected solvent systems are presented in Teas graph below. 
The fractional parameters values are taken from Gardon and Teas, 1976, and Barton, 1983  [79], 
[80]. It was not possible to spun pure HA from water only, presumably due to high surface tension 
and water being a good solvent to HA. This causes the polymer chains to unwind, possibly leading 
to lower number of physical knots in low concentration solutions.

Fig. 55: Solvents and solvent mixtures represented in Teas graph; 1 – water, 2 – IPA, 3 – MeOH, 
4 – EtOH, 5 – H2O:IPA 10:7, 6 – H2O:EtOH:MeOH 5:5:1

The solvent mixtures are very close in Teas graph, therefore similar solubility and behavior during 
electrospinning  for  all  the  solvent  mixtures  can  be  assumed.  However,  the  experiments  show 
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differences in the process, which will be discussed later.  All the solvent mixtures allow the polymer 
to be dissolved without precipitation. The solutions turbidity is higher compared to water solutions 
of HA (see figs. 11-14), suggesting stronger polymer-polymer interactions to be present.

Spinning product morphology

The upper and lower limiting concentration was found for all solvent mixtures respective to HA Mw. 
The upper limiting concentration is around 3 wt.%, the lower is about 1 wt.%. It is rather difficult to 
draw  conclusions  on  the  influence  of  concentration  on  the  fiber  morphology,  as  the  resulting 
structure is rather similar in most cases. It can be seen that some of the limiting concentrations 
represent the very transition from electrospinning to electrospraying (HA 0,6 MDa in H2O:IPA, 
concentration 1,3 wt.% - fig.  17; HA 0,6 MDa in H2O:EtOH:MeOH, concentration 0,7 wt.% - 
fig. 23; HA 1,18 MDa in H2O:EtOH:MeOH, concentration 2,3 wt.% - fig. 24).

The SEM micrographs show H2O:IPA solutions to have higher tendency to form beaded structures 
than H2O:EtOH:MeOH solutions. It can be clearly seen especially in the case of 0,6 MDa HA (see 
figs. 15-17, 21-23). It is clear from SEM micrographs that 1,18 MDa HA shows lower tendency to 
form  beaded  structures.  On  the  other  hand,  concentration  of  1,18  MDa  HA had  to  be  lower 
compared to 0,6 MDa HA to ensure smooth electrospinning process. That causes faster material 
consumption. The spinning voltage was significantly higher for 1,18 MDa HA solutions (maximum 
20,5 kV for 0,6 MDa vs. 24 kV for 1,18 MDa in H2O:IPA solutions, and 19,1 kV for 0,6 MDa vs. 
29,2 kV for 1,18 MDa for H2O:EtOH:MeOH solutions). This is possibly due to higher viscosity 
compared to 0,6 MDa HA solutions. The polymer concentration affects the yield of nanofibers and 
the tendency to form beads, however, no significant shift in sizes of nanofibers or beads was found.

Oxidized 0,6 MDa HA was electrospun as well to see the effect of chemical modification on fiber 
morphology.  SEM  micrographs  show  that  oxidized  HA has  higher  tendency  to  form  beaded 
structures  (see  figs.  15-17),  but  also  requires  lower  spinning  voltage  (maximum 20,5  for  non-
oxidized HA vs. 17,1 for HA-ox; see table 2). It is possible that higher concentration could stabilize 
the spinning process. That would make HA-ox a more desirable material to use in electrospinning 
application.

Solution parameters

The effect of polymer concentration on solution density is rather insignificant in all  cases. The 
density  is  governed mainly by the solvents,  which is  clear  in comparison of respective solvent 
systems - H2O:EtOH:MeOH system provides lower density solutions than H2O:IPA system.

Surface tension of the spinning solutions drops significantly compared to water solutions of HA. 
According to measurements of Jurošková, 2017, this is around 70 mN·m-1 [81], while in alcohol 
based solutions used in the current thesis, the surface tension is roughly 25 mN·m-1 – 30 mN·m-1. 
No dependence on HA concentration can be drawn from the results listed in table 3. This may be 
caused by little concentration range. Nevertheless, it is safe to assume that in the case of solutions 
used in the experimental work presented earlier, the surface tension is governed by the solvents. 
There is no significant difference in surface tension of respective solvent system. This fact is most 
likely coincidental.

We can see a steep drop in conductivity with decrease of HA concentration due to polyionic nature 
of HA. The conductivity drops with increase in HA molecular weight. This can be explained by the 
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fact that in solutions of different  Mw polymer with the same polymer weight fraction, the molar 
fraction is lower for the polymer of higher Mw. This causes the electrolytic balance to be reached at 
lower  dissociation  of  the  HA molecules.  Conductivity  is  also  affected  by  the  solvents.  It  is 
comparatively higher in H2O:EtOH:MeOH solvent system than in H2O:IPA solvent system (see 
table 3).

Shear viscosity is clearly a function of molecular weight and polymer concentration, with growing 
trend in both cases (see figs. 27-30). For 1,18 MDa HA it increased as high as 6 times compared to 
0,6  MDa  HA in  the  highest  electrospinnable  concentration.  The  magnitude  of  decrease  with 
decreasing concentration  depends on the respective  polymer  Mw –  solvent  system.  The highest 
concentration of HA displays non-newtonian behavior regardless of HA Mw and solvent system. The 
viscosity curve was measured at low shear rates (0,1 s-1 – 10 s-1) due to focus on electrospinning 
onset. At the formation of Taylor cone, the shear rates should be low, even negligible. Therefore 
non-newtonian behavior does not affect the onset of electrospinning. In jet spinning, elongation 
stress is applied to the forming fiber, therefore elongation viscosity is an important parameter in this 
part of the process. However, the elongation behavior of the jet is not within the scope of the current 
thesis.

The limiting parameters in electrospinning of HA are presumed to be viscosity in upper limiting 
concentration, and chain entanglement in lower limiting concentration. The experiments show that 
there is a significant difference in viscosity of upper limiting concentration solutions of HA with 
different  Mw.  This would suggest the limiting factor is not viscosity per se, but rather complex 
combination of intermolecular interactions, affecting ionic strength of the solution,  polymer chain 
configuration and other parameters. As for the lower limiting concentration, it needs to be clarified 
whether  the  transition  from  electrospinning  to  electrospraying  is  caused  by  insufficient  chain 
entanglement, or by significant decrease in conductivity, which leads to higher tendency to undergo 
Rayleigh instability.

8.2 Electrospinning of mixed Mw HA

Mixing high Mw and low Mw HA reduces the viscosity significantly, which leads to possibility of 
maintaining the electrospinning onset at higher weight concentration of the polymer. According to 
Palangetic et al., 2014, higher polydispersity leads to lower tendency to form beaded structures [21]. 
Mixing of several molecular weights simulates a highly polydisperse polymer system, therefore 
positive effects are expected.

Spinning product morphology

SEM micrographs show higher tendency to form beaded structures than in the case of single Mw HA 
(see figs. 32-34). Fibers and bead-on-string structures are very scarce. The particles have nearly 
spherical shape and their size is not affected significantly by the solution concentration. To address 
the problem of particle formation, high Mw HA (1,18 MDa and 1,5 MDa) was added to the mix at 
the concentration 3,5 wt.%. Although this adjustment did not lead to process stabilization, a certain 
progress can be seen. While in mixed  Mw HA solution without HA over 1 MDa the particles are 
spherical, strongly elongated beads are found upon the addition of HA over 1 MDa (see fig. 34). 
The diameter of the beads decreased significantly in comparison to solutions without high Mw HA. 
This would suggest necessity of high Mw fractions of HA to be present electrospinning solution in 
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order to stabilize the jet. The effect of several Mw present in a solution on electrospinning process 
needs to be studied further to be fully understood.

Solution parameters

Surface tension shows a slight increase with the decrease of concentration. A similar findings were 
published by Ribeiro et al., 2007, for hyaluronan saline solutions above entanglement concentration 
[82]. Nonogaki et al., 2000, studied hyaluronan bi-layer formation in saturated bovine serum, and 
found a decrease in surface tension as the migration with increase in hyaluronan concentration. 
They assume this behavior to be a result of increase in negative charge amount on the surface [83]. 
The conclusions of these papers may not be valid in the present case, as they used hyaluronan 
instead of hyaluronic acid, and the solvent was different from the ones used in the current thesis. 
However, the entanglement concentration theory is in agreement with spinnability theory, as was 
described in 1.4.1. It is clear that more investigation on this issue is necessary.

As in the single Mw HA systems, density is not affected by the polymer concentration. Conductivity 
shows the same trend as in single  Mw HA systems, as it  decreases with HA concentration (see 
table 5). It exceeds the single Mw HA systems greatly due to higher concentrations, and possibly due 
to presence of low Mw HA chains, which effectively increase the overall molar fraction of HA in the 
solution.  A different  solvent  mixture  may  be  another  aspect  governing  the  conductivity.  Shear 
viscosity  decreases  with  decrease  of  polymer  concentration,  and  it  is  significantly  lower  in 
comparison to single Mw HA solutions (see fig. 36). Compared to single Mw HA systems, the non-
newtonian behavior is less distinct.

8.3 The influence of HA Mw on HA/PEO bi-component solutions and their 
spinnability

HA/PEO mixtures  were spun from aqueous solutions  in  order  to  find  influence  of  HA  Mw on 
electrospinning of the mixture. The concentration of polymers was adjusted to 2 wt.% and their 
ratio was 1:1. The spinning voltage was kept at a steady value for each PEO Mw series in order to 
exclude as many influences as possible. Clear polymer solutions were obtained (figs. 37,38).

Spinning product morphology

All  of  the HA/PEO bi-component  solutions give bead-on-string structured mats.  No significant 
difference in diameter of either beads or strings can be found with respect to HA Mw at chosen 
conditions. There is a clear difference in the morphology of the beads when 300 kDa and 600 kDa 
PEO solutions are compared (figs. 39-44). In 300 kDa PEO solutions, the beads tend to form into 
almost  spherical  shapes,  and  in  many  cases  connect  several  fibers  together.  In  600  kDa PEO 
solutions,  high elongation is  evident  and the beads.  This would suggest  possibility  of different 
original  phenomenon leading to  beads  formation.  The spherical  particles  connected  with fibers 
present  in  300  kDa PEO solutions  (see  figs.  39-41)  may  be  a  result  of  electric  field  induced 
elongation acting on electrosprayed particles. Bead-on-string structures created by 600 kDa PEO 
solutions (see figs. 42-44) are typically a result of electric field induced undulations appearing on 
originally  uniform  jet.  This  phenomenon  is  briefly  described  in  section  1.1.2  of  this  thesis. 
However, the origin of the instabilities in the current experiments has to be further confirmed. The 
differences  in  diameter  of  structures  obtained  from  300  kDa  and  600  kDa  PEO  solutions 
respectively  is  inconclusive  (see  table  6).  Spinning  voltage  of  600  kDa  PEO  solutions  was 
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necessary to be higher than for 300 kDa PEO solutions. This can be assigned to higher viscosity of 
600 kDa PEO solutions.

HA-NB (Mw = 600 kDa) was spun from a blend with 600 kDa PEO, and then examined using 
fluorescent confocal microscope. Fig. 45 clearly shows that both beads and nanofibers contain HA. 
Unfortunately, it is not possible to confirm core-shell structure of the fibers, as the dimension of the 
layers would be below resolution of the microscope. On account of non-fluorescence of PEO, it is 
very difficult to be distinguished in presence of fluorescent HA.

Solution parameters

Neither HA Mw, nor PEO  Mw have any effect on solution density. This is likely due to very low 
polymer concentration (2 wt.%), at which the solution’s density is governed solely by the solvent, in 
this case water. The density of solutions is indeed very close to density of water at 25°C, which is  
0,99704 g·cm-3 [84].

Surface tension of the solutions is affected by the polymer  Mw. Solutions of 300 kDa PEO have 
lower surface tension in comparison to 600 kDa PEO solutions. Regardless of PEO Mw, the surface 
tension rises with higher HA Mw (see table 7). The cause of this shift is yet to be determined. In 
comparison  to  pure  water  (about  70  mN·m-1,  [81]),  surface  tension  decreased  significantly  in 
HA/PEO  solutions  (54 mN·m-1 –  46  mN·m-1).  It  should  be  noted  that  the  surface  tension  of 
HA/PEO bi-component solution is significantly higher compared to HA solutions discussed in 8.1 
and 8.2. The obvious explanation is difference in solvent choice.

Solution  conductivity  decreases  with  the  increase  of  HA  Mw.  The  possible  cause  of  this 
phenomenon was discussed in 8.1. The drop in conductivity appears to be steeper in 600 kDa PEO 
solutions compared to 300 kDa PEO solutions. PEO might influence the conductivity of aqueous 
solutions due to dissociation of -OH groups, however, this effect is probably negligible in presence 
of highly dissociating HA molecules.

Shear  viscosity  of  solutions  increases  with  increasing  HA  Mw.  A jump in  shear  viscosity  was 
observed for solution with 600 kDa HA (see figs. 46,47). Solutions concentration was set at 2 wt.% 
mainly to ensure spinnability of 600 kDa HA, the solutions with lower HA Mw were spinnable at 
higher concentrations as well. The steep increase in viscosity is probably the cause of decreased 
spinnability of the solutions. All solutions act as newtonian fluids in the chosen range of shear rates.

8.4 The influence of BAC concentration on spinnability of HA/PVA bi-
component solutions

HA/PVA aqueous electrospinnable solutions were found experimentally. Addition of small amount 
of  BAC was  found  to  be  necessary  to  facilitate  stability  of  the  spinning  process.  In  order  to 
determine the influence of BAC concentration, four solutions with different amount of BAC were 
spun at the same processing parameters (spinning voltage and tip-to-collector distance). It should be 
noted  that  turbidity  of  the  solutions  increases  with  increase  of  BAC concentration  and  partial 
precipitation  can  be  observed  in  0,065 wt.%  BAC  solution  (see  fig.  48),  in  agreement  with 
Gřundělová  et  al.,  2013,  [78].  Further  increase  of  BAC  concentration  would  therefore  be 
counterproductive. Thus it is safe to assume that BAC induces higher polymer-polymer interactions, 
leading to coiling and microscopic clumps to be formed, therefore effectively creating low quality 
solvent.
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Spinning product morphology

Bead-on-string structures were obtained from all the solutions except for 0,006 wt.% BAC solution, 
which formed only particles, although these also show clear signs of elongation (see figs. 49-52). 
There is  no significant  difference  in  diameter  of  neither  beads  or  strings  with  respect  to  BAC 
concentration. The tendency to form beaded structures is rather high in all the solutions, but the 
amount of fibers formed increases with the increase in BAC concentration. Higher concentration of 
BAC  leads  to  multiple  Taylor  cone  formation,  therefore  increasing  the  yield  of  electrospun 
structures. Increase in BAC concentration causes a notable decrease in spinning voltage required 
(see  table  8).  It  is  ought  to  remember  that  any  assumption  made  on  account  of  the  current 
experiments  is  valid  only  in  the  range  of  BAC  concentrations  used.  As  stated  earlier,  high 
concentrations of BAC lead to complete precipitation of HA and would disrupt the electrospinning 
process.

PVA-FITC and HA-NB were spun to determine the inner structure of the fibers using fluorescence 
confocal microscopy. Fig. 53 a) and b) clearly show that both polymers are present in the fibers, as 
well as in the beads. Fig. 53 c) shows a combination of both fluorescent polymers. The results could 
mean that in some fibers, PVA-FITC prevails over HA-NB and vice versa, or, in case of core-shell 
structure, a different shell material in respective fibers. Unfortunately, it is not possible to determine 
whether the morphology is truly core-shell, since the resolution is insufficient.

Solution parameters

No effect of BAC concentration on solution density was found. The density is very close to density 
of  pure water  at  25°C (see 8.3),  therefore it  can be assumed that  the main contribution to  the 
solution density is the one of the solvent, i.e. water.

BAC, being a surface active substance, affects the surface tension of the solution by definition. A 
slight decrease in surface tension is observed with increase of BAC concentration (45 mN·m -1 – 
41 mN·m-1), which is an expected outcome (see table 9). The decrease in surface tension is likely 
the cause of decrease in spinning voltage (20 kV to 16 kV). It should be noted that surface tension 
(40  mN·m-1 –  45  mN·m-1)  decreased  slightly  compared  to  HA/PEO  bi-component  solutions 
(45 mN·m-1 – 55 mN·m-1). It is still significantly higher than surface tension of HA alcohol based 
solutions (25 mN·m-1 – 30 mN·m-1), and significantly lower than pure water surface tension (about 
70 mN·m-1, [81]).

BAC as an ionic substance should have an effect on solution conductivity as well.  This can be 
clearly seen in table 9. The conductivity increases with increase of BAC concentration. The increase 
in conductivity is probably to be accounted for the decrease in tendency to form beaded structures. 
In comparison to HA/PEO solutions,  the conductivity is  higher,  although the amount of HA in 
respective bi-component solutions is comparable. This could be the result of combined effect of 
BAC dissociation, and dissociation of partner polymer, i.e. PVA, or PEO respectively.

Shear viscosity of HA/PVA solutions containing 0,006 wt.% BAC, 0,013 wt.% BAC, and 0,33 wt.% 
BAC is not affected by BAC concentration in any way. However, solution containing 0,063 wt.% 
BAC shows a significant drop in shear viscosity (fig. 54). This is likely due to partial precipitation 
of polymer in this solution. All solutions display almost newtonian behavior in the chosen range of 
shear rates.
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CONCLUSION

In the current Master’s thesis, solutions containing HA were spun into nanofibers via DC electric 
field. The polymer was either HA alone, or a combination of HA/PEO or HA/PVA respectively.

For pure HA solutions,  solvent  mixtures were found which facilitate  electrospinning process to 
occur. These solvent mixtures are H2O:IPA 10:7, H2O:EtOH:MeOH 5:5:1, and H2O:EtOH 4:3. The 
last was used for solutions containing mixture of high Mw HA and low Mw HA. Upper and lower 
concentration limit was found for each respective solution. The lower limiting factor appears to be 
either insufficiency of polymer chain entanglements, or low conductivity. Viscosity appears to be 
logical candidate for upper limiting factor,  however, great variety in viscosity of upper limiting 
concentration solutions was observed in the current thesis. Therefore, the upper limiting factor is yet 
to be determined.

HA/PEO and HA/PVA bi-component blend water solutions were successfully spun. In HA/PEO 
solutions,  PEO of 600 kDa gave more uniform bead-on-string structures than PEO of 300 kDa 
solutions. No influence of HA Mw on spinning product morphology was found in the experiments. 
Fluorescence confocal microscopy of fibers containing HA-NB proved presence of HA in both 
fibers, and beads. For HA/PVA electrospinning, addition of small amount of BAC was necessary. 
All of the solutions produced beaded, or bead-on-string structures. BAC concentration closest to 
critical micelar concentration (0,065 wt.%) provided the highest fiber-to-beads ratio. Fluorescence 
confocal microscopy of fibers containing HA-NB and PVA-FITC proved presence of both polymers 
in fibers, as well as beads.

To conclude, the most significant results of the current thesis are the following:

a) single  Mw HA is possible to be electrospun from solutions containing alcohols, as listed 
earlier; higher  Mw HA (1 180 kDa) shows lower tendency to form beaded structures than 
lower Mw HA (600 kDa),

b) mixed  Mw HA can  be  electrospun  from H2O:EtOH solution,  but  the  tendency  to  form 
spherical particles is higher than in solutions containing single Mw HA,

c) bi-component blend solutions containing HA and PEO/PVA respectively can be electrospun, 
resulting in bead-on string structures,

d) bi-component blends of HA/PEO can be electrospun as water solutions; higher PEO  Mw 

(600 kDa) provides more uniform products than lower PEO Mw (300 kDa),

e) bi-component blends of HA/PVA can be electrospun as water solutions with the addition of 
small amount of BAC; the best results are reached when BAC concentration is closest to 
critical micelar concentration.

The reasons for the phenomena described in experimental part of the current thesis need further 
investigation. Let this thesis be an experimental insight into possibilities of HA electrospinning.
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