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Polyacrylonitrile (PAN)-chitosan double-face films and nanofibers were manufactured. PAN and a chi-
tosan salt were dissolved in dimethyl sulfoxide, and then thin-layered on a glass plate or electro-spun
followed by coagulation in sodium hydroxide solution. The morphology of the PAN-chitosan double-face
films and nanofibers was analyzed by scanning electron microscopy. The thermal behavior and the glass
transition temperature of PAN-chitosan blends were assessed by differential scanning calorimetry and

dynamic mechanical analysis, respectively. The antibacterial efficacy was measured by a swatch test with
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bacterial suspensions. The PAN-chitosan nanofibers produced a 5-log reduction against Escherichia coli,
Staphylococcus aureus, and Micrococcus luteus.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

As consumers have concerned to sanitization of their belong-
ings including cloth, research for an antibacterial fiber has been
attracted (Dastjerdi & Montazer, 2010; Gao & Cranston, 2008).
An antibacterial fiber has been produced using fiber forming
polymers and antibacterial materials. Typically commercialized
fiber polymers such as nylon, polyester, and acryl possess excellent
fiber-forming ability. In addition to fiber-forming ability, such com-
mercialized fibers could be altered into antibacterial fibers with
antibacterial materials (Nataraj, Yang, & Aminabhavi, 2012; Ren
et al., 2008, 2009; Shi, Vitchuli, Nowak, Caldwell, et al., 2011; Shi,
Vitchuli, Nowak, Noar, et al., 2011). To produce antibacterial fibers,
some antibacterial compounds have been suggested. For instance,
quaternary ammonium compounds (Kim & Sun, 2001; Zhu & Sun,
2004), metal and metal salts (Jeong, Hwang, & Yi, 2005; Nakashima,
Sakagami, & Matsuo, 2001), photocatalyst (Takahashi, Shoji, Inoue,
Miyamoto, & Tokuda, 2004), N-halamines (Kim, Kim, Huang,
Whang, & Lee, 2009; Lee & Whang, 2011), and chitosan (Chaudhari
& Murthy, 2013; Torres-Giner, Ocio, & Lagaron, 2008) have been
employed. Among those antibacterial compounds, chitosan,
the cationic (1-4)-2-amino-2-deoxy-(3-D-glucan, is industrially
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produced from marine chitin (Muzzarelli, 1993; Muzzarelli et al.,
2012). Chitosan and its derivatives have a wide spectrum of bio-
logical activities, among which the bactericidal and bacteriostatic
actions. Chitosan promotes the disorganization of the bacterial
cell wall and cytoplasmic membrane, thus promoting the loss of
cellular fluids, finally resulting either in bacterial death or inacti-
vation, depending on the strains examined (Muzzarelli et al., 1990;
Sudarshan, Hoover, & Knorr, 1992; Wan, Wu, Yu, & Wen, 2006).

Because chitosan dissolves easily in most acid solutions, some
fiber-forming polymers such as nylon (Zhang et al., 2009), cellu-
lose acetate (Liu & Bai, 2006), and polyvinyl alcohol (Srinivasa,
Ramesh, Kumar, & Tharanathan, 2003) were blended with chitosan.
Regarding blending with PAN, Nam, Kim, and Ko (1999) and Nam,
Kim, and Ko (2001) reported PAN copolymer/chitosan salt blend
produced by a wet-spinning process. However, the chitosan salt
in the PAN copolymer/chitosan salt blend may possess risk of dis-
solving in water during conventional applications. Moreover, little
research has been done on the nanofibrous PAN-chitosan blend
and its antibacterial efficacy.

The aim of this study was to produce PAN-chitosan electro-
spunn nanofibers which were insoluble in water with relatively
large surface area, and to measure the antibacterial activity of
the electrospunn nanofibers. Our attention was particularly paid
on antibacterial efficacy of PAN-chitosan films and nanofibers for
better understanding antibacterial properties of chitosan in the
blend.
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2. Experimental
2.1. Materials

PAN was purchased from Sigma-Aldrich (St. Louis, MO, USA).
The weight-average molecular weight of the PAN was 150,000.
Chitosan (viscosity 13-14 cps, degree of deacetylation was 95.4%)
was obtained from YB Biochemical (Yeongdeok, Korea). Dimethyl
sulfoxide (DMSO) and N,N-dimethylacetamide (DMAc) were pur-
chased from Daejung Chemicals (Shiheung, Korea) and were used
without further purification.

2.2. Preparation of PAN-chitosan double-face films

Chitosan (1.5 g) was dissolved in 100 mL of distilled water with
methane sulfonic acid (1 g) at ambient temperature for 1 hand then
freeze-dried (Freeze dryer, FDA5518, Ilshin Engineering, Siheung,
Korea) at —70°C for 48 h (Sashiwa, Shigemasa, & Roy, 2000). The
ratio of PAN to chitosan was varied at 100/0, 95/5, 85/15, 75/25,
50/50,25/75,and 0/100 wt%. The concentration of the solutions was
fixed at 15 wt%. A homogeneous 15 wt% PAN/chitosan (50/50 wt%)
solution was prepared by adding 7.5 g of PAN into 100 mL of DMSO,
while stirring, at 65 °C for 4 h followed by cooling at 50°C. Then,
7.5 g of freeze dried chitosan—-methane sulfonic acid salt was added
into the PAN solution with additional stirring for 4 h.

The film was produced through a film-making process using a
Baker applicator (YBA-4, Yoshimitsu Seiki, Tokyo, Japan). The solu-
tion was thin-layered on a glass plate using the Baker applicator;
the glass plate (200 mm x 300 mm x 5 mm) was then dipped into a
1% sodium hydroxide (NaOH) solution at ambient temperature for
6 h followed by dipping into distilled water at ambient temperature
for 12 hand then at 80 °C for 10 min. The film was sandwiched using
a non-woven fabric to minimize rolling up of the edge, and then
the film was dried at ambient temperature for 24 h. The thickness
of the films was measured by a dial thickness gauge (Peacock Dial
Thickness Gauge H, Ozaki Mfg, Ozaki, Japan) after drying. The thick-
ness of the film was approximately 100 pm. The films were used to
determine the thermal properties and molecular interaction of the
PAN-chitosan blend.

2.3. Preparation of PAN—-chitosan electrospun nanofibers

DMSO/DMACc co-solvent system (50/50, v/v) was applied for
electro-spinning. The PAN/chitosan solutions for electro-spinning
were similar to those used for the preparation of films except
that DMAc and DMSO were separately used for PAN and chitosan,
respectively. For instance, a homogeneous 15 wt% PAN/chitosan
(50/50 wt%) solution for electro-spinning was prepared by the fol-
lowing process. Concurrently, 15 g of PAN was dissolved in 100 mL
of DMAc and 15 g of freeze-dried chitosan-methane sulfonic acid
salt was dissolved in 100 mL of DMSO; then the two polymer
solutions were blended together at ambient temperature for 4 h.
An electro-spinner equipped with a high voltage DC generator
(Chungpa EMT Co., Ltd., Seoul, Korea) and a syringe pump (Legato
200, KD Scientific, Holliston, MA, USA), was used. The voltage,
flow rate and distance between the needle of the syringe and col-
lector were 14kV, 1 mL/h and 11 cm, respectively. Aluminum foil
wrapped on a metal drum was used as the collector and the metal
drum collector was rotating during collection. The coagulation and
rinsing process for the electrospun nanofiber mat were same as
the preparation of the films. The thickness of the nanofiber mat
was approximately 200 wm. The nanofiber mats were applied to
measure the antibacterial efficacy of the largely enhanced surface
area of PAN-chitosan blend.

2.4. Instrumental analyses

The films and nanofiber mats of PAN and PAN/chitosan were
coated with platinum under an argon purge prior to observa-
tions. The resulting samples were observed by scanning electron
microscopy (SEM) (Hitachi S-4100, Tokyo, Japan) at a 15-kV accel-
erating voltage. To examine the cross-sections, the samples were
frozen in liquid nitrogen for over 30 min and samples were then
broken prior to observation. X-ray photoelectron spectroscopy
(XPS) was used to confirm the presence of oxygen in chitosan. XPS
measurements were conducted using a Quantera SXM (ULVAC-
PHI, Ulvac, Tokyo, Japan). Monochromatic Al was used as an
X-ray source. Beam size, beam power, electron source and pass
energy were 100 wm, 100W, 18kV and 26 eV, respectively. The
surface of the films and powder (chitosan only) was examined
by Fourier transform infrared (FTIR) spectroscopy (Spectrum 100,
PerkinElmer, Waltham, MA, USA) in attenuated total reflectance
(ATR) mode. Germanium (Ge) ATR crystals were used as the inter-
nal reflection elements. The sample was held against one side of
the Ge crystal. The background spectra were obtained with a Ge
crystal and nitrogen gas in the absence of the film or powder.
After drying at 105 °C for 2 h, the FTIR spectra of the samples were
scanned from 700 to 4000 cm~! for 64 scans ata 2 cm~! resolution.
The thermal behavior of the films and powder (chitosan only) was
examined by differential scanning calorimetry (DSC) (DSC 2920,
TA Instruments, New Castle, DE, USA) in the temperature range
from 30 to 310°C under nitrogen purge gas and at a heating rate of
20°C/min. Dynamic mechanical analysis (DMA) was performed on
20mm x 10 mm x 0.1 mm films using a dynamic mechanical ana-
lyzer (N535-0001, PerkinElmer, Waltham, MA, USA), which was
used for the evaluation of dynamic moduli and mechanical damp-
ing (tand) under nitrogen purge gas in a temperature range of
30-200°C at a frequency of 1 Hz and heating rate of 2 °C/min. The
thermal character of the films and powder (chitosan only) was
measured by thermogravimetric analysis (TGA) (Q500, TA Instru-
ments, New Castle, DE, USA) at a scan rate of 30 °C/min from room
temperature to 800 °C under a nitrogen purge.

2.5. Antibacterial test

The films and nanofiber mats were challenged with Escherichia
coli KCTC 2441, Pseudomonas aeruginosa KCTC 1750, Staphylococ-
cus aureus KCTC 1621, and Micrococcus luteus KCTC 10240 using
the modified AATCC Test Method 100-2004. The used bacteria
were incubated under optimal medium condition and tempera-
ture. A 1mL of the culture fluid was then diluted with 9 mL of
sterile distilled water followed by incubation using streak-plate
method at 37 °C for 24 h. The total bacteria of E. coli, P. aeruginosa,
S. aureus, and M. luteus were 6.80 x 10°, 5.44 x 10, 5.20 x 10°, and
7.32 x 10° cfu/mL, respectively. Bacterial suspensions (25 L) pre-
pared with pH 7 phosphate buffer were added to 1-in? sample
swatches. A second swatch was sandwiched over the first to ensure
contact between the suspension and the swatches. At contact times
of 60 min, the samples were quenched with 5.0 mL of sterile 0.85%
saline solution. The quenched samples were then diluted with pH
7 phosphate buffer and plated on Typticase soy agar. The plates
were incubated at 37 °C for 24 h, and the number of bacteria was
counted to determine the presence or absence of viable bacteria.
The antibacterial test was replicated thrice.

3. Results and discussion
3.1. Morphology of PAN-chitosan blend

The morphology of the PAN-chitosan films and nanofibers was
investigated by SEM. The surfaces of PAN and PAN-chitosan films
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Fig. 1. Cross-sectional SEM images of PAN/chitosan blend films: (a) 100/0, (b) 85/15, (c) 75/25 and (d) 50/50 wt%.

were relatively flat and significant difference among the surface
images was not found (no image in the paper). As comparison
apparent properties of the films, the PAN film was not brittle; how-
ever, the PAN-chitosan films were relatively brittle and became
more brittle with a higher ratio of chitosan in the blend. Notably
0/100 (PAN/chitosan, wt%) formed particles rather than film.
This particle formation was presumably caused by the naturally
brittle characteristic of chitosan (Nunthanid, Puttipipatkhachorn,
Yamamoto, & Peck, 2001). The cross-sectional area surfaces of the
blend films were explored to examine details of the dispersion of
chitosan in PAN matrix (Fig. 1). The cross-sectional images of the
PAN film and blend films exhibited a dense sponge-like structure
that might be the resulting formation of different coagulation rate
between the surface and inner position of the films (Kim & Lee,
2013). The images in Fig. 1 indicated that chitosan was blended
uniformly throughout the PAN matrix until the content of chitosan
was up to 50 wt?.

In general, nano-sized fibers possess increased surface area
compared to regular fibers, and the dramatically increased surface

area of the nano-sized fibers may provide a variety of novel proper-
ties and functions (Teo & Ramakrishna, 2006). Regarding suitability
for electro-spinning, PAN/chitosan salt dissolved in DMSO did not
form an electrospun mat, even though the electro-spinning factors
had been adjusted. Thus, DMSO/DMACc co-solvent system (50/50,
v/v) was used for the electro-spinning and the morphology of the
nanofibers shown in Fig. 2. The diameters of PAN and PAN-chitosan
electrospun nanofibers ranged from tens to thousands of nanome-
ters. Unlike, the 85/15wt% (PAN/chitosan) nanofibers, the PAN
nanofibers had a relatively even diameter ranging in thousands of
nanometers. During the electro-spinning using the DMSO/DMAc
co-solvent, the electro-spinning conditions such as the voltage,
flow rate and distance between the needle of the syringe and col-
lector were also adjusted; however, the PAN-chitosan nanofiber
mats other than the PAN nanofiber mat were barely formed.
As explained above, chitosan was assumed to have a relatively
brittle and low fiber-forming property. Thus, this relatively low
fiber-forming property of chitosan was presumed to reduce the
fiber-forming ability of the whole solution to spin the nanofiber

1S.0kV XS.00K 6.00vsm

Fig. 2. SEM images of electrospun PAN/chitosan blends: (a) 100/0 and (b) 85/15 wt%.
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Fig. 3. XPS spectra of PAN/chitosan blend films: (a) 100/0, (b) 95/5, (c) 85/15, (d)
75/25, (e) 50/50, (f) 25/75, and (g) 0/100 (powder) wt%.

mats. Furthermore, additional electro-spinning technique such as
atmospheric plasma may enhance the nanofiber mat forming prop-
erties of the blend (Shi, Vitchuli, Nowak, Caldwell, et al., 2011; Shi,
Vitchuli, Nowak, Noar, et al., 2011; Vitchuli et al., 2012).

3.2. Characterization of PAN—-chitosan blends

The surfaces of PAN, PAN-chitosan, and chitosan samples were
analyzed by XPS; the spectra are shown in Fig. 3. Regarding chemi-
cal structure, chitosan contains oxygen atoms in its structure unlike
PAN, and detection of oxygen would confirm the presence of chi-
tosan in the blend. Oxygen peak (O1s) was observed at a binding
energy of 531eV in the chitosan spectrum (Fig. 3g) (Huang, Xu,
Wan, Wang, & Wang, 2005). On the other hand, no definite oxygen
peak was detected in the PAN spectrum. The peakat 531 eV was also
found in the PAN-chitosan blends, and the intensity of the oxygen
peak was enhanced with an increased ratio of chitosan. Thus, this
oxygen peak in the blend presumably indicated that chitosan was
incorporated in the blend.

The FTIR spectra of PAN-chitosan blends are shown in Fig. 4.
The FTIR spectrum of PAN exhibited its distinctive absorption fea-
tures at about 2937, 2243 and 1454 cm~!, which were assigned to
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Fig. 4. FTIR spectra of PAN/chitosan blend films: (a) 100/0, (b) 95/5, (c) 85/15, (d)
75/25, (e) 50/50, (f) 25/75, and (g) 0/100 (powder) wt%.
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Fig. 5. DSC curves of PAN/chitosan blend films: (a) 100/0, (b) 95/5, (c) 85/15, (d)
75/25, (e) 50/50, (f) 25/75, and (g) 0/100 (powder) wt%.

C—H stretching, C=N stretching, and CH, bending peaks, respec-
tively (Rajendran, Babu, & Sivakumar, 2008). On the other hand,
chitosan spectrum revealed a number of absorption bands at
approximately 3431, 2858 and 1596 cm~!, which were assigned
to O—H stretching, C—H stretching and amine band, respectively
(Jia et al., 2007). After PAN was blended with chitosan, the tren-
chant band at 2243 cm~! (C=N) was observed in all the spectra of
the blends. In addition to the C=N stretching, other distinguishable
peaks of PAN and chitosan such as bands at 3431 (O—H stretch-
ing, chitosan), 2937 (C—H stretching, PAN), 2858 (C—H stretching,
chitosan), 1596 (amine band, chitosan), and 1454 (CH, bending,
PAN) cm~! were found in the blends. These distinctive peaks
in PAN-chitosan blends indicated that PAN and chitosan were
undoubtedly blended. In this study, because the samples were
dried at 105°C for 2 h just before performing FTIR, the humidity
(—OH) effect around 3200-3500cm~! during the FTIR measure-
ment would be limited. In the spectra of PAN/chitosan blends, the
0—H stretching of chitosan was shown at 3431 cm~! which was
found at same wavenumbers in the spectrum of chitosan. In addi-
tion, no FTIR band shift of NH; in chitosan or C=N in PAN caused
by molecular interaction was observed.

3.3. Thermal behavior and dynamic mechanical analysis

To analyze the thermal properties of PAN and chitosan, DSC anal-
ysis was performed and the results are shown in Fig. 5. Because
of a cyclization reaction in PAN between a nitrile group and an
adjacent nitrile group before melting, an exothermic transition of
PAN caused by melting of crystal was not detected. An exother-
mic transition of the PAN film was observed at 285 °C (Fig. 5a) and
this transition was presumed to indicate the cyclization reaction of
PAN (Kim, 1996). The exothermic transition of PAN at 285 °C was
shifted to lower temperature with an increased ratio of chitosan in
the blend. In the case of PAN/chitosan (25/75, wt%), the exothermic
transition was observed at 259°C. The shift of exothermic tran-
sition of the PAN-chitosan blends indicated that incorporation of
chitosan into PAN might influence the cyclization mechanism of
PAN. On the other hand, chitosan showed an exothermic transition
at 294 °C. This was considered to demonstrate oxidative decompo-
sition of chitosan (Sreenivasan, 1996). In the blends, the oxidative
decomposition of chitosan was not detected. On the other hand,
molecular interaction could be examined using alteration of the
glass transition temperature (Tg) of a polymer blend (Nam et al.,
2001). This alteration of Tg would vary due to molecular interac-
tion in an amorphous region; however, the Ty of PAN or chitosan
was not detected when DSC was used (Fig. 5). We assumed that
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Fig. 6. Tan§ of PAN/chitosan blend films: (a) 100/0, (b) 95/5, (c) 85/15, and (d)
75/25 wtk%.

the sensitivity of the DSC applied in this study was not sufficient to
detect the Ty of PAN or chitosan.

To measure Tg of the blend films, DMA which was a different
technique to confirm Tg of polymers, was performed and the DMA
results are shown in Fig. 6. The changing temperature of tané of
PAN film was observed at 83 °C, which was defined as Tg of PAN
(Liu, Lin, Huang, Chen, & Yang, 2005). The Tg of PAN was shifted
to higher temperature with an enhanced portion of chitosan in the
blend. For instance, the Tg of 95/5 and 75/25 (PAN/Chitosan, wt%)
were observed at 94 and 107 °C, respectively. Thus, the Tg shift of
PAN after blending with chitosan suggested that PAN and chitosan
underwent a molecular interaction.

The TGA thermal curves are shown in Fig. 7. The pattern
of TGA curve of the PAN film measured in inert atmosphere
corresponded to a previous study (Ji et al, 2010). The yield
residual mass of the PAN film at 800°C was 35% and the first
mass reduction began at around 280°C associated with cycliza-
tion of the nitrile groups. The second degradation of the PAN
film occurred at 300-450°C might be related to the thermal
degradation reaction of PAN (Korobeinyk, Whitby, & Mikhalovsky,
2012). In case of chitosan, two distinct mass losses at approxi-
mately 100 and 300°C were considered as the loss of water and
the thermal degradation of chitosan chain (Thanpitcha, Sirivat,
Jamieson, & Rujiravanit (2006)), respectively. Regarding mass loss
of the hybrid films, the blends containing 5-75wt% of chitosan
revealed three stages mass loss profiles. These were presumed to
be caused by the evaporation of water, cyclization of the nitrile
groups, and thermal degradation reaction. At 800°C the yield

100
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Fig. 7. TGA curves of PAN/chitosan blend films: (a) 100/0, (b) 95/5, (c) 85/15, (d)
75/25, (e) 50/50, (f) 25/75, and (g) 0/100 (powder) wt%.

Table 1

Antimicrobial efficacy of the double-face films and electrospun nanofibers after 60 min contact time.

S. aureus® M. luteus?

P. aeruginosa®

E. coli?

Samples (PAN/chitosan, wt%)

Bacterial no. (cfu/mL)® Log reduction

Log reduction

0.13
1.01
0.09
5.71

Bacterial no. (cfu/mL)®

Log reduction

0.13
0.26
0.11
0.90

Log reduction Bacterial no. (cfu/mL)®

Bacterial no. (cfu/mL)®

0.10
1.12
0.13
5.86

3.86 + 0.24 x 10° 5.81 + 0.52 x 10°

4.04 + 0.46 x 10°

0.12
0.77
0.13
5.83

521+ 0.77 x 10°

Film (100/0)
Film (85/15)

2.97 4+ 030 x 10° 5.12 + 0.38 x 104 557 + 0.29 x 104

1.15 £ 0.51 x 10°

419 £ 0.23 x10° 4.20 + 0.54 x 10° 538 + 031 x 10°

5.05 + 0.33 x 10°

Nanofiber (100/0)

6.89 + 0.81 x 104

Nanofiber (85/15)

2 Total bacteria: 6.80 x 10° cfu/mL.
b Total bacteria: 5.44 x 105 cfu/mL.
¢ Total bacteria: 5.20 x 105 cfu/mL.
d Total bacteria: 7.32 x 10° cfu/mL.

¢ Bacterial No. data are expressed as mean =+ standard deviation of a triplicate analysis.

235
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residual mass of the hybrid films exhibited ranged from 37% to
58%.

3.4. Antibacterial efficacy

As outlined in the introduction, the major purpose of this
study was to produce and confirm an antibacterial PAN-chitosan
nanofibers. The antibacterial properties of PAN-chitosan double-
face films and electrospun nanofibers were measured and the
results are shown in Table 1. The 85/15 (PAN/chitosan, wt%)
film revealed 0.2-1-log reduction against bacteria within 60 min
contact time. On the other hand, the 85/15 (PAN/chitosan, wt%)
nanofiber mat indicated 5-log reduction against E. coli, S. aureus,
and M. luteus within 60 min contact time. On the other hand, the
85/15 (PAN/chitosan, wt%) nanofiber mat showed 0.9-log reduc-
tion against P. aeruginosa. As shown in the ratio between PAN
and chitosan (85/15, PAN/chitosan, wt%), the ratio of the film and
nanofiber mat were identical; however, the antibacterial efficacy
was varied. This demonstrated that the nanofiber mat possessed
improved antibacterial effectiveness with the equal blend ratio.
The nanofiber mat was consisted of nano-sized fibers and the
surface area of the nanofiber mat was increased dramatically in
comparison to the film which had flat surface. The surface area of
nanofiber mat relatively increased, was presumed to indicate that
the amount of cationic amine (—NH3*) of chitosan in the surface
was also increased. Therefore, the improved antibacterial efficacy
might be obtained by the cationic amine in the enlarged surface of
the nanofibers.

4. Conclusion

After forming nanofibers, the PAN-chitosan electrospun
nanofibers showed significantly enhanced antibacterial properties.
The nanofibers possessed more chitosan which inactivate bacteria
on the surface than the surface of double-face films. Antibacterial
efficacy was dependent on the surface area of the PAN-chitosan
blend. The large surface area, water insolubility, and antibacte-
rial properties of the PAN-chitosan electrospun nanofibers are
well suited to applications of PAN and chitosan in antibacterial
fibers and membranes. In our future research, an additional tech-
nique such as atmospheric plasma to improve nanofiber forming
properties during electro-spinning of PAN-chitosan blend will be
explored.
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