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Abstract Poly (2-ethyl-2-oxazoline) (PEOZ) is one of the
commercial members of a family of materials that have
shown significant application potential in a large number of
technological contexts, most of them related with biomedical
problems where water-soluble polymer systems are highly
desirable. Polymeric fibers with diameters in the 200—
800 nm range of PEOZ were prepared by electrospinning of
its water solutions. Processing and solution parameters
effects on the morphology and the diameter of the fibers were
investigated. SEM results showed that the polymer concen-
tration and the applied voltage might be used as variables to
control the morphology and the diameter of the electrospun
fibers. Solutions of the same polymer in other two organic
solvents (N,N-dimethylformamide (DMF) and tetrahydro-
furane (THF)) were also processed by the same technique but
without the promising results of the water solutions.

Introduction

Electrospinning of polymer solutions is a long known
process used to generate very fine diameter polymeric
fibers with high surface area-to-volume ratios. As a result
of this property, micro- and nanofibers so obtained are
being studied for applications in fields of great interest,
such as filtration, membrane technology, controlled drug
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release, and tissue engineering [1]. In these last medical
applications in particular, water-soluble polymers are
especially important. Many drugs will lose their bioactivity
if electrospun in organic solvents and, therefore, they must
be preferably spun in water-soluble polymer systems. In
addition, residual solvents remaining in the electrospun mat
are difficult to remove completely and could result in
toxicity issues. Finally, the evaporation of an organic sol-
vent, during the electrospinning process results in the
generation of volatile organic compounds (VOCs). There-
fore, water-based -electrospinning systems are highly
desirable.

Unfortunately, only a limited number of polymers are
soluble in water. Poly (2-ethyl-2-oxazoline) (PEOZ) is one
of these unusual polymers. It is one of the members of a
family that includes some commercially available 2-oxaz-
olines (2-methyl, 2-isopropyl, 2-phenyl) from which other
polyoxazoline-based or polyoxazoline-derived polymers
have been prepared and reported [2]. They have shown
significant application potential in a large number of
technological contexts, such as the formation of liposomes,
membrane structures and containers which allow the
incorporation of functional proteins. They can be used as
carriers of drugs or as synthetic vectors and antimicrobial
materials. This broad application range is coupled with
properties such as responsiveness to external stimuli. Fur-
thermore, the fact that polyoxazolines can be prepared via
living polymerization processes, affords extraordinary
control and definition, a factor that is tremendously
important, particularly when dealing with regulatory
authorities.

However, while the research literature concerning the
fundamental properties and applications of other water-
soluble polymers, such as poly (ethylene oxide) or
poly(ethylene imine) [3, 4] in biological application
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contexts is vast, polyoxazolines are only now beginning to
be explored by the scientific community. However, as
pointed out in a recent and specific review [2], polyoxaz-
olines properties, such as solubility control, toxicity, etc.,
are in many cases equivalent to or even exceed those of
other polymers traditionally used in the above mentioned
applications.

From a biological viewpoint, almost all of the human
tissues and organs are deposited in nanofibrous forms or
structures. Examples include bone, dentin, collagen, carti-
lage, and skin. All of them are characterized by well-
organized hierarchical fibrous structures realigning in
nanometer scale. As such, current research in electrospun
polymer nanofibers is been focused on bioengineering
applications [5]. However, as far as we know, there are not
exhaustive experimental studies about the effect of pro-
cessing variables on the morphology of electrospun PEOZ
nanofibers and other related polymers, whereas poly (eth-
ylene oxide) is one of the most popular materials in
obtaining electrospun fibers. Reneker et al. [6] studied the
preservation of RNase and trypsin enzymes in electrospun
PEOZ nanofibers. The enzymes were added to an aqueous
solution containing 26 wt% of PEOZ. The solutions were
electrospun generating nanofibers with uniformly distrib-
uted enzyme. Khanam et al. [7], electrospun L-PEI/SBA-
15 composite fibers and PEO/ferrofluid magnetic fibers. In
that case, PEOZ was used to synthesize a linear PEI, which
is an effective proton conductor.

The first patent describing electrospinning was granted
in 1934 [8], when Formals described the process of using
an electric field to produce fibers from solutions of “dis-
solved material”. In most of the -electrospinning
equipments, a high electrostatic voltage is imposed on a
drop of polymer solution held by its surface tension at the
end of a capillary. The surface of the liquid is distorted into
a conical shape known as the Taylor cone. Once the volt-
age exceeds a critical value, the electrostatic force
overcomes the solution surface tension and a stable liquid
jet is ejected from the cone tip. Solvent evaporates as the
jet travels through the air, leaving behind ultrafine poly-
meric fibers collected on an electrically grounded target
[9]. Till date, many polymers have been successfully
electrospun into micro- and nanofibers, in some cases with
diameters as small as 5 nm [10].

It has been found that morphological characteristics, such
as the fiber diameter or its uniformity are dependent on many
processing parameters. These parameters can be divided into
three main groups: solution properties such as polymer
concentration, surface tension, and electrical conductivity,
processing conditions such as applied voltage or volume feed
rate and, finally, ambient conditions such as humidity.
Numerous reports studying the effects of these parameters
have been reported and each of them has been found to affect

the morphology of the electrospun fiber. Under certain
conditions, not only uniform fibers but also beads-like
formed fibers can be produced by electrospinning [11-14].

In the present work, we study the electrospinning
properties of PEOZ mainly in water solutions (although
tetrahydrofurane (THF) and N,N-dimethylformamide
(DMF) have been also used as solvents). The study may be
representative of a vast family of polymers with interesting
abilities to form functional materials and nanostructures for
biological and biomedical application areas. We present
the effect of some process variables such as the applied
voltage and the volume feed rate, as well as some solution
properties such as the polymer concentration. We interpret
the results of observations made by scanning electron
microscope (SEM) and compare them with previous liter-
ature results on the electrospinning of other polymer/
solvent systems.

Experimental

The polymer used in the study was PEOZ (Aldrich) with an
average molecular weight (My,) of 500.000 g/mol. This
polymer was dissolved in different concentrations (15, 20,
and 25 wt%) in three different solvents, i.e., water, DMF,
and THF by gently stirring with a magnetic bar at room
temperature and atmospheric pressure. In order to observe
the voltage effect on the fiber diameter, PEOZ solutions
were electrospun at different applied voltages to produce a
single jet without clogging or splitting. Different flow rates
were also used to analyze its influence in fiber diameter.

For the electrospinning process, polymer solutions were
placed into a syringe with an 18-gauge blunt-end needle
that was mounted in a syringe pump (Cole-Parmer). Ran-
domly oriented nanofibers were electrospun by applying a
voltage of 10-21 kV to the needle using a Spellman
CZE1000R high voltage supply (0-30 kV CZE1000R;
Spellman High Voltage Electronics Corp.), with a low
current output (limited to a few pA). The ground plate
(stainless steel sheet on a screen) was placed at 15-35 cm
from the needle tip. The syringe pump delivered the
polymer solutions at a controlled flow rate, which ranged
from 0.05 to 0.50 mL/h. All the experiments were per-
formed at least twice. The resulting fibers were collected
on the screen, in order to produce a sheet of non-woven
fabric. Finally, electrospun fiber morphology was analyzed
using a Hitachi S-2700 SEM, after drying in air for 24 h
and putting the samples on a SEM disk and sputter-coated
with an 8 nm Pt/Au layer to reduce electron charging
effects. Fiber diameters were obtained by different mea-
surements on random fibers resulting from the different
experiments. In all cases the standard deviation was
between 40 and 300 nm.
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Results and discussion

A series of polymer solutions with different concentrations
of PEOZ dissolved in water were electrospun, resulting in
various fiber morphologies, as shown in Fig. 1. At 15 wt%,
spindle-like beads were seen. With increasing concentra-
tion, the morphology changed from beaded fiber to uniform
fiber structure. A minimum polymer concentration for
electrospinning uniform fibers was found to be 15 wt% and
beaded morphology would be formed with further
decreased polymer concentration. As it is well-known, a
critical concentration of the polymer solution requires to be
exceeded in electrospinning, as extensive chain entangle-
ments are necessary to produce electrospun fibers [15].

Our measurements also showed that the diameter of the
electrospun fibers substantially decreased with decreasing
polymer concentration, as it can be seen in Fig. 2.

Figure 3 shows the trend of voltage effect on the
diameter of the electrospun nanofibers. It was observed
that, depending on the solution concentration, the diameter
of the electrospun fibers exhibits different trends with the
varied applied voltage. Too high voltages were not favor-
able as they result in the production of multiple jets, which
would provide smaller diameters of the electrospun fibers,
but non-uniform fiber diameter.

The results are in agreement with other previous works,
where the use of a high voltage was reported to induce not
only larger diameters but also smaller diameters [16, 17].
This is a consequence of the effect of the applied voltage in
the different factors affecting the final fiber morphology.
Applied voltage may affect some factors such as mass of

Fig. 1 Concentration effects on
the morphology of electrospun
PEOZ fibers from water
solutions; a 15 wt%, b 20 wt%,
and ¢ 25 wt%
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Fig. 2 Polymer concentration effect on the diameter of PEOZ fibers
obtained from water solutions

polymer fed out from a tip of needle, elongation level of a
jet by an electrical force, morphology of a jet (a single or
multiple jets), and others.

Applied voltage reflects the force to pull a solution out
from the needle. Consequently, higher voltage causes more
solution coming out and an increase in the fiber diameter.
On the other hand, applied voltage affects the charge
density, thus an electrical force that acts to elongate the jet
during electrospinning. Hence, higher applied voltages
increase the jet elongation and, consequently, decrease the
fiber diameter. As a consequence, and depending on the
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Fig. 3 Applied voltage effects on the diameter of the PEOZ fibers
electrospun from water solutions with different polymer concentration

electrospun solution characteristics, a balance among these
factors will determine the final diameter of electrospun
fibers [18].

A similar trend was observed for the effect of the vol-
ume feed rate on the morphology of electrospun fibers.
Figure 4 shows that the diameter of the electrospun PEOZ
fibers changed with varied volume feed rate. The flow rate
is a parameter which could affect electrospinning process.
When the flow rate exceeded a critical value, the delivery
rate of the solution jet to the capillary tip exceeded the rate
at which the solution was removed from the tip by electric
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Fig. 4 Volume feed rate effects on the diameter of the PEOZ fibers
electrospun from water solutions with different polymer concentrations
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Fig. 5 Volume flow rate effects on applied voltage of the PEOZ
fibers electrospun from water solutions with different polymer
concentrations

forces. This shift in the mass-balance resulted in sustained
but unstable jet and fibers with big beads are formed [19].

On the other hand, as can be seen in Fig. 5, an increase
on the feed rate supposes an increase in voltage to maintain
the conical shape of the surface in the tip of the needle.

The use of water solutions for electrospinning PEOZ
fibers was not the only alternative when the PEOZ elec-
trospinning was considered. In fact, two other solvents,
THF and DMF, were tentatively considered. It is well-
known that the solvent properties can also affect the best
conditions for the electrospinning of a given polymer and,
consequently, the characteristics of the fibers finally
obtained. As previously mentioned, electrospinning
involves stretching of the solution caused by repulsion of
the charges at its surface. Thus, if the conductivity of the
solution is increased, more charges can be carried by the
electrospinning jet and, in general, there are more chances
to get fibers without beads. Organic solvents are known to
be generally non-conductive, although many of them do
exhibit a certain level of conductivity. With these ideas in
mind, PEOZ solutions in DMF and THF were also tested.
Table 1 shows the electrical conductivity and dielectric
constant of the three solvents used in our work [20]. The
conductivity in a polymer solution may be related with the
dielectric constant of the solvent.

As a way to compare the role of the solvent character-
istics in the final fibers, 20 wt% solutions of water, THF,
and DMF were electrospun. As Fig. 6 shows, water was the
best solvent in providing PEOZ fibers with highest pro-
ductivity (the numbers of fibers webs per unit area per unit
time) and optimal morphological characteristic (uniform
fibers). The beadless PEOZ fibers with a diameter of
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Table 1 Electrical conductivity and dielectric constant of the solvents used to electrospun PEOZ fibers

Solvent Conductivity (mS/m) Reference

Dielectric constant Reference

Dimethylformamide (DMF) 1.09
Distilled water 0.45
Tetrahydrofuran (THF) 0.00

Jarusuwannapoom et al. [21] 36.7
Theron et al. [13] 80.2
Wannatong et al. [22] 7.5

Yang et al. [23]
Merck Chemical data sheet
Wannatong et al. [22]

Fig. 6 Solvent effects on the
electrospinning of 20 wt%
PEOZ solutions; a Distilled
water, b THF, ¢ DMF

~500 nm were produced from 20 wt% PEOZ solution in
water at an applied voltage of 15-16 kV and a volume flow
rate of 0.15 mL/h.

The electrospinning of the 20 wt% PEOZ solutions in
THF was quite difficult due to its fast evaporation in the
hanging droplets. This induced high viscosity of the solu-
tion and the clogging of the spinneret at the tip. In order to
circumvent these problems, it was necessary to use higher
volume flow rates (0.35 mL/h) that, at its turn, generated
PEOZ fibers with diameters substantially larger than those
obtained with the water solutions.

Finally, DMF solutions, at the same concentrations,
gave a bead-on-string morphology, in spite of the inherent
conductivity of the solvent. In a recent paper investigating
the role of the solvent in the electrospinning of polystyrene
solutions, Wannatong et al. [22] found similar results in
using DMF. They attributed the results to the limited sol-
ubility of polystyrene (PS) in DMF, characterized in terms
of dissimilar solubility parameters. In a poor solvent, the
polymer random coils prefer to interact with themselves,
decreasing the number the entanglements and, conse-
quently the possibilities of forming fibers. This could be the

@ Springer

case in the PEOZ/DMF solutions. According to the Poly-
mer Handbook [24], DMF has a solubility parameter of
12.1 (cal/em®)?, whereas according to the Painter and
Coleman group contribution method [25], PEOZ solubility
parameter would be 10.0 not far from the 9.5 value
obtained for polystyrene by the same group contribution
method.

Conclusions

In the present work, fibers of micron diameters have been
successfully produced by electrospinning of different
PEOZ water solutions. THF and DMF solutions have been
also tested. According to the results above summarized, the
properties of the polymer solution have the most significant
influence in the electrospinning process and the resultant
fiber. Polymer concentration and electrical conductivity of
solvents were found to play (although not always) a sig-
nificant role in controlling the morphology and the
diameter of the electrospun nanofibers. The external factors
exerting on the electrospinning jet such as voltage supplied
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or feed rate have also an influence in the fiber morphology,
although, in this case, the final effect is more difficult to
predict.

Acknowledgements

The authors would like to thank the Basque

Government (ETORTEK Programme, Nanotron Project) and the
Diputacion Foral de Guipuzkoa for the financial support for the
development of this work.

References

. Pawlowski KJ, Barnes CP, Boland ED, Wnek GE, Bowlin G

(2004) Mater Res Soc Symp Proc 827E:BB1.7.1

. Adams N, Schubert US (2007) Adv Drug Del Rev 59:1504
. Stachurek I, Pielichowski K (2005) Arch Mater Sci 26:303
. Peterson CM, Shiah JG, Sun Y, Kopeckova P, Minko T, Straight

RC, Kopecek J (2003) Adv Exp Med Biol 519:101

. Huang ZM, Zhang YZ, Kotaki Z, Ramakrishna S (2003) Comp

Sci Technol 63:2223

. Al-Shehri H, Smith DJ, Hansen LM, Reneker D (2003) In: Spring

technical meeting 163rd San Francisco. American Chemical
Society, Rubber Division, Akron

. Khanam N, Balkus KIJ, Ferraris JP (2003) In: Abstract of papers,

225th ACS national meeting, New Orleans. American Chemical
Society, Washington

. Formals A (1934) US Patent 1,975,504
. Doshi J, Reneker DH (1995) J Electrostat 35:151
. Hou H, Jun Z, Reuning A, Schaper A, Wendroff JH, Greiner A

(2002) Macromolecules 35:2429

11.
12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.
23.
24.

25.

Fong H, Chun I, Reneker DH (1999) Polymer 40:4585

Deitzel JM, Kleinmeyer J, Harris D, Beck Tan NC (2001)
Polymer 42:261

Theron SA, Zussman E, Yarin AL (2004) Polymer 45:2017
Zhang C, Yuan X, Wu L, Han Y, Sheng J (2005) Eur Polym J
41:423

Shenoy SL, Bates WD, Frisch HL, Wnek GE (2005) Polymer
46:3372

Krishnappa RVN, Desai K, Sung CM (2003) J Mater Sci
38:2357. doi:10.1023/A:1023984514389

Lee JS, Choi KH, Ghim HD, Kim SS, Chun DH, Kim HY, Lyoo
WS (2004) J Appl Polym Sci 93:1638

Tan SH, Inai R, Kotaki M, Ramakrisna S (2005) Polymer
46:6128

Zhong XH, Kim KS, Fang DF, Ran SF, Hsiao BS, Chu B (2002)
Polymer 43:4403

Ramakrisna S, Fujihara K, Teo WE, Lim TC, Ma Z (2005) An
introduction to electrospinning and nanofibers. World Scientific,
Singapore

Jarusuwannapoom T, Hongrojjanawiwat W, Jitjaicham S,
Wannatong L, Nthitanakul M, Pattamaprom C, Koombhongse P,
Rangkupan R, Supaphol P (2005) Eur Polym J 41:409
Wannatong L, Sirivat A, Supaphol P (2004) Polym Int 53:1851
Yang QB, Li ZY, Hong YL, Zhao YY, Qui SL, Wang C, Wei Y
(2004) J Polym Sci B: Polym Phys 42:3721

Brandrup J, Immergut EH (eds) (1989) Polymer handbook,
3rd edn. Wiley, New York

Coleman MM, Graf JF, Painter PC (1991) Specific interactions
and the miscibility of polymer blend. Technomic, Lancaster, PA

@ Springer


http://dx.doi.org/10.1023/A:1023984514389

	Electrospinning of poly (2-ethyl-2-oxazoline)
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


