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Abstract Non-woven structures of cellulose acetate (CA)
fibres of 90 nm—-5 pum in diameter (spinning parameters
90 nm beaded fibres: 12% CA in EtOH-DMSO 1/1, 22 kV,
30 cm, 0.5 mL/h; maximum 5 pum diameter fused fibres
spun with 14% CA in Ac-BenzOH 2/1, 22 kV, 24 cm,
13 mL/h) were produced by electrospinning. On the basis
of Hansen solubility theory, composition of binary solvent
mixtures (ketones—acetone, methyl ethyl ketone (MEK),
and alcohols—benzyl alcohol, propylene glycol and
dimethylsulphoxide) was optimized with respect to control
of fibre felt morphology. Fibre networks of high packing
density were obtained with binary low-volatile alcohols/
MEK solvent mixtures, a decreased spinning distance and
an increased feed rate. Substituting MEK by acetone in the
solvent mixture resulted in the formation of nanofibre felt
with a low degree of fibre cross-links. Thus, solvent control
is a key aspect for control of electrospun fibre felt struc-
tures, which may serve as scaffolds for tissue engineering.

Introduction

Electrospinning is a technique that can be used to produce
nanofibres from a polymeric solution or melt under the
influence of a high electrostatic field. The polymeric
solution is initially ejected from the tip of a fine orifice or
spinneret maintained at a potential up to several tens of
kilovolts by a DC power supply [1-3]. The electrostatic
repelling force of the charges deforms the pendant drop
into a conical shape (Taylor Cone). If the potential is
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further increased, the electrostatic force overcomes the
surface tension force of a polymer solution and drags the
polymer to form fibre streams. The fibre streams will
become unstable to a whip-like motion that further elon-
gates them and reduces their diameter [4, 5]. Solvent
evaporates in the process, and dry fibres are collected on
the collector plate as a non-woven mat. The diameter of the
fibres obtained in the electrospinning process ranges from
10 pm down to 10 nm, which is nearly two to three orders
less than that obtained by conventional polymer melt or
solution spinning process [1-3].

Highly porous nanofibre felts electrospun from natural or
synthetic biodegradable polymers have drawn increased
interest for use as scaffolds for tissue engineering in
regenerative medicine. Electrospun non-woven webs com-
posed of sub-micron diameter fibres may serve as functional
substrates to grow soft tissues for cartilage and skin repair.
Non-woven structures of nanofibres provide a highly
accessible three-dimensional structure characterized by a
high surface area-to-volume ratio and three-dimensional
interconnected pore network, both of which enhance cell
attachment and proliferation [6]. Furthermore, cells attach
and organize well around fibres with diameters smaller than
the diameter of the cells [7]. Fibroblasts showed signifi-
cantly higher proliferation on fibre matrices with a diameter
in the range 350-1100 nm [8]. Electrospinning of bio-
polymeric nanofibre scaffolds, however, often involves
aggressive and toxic solvents to achieve optimized fibre
formation conditions [9]. Furthermore, electrospun non-
woven mats may exhibit quite a poor tensile strength and a
low Young’s modulus because the loosely packed fibres
without extended cross-linking are not able to transfer
normal and shear stress upon mechanical loading effec-
tively [10, 11]. The mechanical properties of non-woven
fibre felts were improved by alignment of the fibres which
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was achieved by spinning on modified collector types [12—
15], modification of the spinning process parameters, or
postprocessing, respectively.

A high number of solid fibre cross-links per fibre length
was found to be a key factor to create a high stiffness and
loading capacity of highly porous fibre felts [16]. In this
study, cellulose acetate (CA) was chosen to serve as a
model system for developing felts of various cross-linking
and fibre packing structure. Acetone and dimethylacet-
amide (DMA) at a ratio of 2:1 was found to dissolve CA in
a range from 12.5 to 20 wt% and to allow continuous
electrospinning of CA fibres. Lower amounts of DMA as
cosolvent (extreme case: pure acetone) resulted in clogging
of the nozzle because of the too high volatility [17].
Another possibility is the addition of water as cosolvent at
10-15 wt% to acetone [18]. A mixed solvent of chloro-
form/methanol was also shown to produce thin beaded CA
fibres [19]. Even ternary mixtures of acetone, dimethyl-
formamide (DMF) and trifluoroethylene were reported as
solvent for CA [16]. However, search for suitable solvents
was either based on trail and error, experiences from
similar polymer systems or solubility models limited by
physico-chemical database [17, 18, 20]. The focus of our
study was directed on the role of solvent volatility behav-
iour for controlling the felt structure with particular
emphasis on fusion at the fibre overlying points and
packing density. Hansen’s theory of solubility was applied
to select non-toxic binary solvent systems optimized for
manufacturing of electrospun fibre networks with adjust-
able degree of fibre fusion.

Experimental procedure
Solvent selection

Cellulose acetate (Aldrich, 180955) with a molecular
weight of 30,000 g/mol and an acetyl content of 39.8 wt%
was dissolved in a mixture of various solvents: Methyl-
ethylketone (MEK, Carl Roth, 8403.2), Acetone (Ac,
Merck, 20063.467), Benzyl alcohol (Carl Roth, 0336.2),
1,2-Propanediol (Carl Roth, 0340.21), Ethyl alcohol (VWR
20821.321) and Dimethylsulphoxide (DMSO, Fluka,

41640). All the chemicals were used as received. On the
basis of the solubility ranges derived from calculations
with the particular Hansen parameters [21], a set of five
spinning solutions (Table la—e) with different solvent
compositions was prepared by mixing in a screw top jar.
Clear solutions were obtained after 24 h. The concentration
of CA was kept constant at 14 wt% except for acetone/
DMSO mixture (18 wt%, spinning dope “c”). For ethanol/
DMSO mixture, concentration was varied between 8 and
24 wt% (spinning dope “d”, Table 1).

Appropriate solvent compositions were selected from
evaluation of the solubility behaviour following Hansen’s
theory of solubility [21]. The solubility parameter O (named
Hildebrand parameter) is a numerical value that specifies
the relative solvency behaviour of a specific solvent

AH — RT\'?
- ()

- (1

where Ejq is the cohesive energy density, AH is the heat of
vaporization, R is the gas constant, 7T is the temperature and
Vi is the molar volume. Hansen found that O may be
separated into contributions of fundamental molecular
interactions

0=4/0;+0 +0, (2)

where 04, Op and Oy, represent the dispersion force, the polar
force, and the hydrogen bonding force, respectively, and
are called Hansen parameters [21]. The SI unit of all
solubility parameters is MPa'? (formerly cal'? cm™*?).
Values of 94, 0, and 0y, at room temperature for a variety of
solvents for CA are presented in Table 2. According to
Hansen, an approximately spherical area of solubility may
be constructed in a three-dimensional coordinate system of
04, Op and On. The radius of that sphere (7.6 MPa'’? for
cellulose acetate, [21]) is called interaction radius r

1/2
r= [4 (ad - @d,CA)2+(6p — 6P7CA)2+(@}1 — @h1CA)2}

(3)

Od,cas Opca and Onca represent the coordinates of the
centre of the Hansen sphere and are given by the Hansen
parameters of the polymer, in this case CA, Fig. la. Every
solvent S or solvent mixture whose fundamental molecular

Table 1 Composition of

innine d d dicul # Solvent system Ratio CA-conc. Distance Voltage Feed rate

spinning dopes and particular (Wt%) (cm) kV) (mL/h)
spinning parameters

(a) Ac/BenzOH 2/1 14 24 22 13

(b) MEK/BenzOH 4/1 14 30 22 13

(c) Ac/DMSO 2/1 18 30 22 0.5

(d) EtOH/DMSO 1/1 var. 8...24 30 22 0.5

(e) Ac/BenzOH 2/1 14 33 22 2.6
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Table 2 Solubility parameters of various solvents and cellulose
acetate [19]

Liquid Solubility parameter (MPa'?) d*

o % 0, o

Acetone (Ac) 20.00 15.50 1040 7.00 —0.13
Methyl ethyl ketone (MEK) 19.00 16.00 9.00 5.10 —1.09
Propylene glycol (Pr(OH),) 30.20 16.80 9.40 23.30 —5.63

19.00 17.80 3.10 570 =35
2270 16.80 11.50 10.20 3.7
Dimethylformamide 24.80 17.40 13.70 11.30 5.0
Dimethylsulphoxide (DMSO) 26.70 18.40 16.40 10.20 3.8

Chloroform
Dimethylacetamide

Ethanol 26.50 15.80 8.80 1940 -—-32
Methanol 29.60 15.10 1230 2230 —5.7
Benzyl alcohol (BeOH) 23.80 18.40 6.30 13.70 0.6
Water 47.80 15.60 16.00 42.30 —244

Cellulose acetate 25.06 18.60 12.70 11.00 (7.6)

interaction parameters (Oq ¢, Op s and Op ) are located within
the Hansen sphere should be able to dissolve CA readily,
whereas those located outside are unlikely of dissolving
CA, Fig. 1b.

The parameter d* representing the distance between the
solvent coordinates and the surface of the Hansen sphere,
Fig. 1a, can be calculated by

d«=r—d=r— {4(6(1,5 - ad,CA)2+(6p7s - 6p7CA)2

12
+(Ons — On.ca) ] (4)

where d is the distance between the solvent coordinates and
the polymer coordinates. A solvent lying outside the sol-
ubility sphere, i.e. d* < 0, may be combined with another
solvent to a binary mixture A-B. For a specific composi-
tion of the binary mixture A—B with the solubility param-
eter located inside the sphere, i.e. d* > 0, solution of CA
can be expected, Fig. 1b.

The solubility parameter 0_g of binary solvent mixture
of two solvents A and B is given by the volume fractions v;

Fig. 1 Schemes of a Hansen 4
diagram: a d*-calculation for a
single solvent; b solubility
range for a mixture of solvent A
and solvent B

Polar force 3,

of each solvent and the equivalent Hansen Parameters 0; of
A and B.

6A,B = Z aivi (5)

On the basis of the solubility criteria a set of solvents
and binary solvent mixtures was selected for the
electrospinning experiments, Table 1.

Electrospinning

Nanofibre non-woven felts were produced by electrospin-
ning of CA solution at room temperature. The rheological
behaviour of the spinning dopes was analysed with a
rotational viscosimeter (Physica UDS 200, Paar Physica,
Stuttgart, Germany) in cone plate arrangement (cone
diameter S0 mm, cone angle 2°) at 20 °C and under solvent
saturated atmosphere. In the electrospinning setup, a 5-mL
syringe was positioned vertically above the collector. The
needle diameter was 800 um. An electrical potential dif-
ference between needle and collector plate was applied (IT
30, Miles HiVolt Ltd., England). For spinning of non-
uniform structures with a lateral gradient in thickness and
porosity, a static circular colletor (diameter 180 mm) was
used, Fig. 2a. In order to obtain felt deposit of uniform
thickness, the syringe was positioned with an excentrical
distance of 60 mm from the rotating axis, Fig. 2b. The
turning collector (diameter 200 mm) was rotated with 1
rps. The polymer solution was fed by means of a modified
micropump (Perfusor® Secura FT, B. Braun Melsungen

(a)

T —
|

collector

Fig. 2 Arrangement of syringe and collector: a centrical syringe,
static collector; b excentrical syringe, turning collector

Polar force a,

9,c4  Dispersion force s,

Dispersion force 3,
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AG, Germany). The fibre felt was collected on a 13-um
thick aluminium foil covered metal plate collector posi-
tioned at a distance of 24, 30 or 33 cm from the tip of the
syringe, respectively. Electrospinning of the CA solution
was conducted by varying the voltage (19 and 22 kV), the
flow rate of the solution (0.5, 2.6 and 13 mL/h), and the
solvent composition. Whilst a DMSO/ethyl alcohol mix-
ture was spun at different concentrations ranging from 8 to
24 wt%, the concentration was kept constant at 14 and 18
wt%, respectively, for the other spinning dopes (Table 1).

Fibre and fibre felt microstructure

The morphology and the diameter of the collected fibres
were analysed by scanning electron microscopy (SEM,
FEI, Quanta 200, Eindhoven, Netherlands). Porosity P of
the fibre structures was calculated by

p=1-"le (6)
Pca

with pge, the geometric bulk density of the felt i.e. deposit
weight to volume and pca the density of the CA fibre
(1.3 g/cm3 ). The thickness was measured tactilely with a
dial indicator (1 um resolution, flat contact point, diameter
10 mm). The area was measured by optical scanning with
600 dpi resolution and subsequent image analysis (ImageJ
V. 1.38 Wayne Rasband, National Institutes of Health,
Bethesda/MD USA). In order to evaluate the degree of
fibre fusion of the fibre network, the fibre diameter and the
distance of the fibre connections from crossing point to
crossing point were measured on SEM images. Mean val-
ues were derived from at least 50 fibres.

Results and discussion
Cellulose acetate spinning solution

The composition of the binary solvent mixtures strongly
influences dissolution behaviour and viscosity of the
resulting spinning solution [22]. Figure 3 shows the solu-
bility tendency for binary solvent systems expressed as the
distance d* as a function of composition. Positive values of
d* indicate solubility capability, whereas negative values
of d* represent compositions not able to dissolve CA.
Ac/DMA solvent mixture shows a continuously
increasing d* with DMA fraction. An even superior dis-
solving power is expected for an acetone/DMSO mixture
compared to acetone/DMA. Benzyl alcohol added to ace-
tone promotes a solubility over the whole range of mixture
but has a lower dissolving power for high concentrations
compared to the DMSO-based solvents. An ethanol/DMSO
mixture shows the highest dissolving power but a reduced
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Fig. 3 Solubility range of CA for various solvents derived from
Hansen solubility parameters

range of solvent composition. The strongest dissolving
power expected from the evaluation of solubility parameters
is attributed to a solvent mixture with its coordinates located
in the Hansen diagram close to the one from CA i.e. with
maximum value of d*. A DMSO/benzyl alcohol mixture of
65 to 35 (v/v) reaches a d*-value of 7 MPa'? which is
higher than all single solvents considered in this study.

Solubility of the polymer, however, is a necessary but
not sufficient condition for spinnability. The jet of the
spinning dope is stretched into a fibre shape and this shape
has to be stabilized before reaching the collector. Insuffi-
cient stabilization, however, may cause fragmentation due
to Rayleigh-instability, which results in the formation of
droplets instead of a fibre and electrospraying is likely to
occur [23]. Stabilization of the fibre will be facilitated
when the spinning dope exhibits a high initial viscosity
and/or a rapid increase of the viscosity due to accelerated
evaporation of the solvent during fibre formation. For that
reason, the information about solubility range of a mixed
solvent is even more important than the maximum solu-
bility. Since in a binary solvent mixture evaporation of the
component with higher volatility is likely to occur, both the
viscosity as well as the dissolution capability of the solvent
system may change significantly. Analysis of the rheolog-
ical behaviour indicated that for low viscosity at low
polymer concentrations, electrospraying occurs [23, 24]. At
higher viscosity, periodical beads on string are formed.
Further increase of viscosity leads to smooth fibres [3, 20].

Figure 4 shows the dependence of zero shear viscosity
of a binary ethanol/DMSO solvent (1:1 by weight, which
proved to be a good compromise between solubility and
evaporation rate) on CA concentration and SEM micro-
graphs of selected fibre structures. Three different regimes
can be expected with respect to the composition depen-
dence of viscosity. The increase of the viscosity can be
fitted with a power law dependence for each concentration
regime [25].
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For low concentrations (diluted regime), the interaction
between separated polymer chains is low and an exponent
n & 1 is predicted. Above a critical polymer concentration
c*, the polymer chains can overlap, but do not entangle
each other (semidilute unentangled regime, n = 1.25). At
high concentration above c., overlapping of the polymer
chains favours entanglement which gives rise for a much
stronger interaction (semidilute entangled regime,
n = 4.8). For CA (molecular weight of 30,000 g/mol), the
boundary concentrations were found at cx ~ 4 wt% and
¢, ~ 12 wt%. The differences in molecular interaction and
hence in the viscosity of the spinning dope have a strong
impact on the fibre morphology produced as confirmed by
SEM analysis, Fig. 4. Individual spherical beads are
observed for concentrations lower than 12 wt% (elec-
trospraying regime, n = 3.5). Fibres can only be spun for
concentrations exceeding 12 wt%. With increasing vis-
cosity of the spinning dope, the bead shape changes grad-
vally from spherical to elongated -ellipsoidal beads
(n = 5.1). Finally, smooth fibres with no periodical thick-
ness variations were obtained at concentrations higher than
20 wt%, Fig. 4 [19, 24, 26].

The molecular structure of the dissolved polymer (cel-
lulose acetate) also affects solution viscosity. Whilst a
branched molecular structure tends to reduce/hinder the
chain interaction (n decreases) hydrogen bonding may
intensify chain interaction (n increases) which also applies
for CA [24, 27, 28]. In all the cases, the entanglement con-
centration ¢, was the minimum concentration where beaded
fibres could be obtained in coincidence with our results [28].
The concentration needed for smooth fibres was 1.7 times ¢,
for CA compared to 2-2.5 times ¢, for PET copolymers [27].

The mean diameter of the fibres dy increased with the
zero shear viscosity following a power law dependence

dp < 115 (8)

Simulations based on allometric scaling laws predicted
an exponent m of 0.5 [29], whilst experimental results
showed exponents between 0.5 and 0.8 [24, 27, 30].
Spinning experiments for CA dissolved in ethanol/DMSO
revealed an exponent of 0.71, Fig. 5.

The flight path of an electrified liquid was simulated by
localized induction approximation [31]. Whilst for the case
of constant viscosity, the radius of the envelope cone was
predicted to increase abruptly due to bending instability it
should grow evenly if the viscosity increases. High-speed
camera observations of the spinning process proved the
convolute path with evenly increasing radius but constant
drift velocity in spinning direction caused by the viscosity
increase during spinning [32]. It was demonstrated that
even low concentrations of a polymer can be spun if the jet

10000

1000 5 y= 1124007 &

R?=0.94

Mean fibre diameter dr [nm]
3

0.1 1 10 100
Zero shear viscosity n, [Pas]

Fig. 5 Dependence of zero shear viscosity on resulting fibre diameter
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is stabilized by accelerated evaporation of the solvent [19,
33]. Our results on DMSO-based binary solvent mixtures
reveal that the transition from spraying to spinning
(12 wt%) is shifted to lower concentrations (8—10 wt%) if
ethanol is replaced by acetone which exhibits a higher
volatility than ethanol.

Binary DMSO/acetone system was the solvent mixture
providing the largest processing window concerning mix-
ing ratio and volume flow rate of the spinning dopes.
Acetone/ethanol system shows a good spinnability, but
volatility of ethanol is too low to achieve smooth fibre
spinning at low concentrations and beads are formed
instead.

Fibre felt structure

Depending on the spinning dope composition and the
process conditions, diameters of the fibres varied from
90 nm to 5 pm and the fibre felt structure showed porosi-
ties between 60 and 97%. Figure 6 shows SEM micro-
graphs of characteristic felt structures obtained from
electrospinning of acetone/benzyl alcohol, MEK/benzyl
alcohol and acetone/DMSO system, respectively (Fig. 6a
corresponds to spinning dope “a”, Table 1). The mor-
phology characteristics of the electrospun fibre networks
are summerized in Table 3.

Cellulose acetate fibres from acetone/benzyl alcohol
solvent system form highly intereconnected felt-like
structures with a high packing density and a low porosity,
Fig. 6a. Replacing acetone by MEK with an even lower
volatility finally resulted in similar structures. If the
fraction of the volatile component MEK is increased from
2/1 to 4/1 whilst keeping the other parameters constant,
the resulting felt consists of smooth fibres with a diam-
eter ranging from 1 to 3 pm, which are barely welded at
the cross-over points, Fig. 6b. This is typical if the
spinning dope stays in a gel-like condition which is the
case for solvents with a low vapour pressure. Similar
results were reported for the spinning of gelatin fibres
with cosolvents of low vapour pressure and high boiling
point [34]. A decrease of the feed rate leads to sub-um
fibres, approving the well-known coherency of decreasing
feed rate and decreasing fibre diameter [35]. Figure 6¢
shows fibres spun from an acetone/DMSO system. The
resulting felt is free of defects but the fibres do not form
interconnected structures as indicated by the absence of
solid cross-links.

Characterization of electrospun fibre felt microstructure
is a key aspect for optimization of processing parameters
with respect to tailoring of mechanical properties as well as
permeability of porous fibre felt materials. Soldering of the
fibres at the fibre overlying points produces a fibre network
structure with a high and continuous porosity. In this study,

@ Springer

Fig. 6 Non-wovens spun from different spinning dopes and various
spinning conditions (details see Table 1)

fibre cross-linking and porosity was characterized by
means of a simplified geometrical model of a representa-
tive unit cell analogon. Since the fibre felt formation pro-
cess during electrospinning can be considered as a
layerwise deposition of fibre material on the collector
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Table 3 .Mlorphology # Solvent Ratio Fibre thickness Porosity Cross-link Interpenetration
characteristics of electrospun P (% di I
fibre networks system fp (pm) (%) istance [ (pm) 4

(a) Ac/BenzOH 2/1 341 £ 1.78 66 8.42 £ 3.95 0.33

(b) MEK/BenzOH 4/1 2.03 £+ 0.66 80 8.63 £+ 5.48 0.25

(©) Ac/DMSO 2/1 0.65 £ 0.13 92 4.67 £ 291 —0.19

Sr

Fig. 7 Unit cell model for fibre networks

substrate, structure characterization is focussed on depo-
sition of geometrical fibre arrangement in a deposit layer.
Figure 7 shows an idealized unit cell. Four fibre segments
of length sg and fibre thickness 7 form a rectangular cell of
a volume s% - h where h is the cell height. For the case of
the fibre segments do not penetrate i.e. no solid cross-link
is formed & equals to the fibre thickness #¢ and the porosity
of the unit cell P can be derived from
é7'!? - SF

P=1-4
st h

fZem
B 4SF -h (9)

The fibre thickness #g and the mean free length of the
fibres between the crossing points / can be measured from
SEM micrographs. If the fibres are fused at the cross-links,
then h < tg.

2 2
=y L5

:4sF~(1—P):4-(l+tF).(1_p) (10)

h

If P is set equal to the total felt porosity, an average
height of the unit cell can be calculated from Eq. 10. The
degree of interpenetration { is given by the ratio of unit cell
height and fibre diameter.

h fg- T

S S (RS Sy sy

(11)

{ may vary from O to 1 and represents a degree of fibre
interpenetration when forming a cross-link. Negative val-
ues of ({ are expected for fibres that do not even touch each
other but have some space in between. The resulting
degrees of interpenetration are summarized in Table 3 for
the fibre networks spun from different solvent systems,
Fig. 6. Whilst Fig. 6a and b shows highly interconnected
structures with degrees of interpenetration of 0.33 and 0.25,
respectively, the felt structure given in Fig. 6¢c has a

Fig. 8 Electrospun gradient fibre structures with different degrees of
cross-linking and distance from collector centre x

negative degree of interpenetration. Same analysis was also
done for the gradient structure spun on a static collector,
Figs. 2a and 8. The degree of interpenetration ranges from
0.06 close to the edge of the collector to 0.49 at the centre
right beyond the needle Table 4.

Thermal post-treatment of thermoplastic materials was
demonstrated to create connection points between the
fibres, which improved the mechanical properties of the
porous fibre network significantly [16, 36]. Thus, control of
the solvent properties in a mixed solvent may well be used
to generate highly interconnected fibre felt structures.
These porous structures combine a high open cell porosity
with a high density of solid fibre cross-links, which offers
improved mechanical properties as resistance against shear,
compressive and tensile loading stresses.

Conclusions

Hansen solubility theory was applied to select non-toxic
solvent compositions of ketones and alcohols/DMSO
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Table 4 Morphology
characteristics of electrospun
gradient structures as a function
of the distance to the collector
centre

Distance x (cm)

Porosity P (%)

Cross-link distance / (um)
Fibre thickness #x (um)
Touching Porosity Pt (%)
Interpenetration

0.5
60

37+£33
1.3 £0.74

80
0.49

2.2 3.8 7.8

66 80 86

30+ 1.7 43 £2.1 49 £24
1.0 £ 0.39 1.0 &£ 0.35 1.0 & 0.35
80 85 87

0.40 0.23 0.06

suitable for electrospinning of CA solutions. Fibre felts
with different degrees of fibre cross-linking were produced
by varying the solvent volatility and the spinning param-
eters. Characterization of the fibre felts was done by SEM
analysis, and the cross-linking density was verified by
means of a geometrical model correlating cross-linking
density and porosity. Highly connected fibre networks with
a porosity of 60-85% containing a high number of solid
cross-links offer a high potential to serve as scaffold
structures in tissue engineering.
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