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Abstract

We report on the preparation and characterization of polyurethane (PU) composite nanofibers by electrospinning. Two different
approaches were adopted to obtain the PU composite nanofibers. In the first approach, a homogeneous solution of 10 wt% PU
containing ciprofloxacin HCI (CipHCI) drug was electrospun to obtain PU/Drug composite nanofibers. And in the second approach, the
PU with ciprofloxacin HCI drug and ceramic hydroxyapatite (HA) particles were electrospun to obtain the PU/Drug and PU/Drug/HA
composite nanofibers. The surface morphology, structure, bonding configuration, optical and thermal properties of the resultant
products were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FT-IR), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and UV-vis spectroscopy. The antibacterial
activity was tested against common food borne pathogenic bacteria, namely, Staphylococcus aureus, Escherichia coli by the minimum
inhibitory concentration (MIC) method. Our result results demonstrate that these composite nanofibers possess superior characteristics
which can utilized for variety of applications.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Polyurethane (PU) polymer has a broad spectrum of
commercial applications in many market areas because of
their excellent chemical and physical properties [1]. These
polymers are synthesized from poly addition reactions of
isocyanate and hydroxyl groups [2]. PU dispersions have
found diverse applications in different industries like
textile, adhesives, gloves, wood finishing, glass fiber sizing,
automotive top coating films for packaging and other
applications [3]. PU is frequently used in wound dressings
because of its good barrier properties and oxygen perme-
ability. PU foam and elastomer have been used as cushion
insole material in footwear [4]. Recently, the design and
synthesis of new polymer/nanosized inorganic composite
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materials have been widely investigated in order to com-
bine the properties of inorganic fillers and polymer
matrices which can be utilized for many technological
applications [5-9]. In this connection, wound dressing
from electrospun nanofibers potentially offers many
advantages over conventional processes [10]. Immediate
care of skin wounds is important for prevention of
microbial infection and trans-epidermal water loss leading
to acceleration of wound regeneration [11]. Electrospin-
ning has attracted much attention as a simple and versatile
technique capable of generating continuous nanofibers
with novel properties including high surface-to-volume
ratio, good mechanical properties and high aspect ratio
[12,13]. Generally, the ultimate goal of the nanofiber
design is to provide an ideal structure that can replace
the natural extra cellular matrix until the host cells can
grow and synthesize a new natural cellular matrix [6].
Extensive studies have been conducted to develop biocom-
patible electrospun nanofibrous scaffolds for wound dressing
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applications. An electrospun nanofiber membrane containing
antibiotic agents has been used as a barrier to prevent the
post-wound infections. The combination of both of these
properties can result in a perfect wound dressing material.
Among them, ciprofloxacin HCI (CipHCI), a fluoroquinolone
antibiotic, is one of the most widely used antibiotics for
wound healing because of its low minimal inhibitory concen-
tration for both Gram-positive and Gram-negative bacteria
that cause wound infections [14] and the frequency of
spontaneous resistance to ciprofloxacin is very low [15]. On
the other hand, hydroxyapatite (HA) is chemically similar to
the inorganic component of bone matrix—a very complex
tissue with general formula Ca;o(OH)>(PO4)s. The close
chemical similarity of HA to natural bone has led to extensive
research efforts to use synthetic HA as a bone substitute and/
or replacement in biomedical applications [16,17]. Recently,
HA has been used for a variety of biomedical applications,
including matrices for drug release control and bone tissue
engineering materials [18,19]. HA exhibits excellent biocom-
patibility with soft tissues such as skin, muscle and gums.
Such capabilities have made HA an ideal candidate for
orthopedic and dental implants or components of implants
[20]. HA nano-and microcrystals with multiform morpholo-
gies (separated nanowires, nanorods, microspheres, micro-
flowers and microsheets) have been successfully synthesized
by many powder processing techniques, including sol-gel
synthesis [21-25], solid state reactions [26], co-precipitation
[27], hydrothermal reactions [28], micro-emulsion syntheses
[29] and mechanochemical synthesis [30]. So in this work, we
utilize both cipHCl and HA to prepare the composite
nanofibrous wound dressing material via the electrospinning
technique. Blending of Drug and Drug/HA into PU nanofi-
bers has attracted a great deal of attention in biomedical
applications because the resulting nanofibers have very strong
antimicrobial activity. The resultant composite materials can
be utilized for many technological applications such as wound
dressing, food packaging and other biomedical uses. This
study involves the characterization of these nanofibers and
biocompatibility of these scaffolds along with the simulta-
neous antibacterial activity of CipHCI. Such kinds of materi-
als can have much improved properties in terms of thermal
stability, flexibility and solubility with that of the pristine PU.
Additionally, to our best of knowledge, there have been no
reports based on these composite nanofibers.

In this study, we prepared pristine PU nanofibers, PU/
Drug and PU/Drug/HA composite nanofibers by using
electrospinning process. The resultant composite nano-
fibers PU, PU/Drug and PU/Drug/HA were characterized
by scanning electron microscopy (SEM), energy dispersive
X-ray analysis (EDX), X-ray diffraction (XRD), Fourier
transform (FT-IR), differential scanning calorimeter (DSC),
thermogravimetric analysis (TGA) and UV-vis spectro-
scopy. The antibacterial activity of the PU composite
nanofibers were tested against common food borne patho-
genic bacteria namely, Staphylococcus aureus, Escherichia
coli, by the minimum inhibitory concentration (MIC)
method.

2. Experimental
2.1. Materials

Polyurethane (PU, MW =110,000) purchased from Cardio
Tech, CipHCI (drug) was supplied from LKT laboratories,
Inc., USA. Tetrahydro furan (THF) and N,N-dimethyl-
formamide (DMF) (analytical grade, Showa, Japan) were
used as solvents without further purification. Biomimetic
hydroxyapatite is gifted by Professor Hak Yong Kim and
the detailed synthesis procedure has been reported in [31]
and the references therein. S. aureus (KCCM 29231),
E. coli (KCCM 52922), were purchased from Korean
Culture Center of Microorganisms (KCCM). These patho-
genic microorganisms were used as the model bacteria for
the disc diffusion susceptibility test. For the bactericidal
activity measurement Mueller-Hinton broth (MHB) &
Mueller-Hinton agar (MHA) (Difco, Sparks, MD, USA)
were used.

2.2. Electrospinning

Two different approaches were adopted to incorporate
the drug and the HA particles in to PU nanofibers. In the
first method, PU solution with 10 wt% was prepared by
dissolving in THF and DMF with the ratio of 1:1. HA 2%:
Drug 1.5% solution was prepared and then added to the
PU with 10 wt% of the polymer solution. The final
homogenous mixture was used to electrospinning. Herein,
the resultant composite nanofibers are named as PU, PU/
Drug and PU/Drug/HA. A high voltage power supply
(CPS-60 K02V1, Chungpa EMT, South Korea) of 15kV
to the syringe micro-tip was supplied to electrospin the
nanofibers, whereas a ground iron drum covered by blue
paper served as counter electrode. In our study, we used
the conventional electrospinning setup, where the syringe
has been kept inclined to flow the spinning solution. The
tip-to-collector distance was kept at 15 cm. Polymer solu-
tion was fed to the 5 mL syringe with plastic micro-tip. All
the experiments were conducted at room temperature. These
experimental parameters were chosen from an optimization
of a series experiments. The developed nanofiber mats
formed were collected on the rotating drum covered with
the collecting blue paper.

2.3. Characterizations

The morphology of the PU, PU/Drug and PU/Drug/HA
composite nanofibers was observed by using scanning
electron microscopy (SEM, Hitachi S-7400, Hitachi,
Japan). Elemental composition analyses of the thin films
were carried out by using a SEM equipped with an energy
dispersive X-ray (EDX) spectrometer. Structural charac-
terization was carried out by X-ray diffraction (XRD) in a
Rigaku X-ray diffractometer operated with Cu Ko radia-
tion (A=1.540 A), The bonding configurations of the
samples were characterized by means of Fourier transform
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infrared (FT-IR). Differential scanning calorimetry (DSC,
Perkin—Elmer, USA) characterizations were performed
for the PU composite nanofibers under nitrogen ambient
with a flow rate of 20 mL/min. The samples were heated
from room temperature to 200 °C at a scanning rate of
10 °C/min. Thermogravimetric analysis (TGA, Perkin—
Elmer, USA) was carried out for the composite nanofibers
under nitrogen ambient with a flow rate of 20 mL/min.
The samples were heated from 30 to 800 °C at a rate of
10 °C/min). The UV-vis spectra were measured in the
range of 200-800 nm by using a UV-vis spectrometer
(Lambda 900, Perkin—Elmer, USA).

2.4. Bactericidal activity by the disc diffusion susceptibility
test

The disc diffusion susceptibility test for S. aureus,
E. coli, was performed on the MHA plate at the incubation
temperature of 37 °C. The MHB containing 1.5 x 10°
colony-forming units (cfu) of bacteria were used for the
lawn culture. The PU, PU/Drug and PU/Drug/HA com-
posite nanofibers were cut into 6 mm diameter discs. Then,
each bacterium was lawn cultured on the MHA Petri plate
by using a sterile cotton swab. The ultraviolet sterilized PU
containing Drug and Drug/HA composite nanofibers discs
were kept at uniform distance and then incubated over-
night at 37 °C. The zone of inhibition was observed after
24 h of incubation and the diameter of the zone was
measured.

3. Results and Discussion

Fig. 1(a)—(c) shows the SEM images of the as-obtained
pristine PU, PU/Drug and PU/Drug/HA composite nano-
fibers. As shown in these figures, the pristine and compo-
site nanofibers were observed to be smooth and bead-free
nanofibers. Fig. 1(a) shows the electrospun nanofibers
from pure PU solution. It is clearly seen as shown in this
image that smooth, bead-free, and continuous nanofibers
are formed by pristine PU. However, the morphological
appearance of the PU/Drug, PU/Drug/HA composite
nanofibers synthesized was slightly differed from each
other as shown in Fig. 1(b) and (c). The electrospun PU/
Drug composite nanofibers obtained from the homoge-
nous solution showed that the incorporation of the drug
into the nanofibers not only dramatically decreased their
average diameter but also reduced the diameter distribution
of electrospun nanofibers. The diameter of the nanofibers is
in the range of 200-250 nm. However, in the case of the PU/
Drug/HA composite nanofibers appear to be protruded
outwards at the periphery of the nanofibers. The diameter
of the nanofibers is in the range of 150-200 nm. It is
significantly noted that the diameter of the pristine PU
nanofibers was slightly larger than that of the PU/Drug and
PU/Drug/HA composite nanofibers which is attributed to
the partial agglomerization of blended nanoparticles during
the electrospinning process. The composite electrospun
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Fig. 1. SEM images of (a) PU, (b) PU/Drug and (c) PU/Drug/HA
nanofibers.

nanofiber mat produced in this study was desirably smooth
and flexible. This flexibility, in addition to hydrophobicity
provides easy handling during implantation and a comfor-
table texture for use. Our FT-IR analysis revealed that the
hydrophobic nature of these composite nanofibers in which
the —OH related peak was significantly reduced compared to
that of the pristine PU nanofibers.
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XRD analysis was further used to investigate the phase
structures of the PU, PU/Drug and PU/Drug/HA compo-
site nanofibers. The XRD diffractograms of the composite
nanofibers are shown in Fig. 2. The XRD patterns revealed
that the PU/Drug/HA composite nanofibers were partially
crystalline, whereas pristine PU nanofibers, and PU/Drug
composite nanofibers were amorphous in nature. At the
same time, the diffraction pattern corresponding to the
PU/Drug composite nanofibers appears to be slightly
sharper than that of the pristine nanofibers suggesting
the presence of drug in the composite nanofiber structure.
The presence of HA particles in the PU/Drug/HA compo-
site nanofibers was confirmed by XRD which showed the
diffraction peaks corresponding to the two clear peaks at
26.2° and 32.5° corresponding to (002) and (211) main
reflection planes of apatite-like calcium phosphate (JCPDS
no. 09-0432). However, in the case of PU/Drug composite
nanofibers, the incorporation of drug did not reveal any
structural changes due to low concentration. No significant
diffraction peaks of any other phases or impurities can be
detected in the XRD patterns, which indicate the success-
ful formation of PU/Drug and PU/Drug/HA composite
nanofibers.

The structural configurations of PU, PU/Drug and PU/
Drug/HA composite nanofibers were characterized by
using FT-IR spectroscopy. Fig. 3 illustrates the FT-IR
spectra of the interaction between the PU nanofibers
containing Drug and Drug/HA. The characteristic peaks
of neat PU nanofibers can be assigned as 2950 cm ~' (CH,
asymmetric vibration); 1750 cm ' (free C-O); 1650 cm ™"
(C=0 bond); 1530 cm ' (urethane amide IT); 1081 cm ™'
(C(0)-O—C stretching of the hard segment); and 821 cm ~'
(bending vibration in benzene ring) [32,33]. The absorption
band at 1375cm~! was due to the protonation of the
amine group of the piperazine moiety. Some shifts were
found in the FT-IR spectra of Drug blended PU composite
nanofibers. The shift of the band of the protonated amine
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Fig. 2. XRD patterns of (a) PU, (b) PU/Drug, and (c) PU/Drug/HA
composite nanofibers.
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Fig. 3. FT-IR spectra of (a) PU, (b) PU/Drug, and (c) PU/Drug/HA
composite nanofibers.

a

0.5 .

Heating

0.4
o
S 03
2
o
TR
© 0.2
[0}
I —1.PU

—— 2.PU/Drug
0.1 —— 3.PU/Drug /HA
0.0
20 40 60 80 100 120 140 160 180 200
Temperature (°C)
b
Cooling
o
s
2
o
TR
©
[0}
T
—1.PU
—— 2.PU/Drug
—— 3.PU/Drug /HA

20 40 60 80 100 120 140 160 180 200
Temperature (°c)

Fig. 4. DSC thermograms of pristine PU, PU/Drug and PU/Drug/HA
composite nanofibers (a) heating and (b) cooling cylces.



Y. Choi et al. | Ceramics International 39 (2013) 4937-4944 4941

group to 1393 cm ™! is suggesting the presence of electro-

static attraction between the protonated amine group and
the polymer. It was observed that a broad transmittance
band centered at 3500 cm ™' corresponding to ~OH stretch-
ing vibration. One extra transmittance peak was observed
for the PU/Drug/HA nanofibers at around 2225cm '
which is corresponding to CO%f ions present in the sample.
Comparing pristine PU with composite nanofibers, the
peaks intensities were observed to be decreased with Drug
and Drug/HA content. The significant change in the FT-IR
spectra of these composite nanofibers is indicated as dotted
box in Fig. 3. This may be due to the formation of hydrogen
bonds among the components and the inter hydrogen bonds
formed between two different macromolecules were stron-
ger than those formed between the molecules of the same
polymer. These FT-IR spectra result confirm the successful
fabrication of drug incorporated PU composite nanofibers.

The changes in crystallinity of PU nanofibers containing
Drug and Drug/HA nanoparticles upon thermal treatment
were investigated by DSC at a heating rate of 10 °C/min,
and the results are shown in Fig. 4. The pristine PU film
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Fig. 5. (a) TGA traces pristine of pristine PU, PU/Drug and PU/Drug/HA
composite nanofibers and (b) first derivative of TGA traces.

showed a single melting peak at around 140 °C at the
heating cycles as shown in Fig. 4(a). On the other hand, the
melting peak was shifted to 160 and 170 °C for the PU
composite nanofibers with Drug and Drug/HA, respec-
tively which demonstrate the improved thermal properties
of the composite nanofibers. The crystallinities of the PU
composite nanofibers containing Drug and Drug/HA were
improved as shown in Fig. 4(b). However, the pristine PU
film did not show any significant crystallinity peak because
of its amorphous nature.

Fig. 5 shows the TGA analyses of PU, PU/Drug and
PU/HA/Drug composite nanofibers. The TGA results
showed that all the samples were decomposed in a single
step. The onset of decomposition of pristine PU, PU/Drug
and PU/HA/Drug composite nanofibers were found to be
in the range of 290-310 °C as shown in Fig. 5(a). This may
be occurred due to the crystallinity of the drug and HA
molecules. As expected the residual weight slightly
increases with the addition of Drug and Drug/HA com-
posites in the PU nanofibers. The data obtained in this
study demonstrated a significant difference in the thermal
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Fig. 6. UV-vis spectra of (a) PU, (b) PU/Drug, and (c) PU/Drug/HA
composite nanofibers (a) absorbance, and (b) reflectance.
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stabilities between the PU/Drug and PU/Drug/HA in
comparison to electrospun pristine PU nanofibers. As
shown in the first derivative data in Fig. 5(b), a single
sharp peak appeared at 360 °C corresponding to pristine
PU nanofibers, whereas two different peaks were observed
at around 340 and 390 °C, respectively, for the PU/Drug
and PU/Drug/HA composite nanofibers. These data are in
good agreement with the DSC analysis.

Fig. 6 shows the UV-vis spectra of PU, PU/Drug and
PU/Drug/HA composite nanofibers. As shown from the
absorbance spectra in Fig. 6(a), the significant increase in
the absorption at a wavelength lower than 300 nm can be
observed corresponding to the PU nanofibers containing
PU/Drug and PU/Drug/HA nanoparticles. The absorbance

intensity was increased with the addition of PU/Drug and
PU/Drug/HA in PU nanofibers, which was attributed to the
significant enhancement of light absorption in the visible
light region. These observations showed that the absorption
edge of PU can be engineered toward longer wave length by
the introduction of HA and Drug in the PU nanofibers. The
respective reflectance spectra of these composite nanofibers
are shown in Fig. 6(b). As expected, the reflectance intensity
was reduced with the addition of HA and Drug in the PU
nanofibers. It was illustrated that the incorporation of HA
and in PU nanofibers could effectively block the UV region
(200-300 nm). The reflectance was decreased with the
addition of HA and Drug in the PU nanofibers which can
be attributed the effective absorbance of UV emissions by

Fig. 7. Bactericidal activity of Staphylococcus aureus and Escherichia coli, exposed to pristine PU (a), PU/Drug (b,d), and PU/Drug/HA (c,e) composite

nanofibers.
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the particles counterpart homogeneously present in the thin
film. Such kind of characteristics of these thin films are of
more important as per technological applications like
antibacterial activity is concerned.

The effect of bactericidal activity of PU/Drug and PU/
Drug/HA composite nanofibers in the culture media was
studied by the disc diffusion susceptibility test, with MHA
medium containing S. aureus, E. coli, bacterial strains
separately, after 24 h of incubation. No bactericidal activ-
ity was detected for the pristine PU as shown in Fig. 7(a),
which was the actual diameter of the PU nanofibers disc
(6 mm). However, more pronounced bactericidal effect was
observed for the PU/Drug and PU/Drug/HA composite
nanofibers, as shown in Fig. 7(b)—(e). The test was repeated
and the results were found to be almost same. The plates
were checked for the prolonged incubation time to check
the efficiency of the drug release. As observed from the disc
diffusion test, the efficacy of the PU/Drug and PU/Drug/
HA is similar that of PU nanofibers. It has been a known
factor that the decontamination of exogenous organisms is
a critical factor for a wound healing material; the anti-
bacterial property plays a crucial role for the electrospun-
based wound dressing membranes. As the interconnected
nanofibers create a perfect blocks and pores in nanofiber
membrane, the nanofiber membrane should be able to
prevent any bacteria from penetrating, therefore avoiding
the exogenous infections effectively. The results showed
that our composite mat is a good antibacterial membrane
and it can be applied as a perfect wound dressing material.

In our results, when compare with the PU/Drug and
PU/Drug/HA composite nanofibers, PU/Drug/HA com-
posite nanofibers showed that strong bactericidal activity
for both Gram-positive S. aureus, and Gram-negative
E. coli. This is because there were plenty of drug particles
can be readily available on the periphery of the nanofibers
sample. Thus, we can conclude that the obtained PU/
Drug/HA and PU/Drug composite nanofibers are pre-
dicted as a desirable candidate to be utilized for excellent
antimicrobial filters and also wound healing agents.

4. Conclusions

In summary, we have successfully obtained Drug and
HA/Drug blended PU composite nanofibers via the elec-
trospinning technique. The XRD data clearly confirmed
the presence of apatite-like materials in the PU nanofibers
containing Drug/HA nanoparticles. The FT-IR analysis of
the PU, PU/Drug and PU/Drug/HA composite nanofibers
indicate that the PO3~ and CO3~ content in the sample,
confirmed the presence of calcium phosphates. However,
the question of potential cytotoxicity of drug present in the
composite nanofibers needs to be further addressed. The
drug incorporated PU composite nanofibers exhibited excel-
lent antibacterial property toward S. aureus, E. coli bacterial
strains. PU/Drug/HA composite nanofibers were able to
significantly reduce the number of pathogenic cells adherent
per polymer unit surface with respect to the pristine PU.

Overall, the PU/Drug/HA and PU/Drug composite nanofi-
bers are very promising materials for the multipurpose
applications such as, antibacterial packaging, filtration, and
wound dressing and so on. Results of these studies will likely
to open the new directions for the future investigation of
Drug/HA nanoparticles-containing polymers based materials
for the various other applications.
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