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a  b  s  t  r  a  c  t

Cyclodextrins  are  one  of  the  most  promising  materials  for the development  of  products  with  advanced
properties  due  to inclusion  complex  formation  ability  with  a wide  variety  of substances.  More  specif-
ically,  incorporation  of cyclodextrins  into  electrospun  nanofibrous  materials  is  considered  as  potential
candidates  for  functional  textile  applications.  This  study  examines  the  electrospinning  of thermoplastic
polyurethane  (TPU)  nanofibres  including  �-cyclodextrin  and  investigates  the  effects  of  �-cyclodextrin  (�-
eywords:
lectrospinning
hermoplastic polyurethane
-Cyclodextrin
anofibres

CD)  on  resultant  fibre properties.  TPU/CD  nanofibres  were  characterized  by  scanning  electron  microscopy,
FTIR,  TGA  and  DSC  analysis.  Additionally  phenolphthalein  absorption  tests  were  applied.  It  was observed
that  the  incorporation  of  �-CD  increased  the  mean  fibre diameter  and  heterogeneity  of  nanofibrous  mem-
branes.  The  effects  of  �-CD on  the  thermal  properties  of  TPU  membranes  were  shown.  It was  proven
that  �-CD within  TPU nanostructure  could  be able  to form  inclusion  complexes.  TPU/CD  nanofibres  are

tentia
orphology believed  to have  good  po

. Introduction

Electrospun nanofibres have been gaining a great interest due
o the ease of production of multifunctional nanofibrous materi-
ls. During electrospinning a continuous filament is drawn from

 polymer solution or a polymer melt through a flat tip needle
y high electrostatic forces to deposit on a conducting metal col-

ector. The detailed principles of the electrospinning process and
he effects of process parameters on the resultant fibre proper-
ies have been extensively researched by many researchers and
an be found elsewhere (Deitzel, Kleinmeyer, Harris, & Beck Tan,
001; Doshi & Reneker, 1995; Frenot & Chronakis, 2003; Greiner

 Wendorff, 2007; Huang, Zhang, Kotaki, & Ramakrishna, 2003;
ham, Sharma, & Mikos, 2006; Ramakrishna, Fujihara, Teo, Lim, &
a,  2005; Subbiah, Bhat, Tock, Parameswaran, & Ramkumar, 2005;

eo & Ramakrishna, 2006; Yanılmaz, Kalaoğlu, & Karakaş , 2012).
ne of the most important properties of electrospun nanofibres
re high surface area to volume ratios and a high degree of poros-
ty with a nano-scaled inter-fibrous pore size (Ramakrishna et al.,
005). Furthermore, functionality of the resultant fibres can eas-

ly be raised by the addition of any substances into the spinning

olution or melt. By this way, innovative functional materials can
e produced having a potential use in a wide range of applications
uch as tissue engineering, drug delivery, wound healing, filtration,

∗ Corresponding author. Tel.: +90 232 3399222; fax: +90 232 3399222.
E-mail address: perin.akcakoca@ege.edu.tr (E.P. Akç akoca Kumbasar).

144-8617/$ – see front matter © 2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.12.065
ls  for functional  textile  applications.
©  2013  Elsevier  Ltd.  All rights  reserved.

protective clothing, electromagnetic shielding, and energy applica-
tions (Cui, Zhou, & Chang, 2010; Huang et al., 2003; Khil, Cha, Kim,
Kim, & Bhattarai, 2003; Sill & von Recum, 2008; Thavasi, Singh,
& Ramakrishna, 2008; Yoo, Kim, & Park, 2009; Zahedi, Rezaeian,
Ranaei-Siadat, Jafari, & Supaphol, 2010, Zhang, Lim, Ramakrishna,
& Huang, 2005).

Electrospun nanofibrous membranes have been produced from
a wide variety of polymers and their blends. Among them, ther-
moplastic polyurethanes (TPU) are a widely used class of polymer,
which have a good biocompatibility and high mechanical prop-
erties, thus electrospun TPU membranes are of interest in terms
of biomedical applications (Chen et al., 2010; Pedicini & Farris,
2003). Their unique combination of biocompatibility, non-toxicity,
toughness and functionality has led to the widespread use of ther-
moplastic polyurethanes (TPUs) in implantable devices (vascular
grafts, pacemaker leads, blood bags, bladders and artificial heart
valves) and medical applications (Gupta, 2009; Huynh et al., 2010;
Jiaxing, 2007; Sokolowski, Metcalfe, Hayashi, Yahiya, & Raymond,
2007; Zdrahala & Zdrahala, 1999). Besides, many commercially
available TPU can easily be electrospun into nanofibres (Pedicini &
Farris, 2003). Electrospinning of pure thermoplastic polyurethanes
have been researched extensively by many researchers in terms of
resultant fibre morphology. On the other hand, it is known that the
incorporation of any material into an electrospinning solution or

melt affects the resultant fibre morphology and properties, as well
as electrospinning conditions, since the composition of the spin-
ning solutions is directly related to the resultant fibre morphology.
Thus the effects of additives on the behaviour of the spin solution

dx.doi.org/10.1016/j.carbpol.2013.12.065
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.12.065&domain=pdf
mailto:perin.akcakoca@ege.edu.tr
dx.doi.org/10.1016/j.carbpol.2013.12.065
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Fig. 1. Chemical structure of �-cyclodextrin (www.sigmaaldrich.com).

r melt need to be taken into account and resultant fibre prop-
rties should be investigated. In this contribution, the effects of
ncorporation of �-cyclodextrin on the properties of electrospun
hermoplastic polyurethane (TPU) nanofibres were investigated,
hich will be the starting point of the development of functional

PU nanofibrous membranes that may  have possible uses in med-
cal textiles area.

Cyclodextrins are cyclic oligosaccharides which can be produced
y the enzymatic degradation of starch (Del Valle, 2004). They con-
ists of 6 (�), 7 (�), or 8 (�) or more glucopyranose units linked
y �(1→4)-glycosidic linkages, forming a torus-shaped ring struc-
ure with a hydrophobic cavity and a hydrophilic exterior (Ritter

 Tabatabai, 2004; Roy, Bajpai, & Bajpai, 2011). The main interest
n cyclodextrins lies in their ability to form non-covalent inclusion
omplexes with several compounds (Del Valle, 2004). Therefore,
yclodextrins are employed as drug carriers (Hirayama & Uekama,
999; Uekama, Hirayama, & Irie, 1998), additives in food (Astray,
onzalez-Barreiro, Mejuto, Rial-Otero, & Simal-Gandara, 2009;
zente & Szejtli, 2004), auxiliaries in textile processes (Buschmann,
enter, Knittel, & Schollmeyer, 1998; Voncina & Vivod, 2013), per-

umes and cosmetics elements (Buschmann & Schollmeyer, 2002),
nzyme models (Rizzarelli & Vecchio, 1999), separating agents
Szejtli, 2004), mass transfer promoters (Tilloy, Bricout, & Monflier,
002), environmental protection agents or sensors for organic
olecules (Becuwe, Landy, Delattre, Cazier, & Fourmentin, 2008).
mong the parent cyclodextrins, �-cyclodextrin (�-CD) is the most
ccessible and widely used type due to its lower price, availabil-
ty, approval status and the diameter of its cavity (Szejtli, 1997).
hemical structure of �-CD is shown in Fig. 1.

Incorporation of cyclodextrins within nanofibrous structures is
f great advantage due to the combination of the absorption/release
apabilities of cyclodextrins via inclusion complexes and a high
urface area with a high porous structure of electrospun nanofi-
res. A series of papers were published including several polymers
ith cyclodextrins or cyclodextrin inclusion complexes for the

unctionalization of electrospun nanofibres. Li and Hsieh (2005)
ave used �-CD for the crosslinking of polyacrylic acid nanofibres.
amaseshan et al. (2006) investigated the production of protec-
ive textile material by functionalization of PVC nanofibres using a
atalyst synthesized from �-CD and o-iodosobenzoic acid for the
etoxification of nerve agents. Uyar, Kingshott, and Besenbacher
2008) have reported the electrospinning of cyclodextrin pseu-
opolyrotaxane nanofibres using PEO as a carrier polymer. Bai,
ang, Li, Wang, et al. (2008) and Bai, Yang, Li, Zhang et al. (2008)
ave produced �-CD/poly(N-vinylpyrrolidone) composite nanofi-
res.

Studies for poly(methyl methacrylate) (PMMA) nanofibres have
hown that the addition of cyclodextrins assisted the electro-

pinning of bead-free uniform nanofibres (Uyar, Balan, Toppare
t al. 2009). It was reported that cyclodextrin-included PMMA
anofibres can entrap organic waste vapours (Uyar, Havelund,
ur, et al. 2010) and phenolphthalein (Kaur, Kotaki, Ma,  Gopal, &
drate Polymers 104 (2014) 42–49 43

Ramakrishna, 2006). Achieving the stability and sustained release
of menthol by incorporation of cyclodextrin–menthol inclusion
complexes within PMMA  nanofibres has also been investigated
(Uyar, Nur, Hacaloglu et al. 2009).

Uyar and Besenbacher (2009) investigated that bead-free
nanofibres could be obtained by the incorporation of cyclodextrins
into polyethylene oxide (PEO) nanofibres even at low polymer con-
centrations due to the higher conductivity and viscosity of polymer
solutions.

A series of papers (Uyar, Havelund, Hacaloglu, et al. 2009;
Uyar, Havelund, Hacaloğlu, et al, 2010; Uyar, Havelund, Nur, et al.
2009; Uyar, Hacaloglu, & Besenbacher, 2009) have appeared on
the characterization and performances of cyclodextrin function-
alized polystyrene (PS) nanofibres. It was  concluded that the
incorporation of cyclodextrins into a PS spinning solution led to
bead-free fibres, while the surface was rougher compared to pure
PS nanofibres. Phenolphthalein absorbance capability of PS/CD
nanofibres and menthol stability of PS/(CD–menthol inclusion
complex) nanofibres has also been reported.

Electrospinning of �-CD/polyvinyl alcohol (PVA) nanofibres was
investigated by Zhang, Chen, and Diao (2011). They conducted
that the number of beads decreased and the mean fibre diameters
increased with the increase in �-CD concentration attributed to the
increase in viscosity of polymer solutions. Teng, Li, Zhang, & Taha
(2011) reported that PVA/CD/SiO2 composite nanofibrous mem-
branes produced by sol–gel/electrospinning method are highly
efficient for indigo dye absorption. In the other study of PVA made
by Kayaci & Uyar (2012a), in which CD–vanillin inclusion com-
plexes were incorporated into fibre structure, it has been illustrated
that the stabilization and slow release of vanillin was obtained.

Recently, cyclodextrin functionalized polymethacrylic acid (De
Sousa et al., 2010), zein (Kayaci & Uyar, 2012b), polyacrylonitrile
(Jadhav & Kim, 2013; Wang, Bai, Li, & Zhang, 2012), polylactic
acid (Kayaci, Umu, Tekinay, & Uyar, 2013) and carbonaceous (Chen
et al., 2011) nanofibres have also appeared in literature. The electro-
spinning of cyclodextrins without a carrier polymer has also been
studied by several authors (Chen et al., 2013; Celebioglu & Uyar,
2010, 2011, 2012, 2013; Manasco, Saquing, Tang, & Khan, 2012;
Zhang, Chen, Zha, & Diao, 2012).

In the scope of this study, it is aimed to investigate the effects of
�-CD on the resultant fibre properties of electrospun TPU in terms
of fibre morphology, membrane properties and thermal proper-
ties of the fibres. Incorporation of �-CD into TPU nanofibres during
electrospinning was discussed for the first time in this study to
the best of the authors’ knowledge. This study is the prime moti-
vation behind being a starting point of the development of TPU
based functional textile structures functionalized by cyclodextrins
for potential applications in medical textiles industry.

2. Experimental

2.1. Materials

Thermoplastic polyurethane (Pellethane 2103-80AE, based
on 4,4′-methylene bisphenylene isocyanate, polytetramethylene
oxide and 1,4 butanediol) was  received from Velox (Lubrizol
Advanced Materials). N,N dimethylformamide (anhydrous, 99.8%)
was purchased from Sigma Aldrich. �-cyclodextrin was purchased
from Wacker Chemie AG.

2.2. Electrospinning
8% and 10% TPU stock solutions were prepared by dissolving TPU
granulates in N,N dimethylformamide at room temperature. �-CD
was added into the spinning solution followed by a further stirring.
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o examine the effects of the amounts of �-CD, 10%, 20% and 30%
-CD (w/w polymer) concentrations were used and are encoded

hroughout the article as CD10, CD20 and CD30, respectively.
Electrospinning of the polymer solutions was  carried out by

 set-up consisting of a syringe (10 ml)  and needle (2.5 cm long,
2 gauges, flat tip), a ground electrode, and a high voltage supply
Simco, MP  Series CM5  30 P, Charging Generator Output 30 kV DC).
olymer solutions were electrospun at a voltage of 13 kV, and a
ip-to-collector distance of 20 cm with a feeding rate of 1 ml/h. A
rounded stationary rectangular metal collector covered by a piece
f aluminium foil was used for the nanofibre deposition.

.3. Characterization

Viscosity of the polymer solutions was measured by using a
rookfield DV-III Rheometer with the spindle type SC4-21 and 27
t 30 rpm. Surface tension measurements were carried out by a
rüss Easy Dyne Analyser by Plate Method. Conductivity measure-
ents were carried out using a J.P. Selecta Conductivity meter,

D-2004.
The morphology of the electrospun PVA nanofibres was  charac-
erized using scanning electron microscopy (SEM, FEI Quanta250
EG). Each sample was coated with a thin film of gold using an
MITECH K550X ion sputtering device. Fibre diameters were deter-
ined by using Image J software. Fibre diameters were measured

Fig. 2. SEM images of TPU and TPU/CD nanofibres
drate Polymers 104 (2014) 42–49

by using SEM images by drawing straight lines perpendicular to the
fibre axis. The pixel values of the lines were converted to diame-
ter values. Forty measurements were carried out from the different
parts of each sample.

The thickness of the nanofibrous membranes was measured by
a Mitutoyo digital micrometer at 0.001 mm  accuracy. Each sample
was measured along the diameter of nanofibrous membranes fol-
lowing the arrow. Thicker and thinner regions were shown as paler
and darker, respectively.

Fourier transform infrared spectroscopy (FT-IR) analysis was
carried out using a PerkinElmer FT-IR spectrometer. Thermal
behaviour of TPU and TPU/CD samples was investigated by thermo-
gravimetric analysis (TGA) (PERKIN ELMER TGA-4000) by heating
samples from room temperature to 600 ◦C under continuous nitro-
gen purge at the rate of 20 ml/min, and by differential scanning
calorimetry (DSC) (TA Instrument, Q10 DSC instrument) by heating
samples from room temperature to 350 ◦C at the rate of 10 ◦C/min,
under continuous nitrogen purge at the rate of 50 ml/min.

2.4. Phenolphthalein absorbance tests
Phenolphthalein (PhP) is an indicator and has often been used
for proving the existence of cyclodextrins due to its high affin-
ity for the CD cavity (Kumbasar, Atav, Yurdakul, & Voncina, 2009;
Uyar,Havelund, Nur, et al. 2009). Thus, in order to test the complex

 and fibre diameter distribution histograms.
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Table 1
Properties of TPU, TPU/CD solutions and mean diameter of nanofibres.

Surface
Tension
(m/Nm)

Conductivity
(�S/cm)

Viscosity
(cp)

Mean fibre
diameter
(nm)

Standard
deviation
of  mean
fibre
diameter

8% TPU 37.7 1.09 658 421.44 89.501
8%  TPU/CD10 38.0 1.31 626 442.20 143.040
8%  TPU/CD20 37.9 1.67 649 486.62 135.890
8%  TPU/CD30 37.9 1.72 675 527.94 146.270
10% TPU 39.1 1.07 2155 506.12 45.293
E.P. Akç akoca Kumbasar et al. / Ca

ormation performance of the TPU and TPU/CD electrospun nanofi-
res, the phenolphthalein method was used as a model application.
ptake was determined by measuring the reductions in absorbance
sing UV–vis spectrophotometer (Perkin Elmer UV/VIS spectrom-
ter) at maximum absorbance wave length (561 nm). PhP solution
as prepared in absolute ethanol and pH of solution was adjusted

o basic (above pH 11). 20 mg  of fibres were immersed into UV-Vis
uvettes filled with PhP solution. The cuvettes were covered with

 parafilm lid to prevent the evaporation of ethanol. Absorbance
easurements were carried out 1, 4 and 24 h after the immersion

f fibres.

. Results and discussion
Fig. 2 illustrates the scanning electron micrographs of TPU and
PU/CD nanofibres, and fibre diameter distribution histograms
or each membrane. Since the solution parameters are of great
mportance in terms of resultant fibre morphology, surface tension,

Fig. 3. Average diameter and thickness o
10%  TPU/CD10 38.3 1.34 2111 636.53 121.475
10% TPU/CD20 38.9 1.56 2133 722.48 116.724
10% TPU/CD30 39.4 1.86 2244 762.92 140.189

viscosity and conductivity measurements of each solution were

tested as displayed in Table 1. The surface tension of polymer
solutions was not affected significantly by the addition of �-CD.
The viscosity of the polymer solutions were slightly decreased

f TPU/CD nanofibrous membranes.
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ith the addition of 10% �-CD, however with the increase in
-CD concentration, the viscosity of the solutions increased and
ecame higher compared to pure TPU solutions. The electrical
onductivity of the solutions increased with the increase in �-
D concentration. Resultant fibre diameters increased with the

ncrease in polymer concentration due to higher viscosity. Besides,
he mean fibre diameters were noted to increase with the addi-
ion of �-CD for both 8% and 10% TPU concentrations and this
ncrease was more pronounced at higher �-CD concentrations.
ibre diameter distribution histograms show that the variation
ange in fibre diameters increases with increasing the addition
f �-CD. Also the standard deviations of mean fibre diameters in
able 1 highlight these variations. This means that the addition of
-CD leads to the production of more heterogeneous nanofibrous
tructures.

The effects of �-CD concentration on the thickness of nanofi-
rous membranes were also investigated, considering a change in
hickness might affect the amount of any incorporated molecules
ithin the unit area of a membrane. Fig. 3 illustrates the mean
iameter and thickness of each membrane. It was visually observed
hat the diameter of 8% TPU/CD nanofibrous membranes (∼30 cm)
as higher than those of 10% TPU/CD (∼18 cm), due to the lower

iscoelastic force of 8% TPU solution. Thus 8% TPU/CD nanofibrous
embranes have greater thickness. An increase in �-CD concen-
ration had no effect on the collected membrane diameter. On the
ther hand, it was observed that the increase in �-CD concentra-
ion led to an increase in membrane thickness, which is thought to
e due to the increase in fibre diameters.

Fig. 4. FTIR spectra of �-CD, pure TPU na
drate Polymers 104 (2014) 42–49

Fourier transform infrared spectroscopy (FTIR) analysis of �-
CD, pure TPU nanofibres and TPU/CD30 nanofibres (10% TPU
concentration) are illustrated in Fig. 4 for the whole spectrum
and for 700–1400 cm−1, respectively. The typical bands for �-CD
are observed at 3300 cm−1 assigned to OH stretching vibration,
1077 cm−1 and 1022 cm−1 corresponding to coupled C C/C O
stretching vibration, and 1152 cm−1 assigned to the antisymmet-
ric stretching vibration of the C O C glycosidic bridge (Uyar,
Balan,Toppare, et al. 2009; Uyar & Besenbacher, 2009; Zhang et al.,
2011). FTIR spectra of TPU/CD30 nanofibres are similar to those
of pure TPU nanofibres. However, the bands at 1078 cm−1 and
1154 cm−1 which were assigned to coupled C C/C O stretching
vibration and antisymmetric stretching vibration of the C O C gly-
cosidic bridge of �-CD, respectively, were observed. Besides, it was
observed that OH stretching vibration peak became broader with
the incorporation of �-CD within TPU nanofibres. These categori-
cally prove the existence of �-CD molecules on TPU nanofibres.

The thermal stability of electrospun TPU and TPU/CD nanofibres
was measured using thermogravimetric analysis. TG curves of TPU
and TPU/CD nanofibres for 10% polymer concentration are shown
in Fig. 5. It was  observed that pure TPU nanofibres have a single
step degradation which started at around 285 ◦C, and half-weight
loss temperature was  around 350 ◦C. On the other hand, initial
degradation step of TPU/CD nanofibres started from 300 ◦C which

accounts for the starting point for TPU present within nanofibres.
The second step was  slightly observed at around 385 ◦C, which
can be associated with the �-CD inside the nanofibres. TPU/CD30
nanofibres showed similar tendencies to TPU/CD10 nanofibres,

nofibres and TPU/CD30 nanofibres.
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Fig. 5. TG curves of TPU and TPU/CD nanofibres (10% TPU concentration).

hich concludes that the difference in concentration of �-CD is not
ignificant in terms of the thermal properties of TPU/CD composite
anofibres. It can be concluded that the incorporation of �-CD

nto TPU nanofibres impeded the start of degradation. Besides, the
esidual weight was increased for �-CD included nanofibres.

Differential scanning calorimetry curves of pure TPU nanofibres
nd TPU/CD nanofibres for 10% polymer concentration are shown
n Fig. 6. The DSC curve of pure TPU nanofibres shows two  very
mall peaks at 56 ◦C and 95 ◦C and these endothermic peaks can
e associated with the melting temperatures of soft and hard seg-
ents, respectively (Barick & Tripathy, 2010). It is obvious that,

he incorporation of �-CD into the fibre structure led to a change
n melting points and melting enthalpies. However the effects of
-CD concentration on melting points of TPU/CD nanofibres are
ot clear. TPU/CD10 and TPU/CD30 nanofibres have higher melt-

ng points (112 ◦C and 127 ◦C) while TPU/CD20 nanofibres have a
imilar melting point (96 ◦C) with pure TPU nanofibres. It can be
laimed that �-CD increases the heat of melting of TPU nanofibres.

In order to test the performance of �-CD, whether they can
orm inclusion complexes or blocked within TPU fibres, the phenol-
hthalein absorbency test was applied. Phenolphthalein has high
ffinity for the �-CD cavity and can be used as a model for test-
ng �-CD inclusion complexation performance. TPU/CD nanofibres

ere immersed into phenolphthalein solution and the change in
he colour of the solutions was tested by UV–vis spectrometry. The

umulative decrease of phenolphthalein absorbance (%) over time
t 561 nm is shown in Fig. 7. It was indicated that the absorbance of
henolphthalein solution decreased significantly with the increase

Fig. 6. DSC thermograms of TPU and TPU/CD nanofibres.
Fig. 7. Cumulative decrease in phenolphthalein absorbance (%) over time at 561 nm.

of the �-CD concentration and time. On the other hand, 8% TPU/CD
nanofibres were observed to absorb a higher amount of phenol-
phthalein, which is thought to be due to their larger surface area
since they have finer fibres compared to 10% TPU/CD nanofibres.
These results confirm that �-CD within TPU nanofibres can form
inclusion complexes.

4. Conclusions

The effects of the incorporation of �-CD on the properties of
electrospun TPU nanofibres were investigated in this study. It was
observed that TPU/CD nanofibres had higher fibre diameters com-
pared to pure TPU nanofibres and fibre diameters increased with
the increase in �-CD concentration. Correspondingly, membrane
thickness was increased due to the increase in fibre diameters. Also
it was shown that addition of �-CD led to the formation of more
heterogeneous nanofibrous structures in terms of fibre diameter
distribution.

The existence of �-CD on TPU/CD nanofibres was  confirmed by
FTIR analysis. TGA analysis showed that �-CD impeded the start of
degradation of TPU nanofibres. The change in melting point of TPU
nanofibres by the addition of �-CD was proven by DSC analysis.

Inclusion complex formation capability of TPU/CD nanofibres
was proven by the phenolphthalein test method. 8% TPU/CD nanofi-
bres absorbed a higher amount of phenolphthalein due to their
larger surface area since they have finer fibres compared to 10%
TPU/CD nanofibres. This indicates that TPU nanostructure did not
prevent the inclusion complex formation of �-CD and TPU/CD
nanofibrous membranes are believed to have good potentials for
functional applications such as controlled release systems and
biotechnological applications.
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