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ABSTRACT

UV-initiated crosslinking of electrospun poly(ethylene oxide) (PEO) nanofibers in the presence of cellu-
lose nanocrystals (CNCs) was performed with pentaerythritol triacrylate (PETA) as both photo-initiator
and crosslinker in order to determine the effect of irradiation time and incorporated CNCs. The chemical
structure and morphologies, swelling and mechanical properties of crosslinked nanofibers were investi-
gated. The experimental results show that UV irradiation did not exhibit a dramatic effect on the diameter
of PEO nanofibers. Among the irradiation time used, a 40 min time was optimal for the UV-initiated
crosslinking process. With increased CNC content up to 10 wt%, the crosslinked PEO/CNC composite
nanofibers became more uniform and smaller in diameter, and also showed a significant improvement
in the swelling and mechanical properties. At the CNC content of 10 wt%, the maximum tensile stress and
Young's modulus of the crosslinked PEO/CNC composite fibrous mats increased by 377.5 and 190.5% than
those of uncrosslinked PEO mats, and 76.5 and 127.4% than those of crosslinked PEO mats, respectively.

Polyethylene oxide (PEO)
Cellulose nanocrystals (CNCs)

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Polyethylene oxide (PEO) is a nontoxic, hydrophilic and biocom-
patible polymer, and thus has attracted tremendous attention in the
biomedical field, especially in developing the scaffolds for tissue
engineering and the matrix system for controlled drug release (Im,
Bai, & Lee, 2010; Jin, Fridrikh, Rutledge, & Kaplan, 2002; Rahman,
Khan, & Tareq, 2010). Since PEO is highly soluble in water, various
methods such as electron beam (Merrill, Dennison, & Sung, 1993),
gamma (vy)(Stringer & Peppas, 1996), and Ultraviolet (UV) irradi-
ation (Doytcheva et al., 1997; Doytcheva, Stamenova, Zvetkov, &
Tsvetanov, 1998) have been employed to crosslink PEO in order to
prevent the dissolution and flow of PEO into the external medium.
Among these methods, UV-induced crosslinking exhibits many
advantages including easy manipulation and low hazard for the
researchers, and highly effective and controllable reaction (Wang,
Kempen, et al., 2008; Wang, Yaszemski, Gruetzmacher, & Lu, 2008;
Wang, Yaszemski, Knight, Gruetzmacher, Windebank, & Lu, 2009).
More importantly, the sterilization and crosslinking could be con-
ducted simultaneously during the UV irradiation, which greatly

* Corresponding author. Tel.: +1 225 578 8369; fax: +1 225 578 4251.
E-mail address: wuging@lsu.edu (Q. Wu).

0144-8617/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbpol.2011.09.095

facilitates the utilization of UV-induced crosslinking techniques for
biomaterial preparations. During the past ten years, UV-induced
crosslinking of PEO in the presence of pentaerythritol triacrylate
(PETA) have been researched broadly because that PETA could act
as both an initiator and a crosslinker while UV irradiation for PEO
in both solution and solid state (Doytcheva, Dotcheva, Stamenova,
& Tsvetanov, 2001). PEO crosslinked by PETA still showed the
excellent biocompatibility, and thus has been used in biomedical
applications such as drug delivery (Dimitrov, Dotcheva, & Lambov,
2004; Petrov et al., 2006), and the substrates for cell (Lensen et al.,
2007) or protein absorption (Leung, Hitchcock, Brash, Scholl, &
Doran, 2010) studies.

As one of the most versatile techniques for fabricating ultra-
fine polymer nanofibers, electrospinning has been becoming
increasingly popular because its features of simplicity and cost-
effectiveness (Greiner & Wendorff, 2007; Reneker & Yarin, 2008).
The obtained electrospun nanofibers have a variety of interesting
characteristics such as small diameter, large specific surface areas,
and wide-range porosity (Lu, Wang, & Wei, 2009). When nanofibers
based on water-soluble polymers are crosslinked, they only swell
in an aqueous solution and then forming the hydrogels. There-
fore, the crossliked nanofibers showed not only the improvement
in mechanical properties, thermal stability, and solvent resistance,
but also the rapid response or maximum interaction with the exter-
nal environment because the molecular species through nanofibers
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or nanofibrous hydrogels is much faster than that of macroscopic
matter or hydrogels (Gestos, Whitten, Spinks, & Wallace, 2010),
which are demanded for many applications including but not lim-
ited to tissue-engineering scaffolds, drug delivery, actuators, and
sensors (Shin, Spinks, Shin, Kim, & Kim, 2009; Zeng, Hou, Wendorff,
& Greiner, 2005). Over the past few years, a large number of studies
have been done on electrospun PEO nanofibers to investigate the
effects of process conditions and solution compositions (Deitzel,
Kleinmeyer, Harris, & Tan, 2001; Son, Youk, Lee, & Park, 2004;
Theron, Zussman, & Yarin, 2004). However, the electrospun PEO
nanofibers crosslinked by UV irradiation has not been fully inves-
tigated.

In our recent work, cellulose nanocrystals (CNCs), a non-toxic,
biocompatible, and biodegradable nanofillers, were successfully
incorporated into PEO nanofibers through the electrospinning
process, and it was found that the CNCs effectively enhanced
the mechanical properties of nanofibers (Zhou, Chu, Wu, & Wu,
2011). Moreover, CNCs also showed the obvious reinforcement for
the water-soluble polymer even in high humidity environments
(Peresin et al., 2010) or hydrogels state (Zhou, Wu, Yue, & Zhang,
2011; Zhou, Wu, & Zhang, 2011).

In this paper, UV-initiated crosslinking of electrospun PEO
nanofibers in the presence of PETA was first performed to dis-
tinguish appropriate irradiation time for the fabrication of PEO
nanofibers with desired properties. The CNC-incorporated PEO
nanofibers with different CNC contents were also prepared and
UV-irradiated. The chemical structure and morphologies, swelling
and mechanical properties of crosslinked nanofibers were investi-
gated. The goal of the study was to develop crosslinked composite
nanofibers with high surface area combined by excellent mechan-
ical and solvent resistant properties through UV irritations used
as biomimetic materials for their potential applications in tissue
engineering scaffolds and drug delivery.

2. Experimental
2.1. Raw materials

PEO with a viscosity molecular weight (M) of 900,000 g mol~!
and PETA were purchased from Sigma-Aldrich Inc. (St. Louis, MO,
United States). Cotton-based CNCs were isolated from cotton fab-
rics (provided by the USDA ARS Southern Regional Research Center
in New Orleans, LA, United States) by combined acid hydrolysis
with 64% H;SO4 and high pressure homogenization process as
described in our previous papers (Zhou, Wu, Yue, et al.,, 2011).
The manufactured CNCs had a rod-like shape with a diameter
of 8.7+ 1.7nm and a length of 704+34nm. The aqueous solu-
tions/suspensions in all experiments were prepared with distilled
water.

2.2. Electrospinning process

A certain amount of powder PEO was added into distilled water
or fresh CNC suspension to obtain 5wt% of PEO polymer solu-
tion/suspensions. The CNC loading percentage in relation to PEO
weight was chosen as 0, 5, 10, and 20 wt%. The resulting mixtures
were kept under vigorous magnetic stirring overnight at room tem-
perature to obtain homogeneous pure PEO solution or PEO/CNC
suspensions. PETA of 10 wt% with respect to PEO weight was added,
and then the solution or suspension was further stirred vigorously
for 1h to dispense PETA under shading. The obtained solutions or
suspensions were loaded into a 5-mLBD™ plastic syringe with a 20
gauge (inner diameter = 0.584 mm) stainless steel needle. The nee-
dle was connected to a high voltage power supply (Gamma High
Voltage Research, Inc., Ormond Beach, FL, United States), which

generates positive DC voltages up to 30 kV. The flow rate of the solu-
tion/suspensions was controlled by a Chemyx Fusion 100 syringe
pump (Stafford, TX, United States). A piece of grounded aluminum
foil was placed under the capillary needle tip as a collector. The
electrospinning parameters included a 15KkV voltage, a distance
of 20cm from needle tip to collector (equivalent to an electric
field strength of 0.75kVcm~1), and a flow rate of 0.6mLh~!. To
obtain test samples with structures matched as much as possible,
all electrospun nanofibrous mats were produced from 3 mL of the
corresponding electrospinning solution/suspensions with the spin-
ning conditions stated above at 60% relative humidity and 25°C.
The obtained mats were vacuum-dried at 40 °C for 12 h, and then
stored in a desiccator prior to characterization. The samples were
designated as PEO-PETA or PEO/CNCy-PETA, where y (wt%) is the
concentration of CNCs.

2.3. UVirradiation

The irradiation of mats was carried out by a SpectrolineSB-100P
Super-High-Intensity UV Lamp (Spectronics Corporation, West-
bury, NY, United States) emitted a light intensity of 4800 wW cm—2
at a wavelength of 365 nm at room temperature. The square mat
samples of 40 mm were placed under UV light with a distance of
around 4 cm from the lamp head. To avoid oxygen quenching, the
irradiation was carried out under a constant flow of nitrogen. The
irradiation time was designated as the total duration of irradiation
subtracting 5 min because the initial 5-min time period is necessary
for reaching the standard emission of the UV lamp.

2.4. Measurement and characterization

Conductivity of the electrospinning solutions was determined at
room temperature using a Jenway Model 4330 conductivity & PH
meter (Bath, United Kingdom). Shear viscosities of the solutions
were measured using an AR2000ex Rheometer (TA Instruments
Inc., New Castle, DE, United States). A 40-mm cone-plate geom-
etry with a cone angle of 1°59'42” and a truncation of 56 pum was
used for the flow measurements. The temperature of test samples
was kept at 25 °C with a Peltier device, and the shear rate was var-
ied from 0.1 to 100s~!. To avoid the evaporation of water in the
sample, the 56 wm gap between cone and parallel plate was sealed
with a solvent trap cover, and the moat on the top of the cover was
filled with low viscosity silicon oil.

Fourier transform infrared (FTIR) spectra of electrospun mats
were measured using a Bruker FTIR analyzer (Tensor-27, Bruker
Optics Inc., Billerica, MA, United States) with attenuated total
reflectance (ATR) mode. Each spectrum was acquired in a transmit-
tance mode on a Zn/Se ATR crystal cell by accumulation of 64 scans
with a resolution of 4 cm~! and a spectral range of 4000-600 cm™~1.
Differential scanning calorimetry (DSC) measurements were per-
formed with a TA Q200 system (TA Instruments Inc., New Castle, DE,
United States) ata 10°Cmin~! heating rate from 5°Cto 110°Cina
50 mLmin~! dynamic nitrogen atmosphere. Samples of 5+ 0.5 mg
were loaded into DSC pans sealed using a crimping tool. Field emis-
sion scanning electron microscopy (FESEM, a FEI Quanta 3D FEG
dual beam SEM/FIB system, Hillsboro, Oregon, United States) was
used to investigate surface morphologies of mats sputter-coated
with gold for 2 min. The average diameter of the fibers was mea-
sured by the analysis of SEM images using the Adobe Photoshop
software (Version CS2). One hundred nanofibers were randomly
selected from each image and measured using the ruler tool. The
equilibrium swelling ratio (ES, g/g) and gel fraction (GF, %) of UV
crosslinked mats were measured in distilled water at room temper-
ature. Dry rectangle samples of 10 mm length and 5 mm width with
an initial weight (W7 ) were immersed in a glass jar with excess dis-
tilled water (approximately 30 mL) for 72 h, then removed from the
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Fig. 1. FTIR spectra (a) and DSC curves (b) of electrospun PEO-PETA nanofibrous mats with different UV irradiation times, and (c) a schematic drawing showing possible

crosslinking mechanism of PEO and PETA under UV irradiation.

solvent. The attached water on the surface of hydrogels was blotted
with filter paper, and the weight of hydrogels (W,) was measured.
Five replicates were performed for each composition. The hydro-
gels at the equilibrium swelling state were extracted by isopropanol
and dried in a vacuum oven for 12 h at 40 °C and re-weighed (W5).
ES and GF were calculated using the following equation:

Wo-W;s

ES = A (1)
100Ws

GF= W, (2)

Mechanical properties of the nanofibrous mat samples (20 mm
in length and 5 mm in width) were measured using an AR2000ex
Rheometer with a solid clamp in tension mode at a 10 mm gauge
length and a loading rate of 4.8 mm min~!at room temperature. The
thickness of the mats was measured using a Mitutoyo digimatic
indicator with +1 wm accuracy. Young’s modulus for each sample
was calculated from the initial linear portion of stress—strain curves
through alinear regression analysis. Five replicates were performed
for each composition.

3. Results and discussion
3.1. Effect of irradiation time

To elucidate the effect of UV irradiation time on the crosslink
reaction, electrospun PEO-PETA nanofibers were investigated by
FTIR (Fig. 1a) and DSC (Fig. 1b). From Fig. 1a, PEO-PETA nanofibers
without irradiation, compared to pure PEO nanofibers (Zhou,
Chu, et al, 2011), had three additional characteristic absorbance
peaks (i.e., the C=0 stretching at 1729cm~!, the C=C stretch-
ing at 1635cm~!, and the C-O stretching at 1183 cm~1!), which
are attributed to PETA. This indicated that PETA was not selec-
tively excluded during the electrospinning process. With the
increase of UV irradiation time, the intensities of the three peaks
decreased gradually, suggesting the UV photo-initiating and photo-
crosslinking ability of PETA through the photo-initiation of C=0
bond and then the polymerization of C=C bond (Doytcheva et al.,
2001). Under UV irradiation, PETA could form an excited triplet
state, and then absorb a proton from PEO chain and cleave C=0
bond of PETA to form a PEO radical and a PETA radical, respec-
tively. PEO radical produced attacks the C=Cbond of PETA to initiate
the polymerization of PETA. These obtained chains are terminated
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through radical coupling to form the crosslinking between PEO
and PETA. The possible mechanism for UV-initiated crosslinking
between PEO and PETA is displayed in Fig. 1c. Interestingly, the
three peaks became weaker at 20 and 40 min of irradiation time,
which likely represents the optimization of the photo-crosslinking
for PEO-PETA nanofibers. Fig. 1b shows DSC curves of crosslinked
PEO-PETA nanofibers at different irradiation times. The ther-
mal parameters, including melting temperatures (T, ), enthalpy of
fusion (AHp), and weight fractional crystallinities (X'c, the degree
of crystallinity of the PEO in the composites), were measured
from the DSC curves and the corresponding data are summa-
rized in Table 1. As shown in Fig. 1 and Table 1, Ty and X'¢ of
the irradiated PEO-PETA nanofibers are lower than those of their
unirradiated counterparts, suggesting the existence of crosslinked
reaction between PEO and PETA because crystallites can be prohib-
ited by crosslinks (Wang, Yaszemski, et al., 2008). As the irradiation
time increased, all the thermal parameters of PEO-PETA decreased
gradually. More importantly, a 40 min UV irradiated time was opti-
mal for the crosslinking process among the irradiation times used
because its crystallinities were the lowest.

The effect of UV irradiation time on the swelling properties of
PEO-PETA nanofibers is shown in Fig. 2. With an increase of irra-
diation time, the equilibrium swelling ratio gradually decreased.
This behavior indicates that longer irradiation time increased the
crosslink density of the PEO fibers. It can also be observed that gel
fraction of mats first increased with increased irradiation time from
0 to 40 min and then slightly decreased. The results indicated an
increased soluble part of PEO fibers above 40 min likely attributed
to the photo-degradation of PEO (Vijayalakshmi & Madras, 2006),
which is in agreement with the results of FTIR and DSC above.

Fig. 3 shows the morphology of electrospun PEO-PETA nanofi-
brous mats without and with UV irradiation. The diameters
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Fig. 2. Swelling properties of electrospun PEO-PETA nanofibrous mats with the dif-
ferent UV irradiation times. The standard deviations shown as error bars are based
on five replicated samples.

are 257 +76nm for PEO-PETA and 244 +45nm for UV treated
PEO-PETA nanofibers. It suggests that exposure of PEO nanofibers
to UV irradiation did not exhibit a significant effect on nanofiber
diameters. However, it can be found that the surface of nanofibers
became rougher after UV irradiation from Fig. 3b and d. As PETA
tended to segregate to the surface of PEO matrix (Leung et al., 2010),
the photo-crosslinking reaction between PETA and PEO mostly
occurred at the surface of PEO-PETA nanofibers, which resulted
in the severe contraction of nanofiber surface.

Fig. 3. SEM micrographs of PEO-PETA nanofibers without UV irradiation (a: 10,000x; b: 50,000x ), and PEO-PETA nanofibers with UV irradiation for 40 min (c: 10,000x; d:

50,000 x ).
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Table 1

The thermal properties of PEO-PETA nanofibrous mats with different CNC contents.
Sample Tm (°C) AHn (Jg™) Xc (%)
Pristine PEO-PETA 65.7 153.7 82.5
PEO-PETA-UV10 65.1 147.7 79.3
PEO-PETA-UV20 64.7 139.9 75.1
PEO-PETA-UV40 64.4 136.8 734
PEO-PETA-UV60 63.1 138.7 744
PEO/CNC5-PETA 67.4 136.2 76.4
PEO/CNC10-PETA 66.5 132.7 77.7
PEO/CNC20-PETA 65.2 116.8 74.1

? X'c was calculated using equation of X (%) =100 x (AHm/Cpeo AH®), where
AH®=205] g is the enthalpy of fusion of 100% crystalline PEO, Cpgo is the weight
fraction of the PEO matrix in the composite.

Since a 40-min irradiation time was optimal for the UV-initiated
crosslinking of PEO-PETA based on the above discussion, all elec-
trospun PEO-CNC nanofibrous mats with different CNC contents
reported later in this paper were UV irradiated for 40 min.

3.2. Effect of CNC content

Fig. 4a shows measured viscosity of PEO solution and PEO/CNC
suspensions in the presence of PETA under different shear rates.
The viscosity curve of PEO-PETA solution displayed two distinc-
tive regions. Within the shear rate range from 0.1 to about 1.0s!,
a Newtonian fluid characteristic was observed. Then the viscosity
of PEO-PETA solution sharply decreased with increased shear rate.
In contrast, all the PEO/CNC-PETA suspensions exhibited a typi-
cal shear-thinning phenomenon through the whole range of shear
rates from 0.1 to 100 s~!, which was significantly different from the
PEO-PETA solution. In addition, PEO/CNC-PETA suspensions exhib-
ited more shear thinning behavior with increased CNC contents
attributed to the enhanced solution inertia originating from the
strong interaction between PEO and CNCs (Zhou, Chu, et al., 2011).
More importantly, the increased viscosity for PEO/CNC-PETA sus-
pensions is observed with the increase of CNC contents likely
because the formed network structure of CNCs within the poly-
mer solutions (Bercea & Navard, 2000). Fig. 4b shows the change
in the conductivity of electrospinning PEO solution and PEO/CNC
suspensions. With the increase of CNC contents, the significantly
increased conductivity was observed. This behavior is because of
the presence of uronic acid and sulfate ester groups on the CNC
surface (Zhou, Wu, & Zhang, 2011), which promoted the formation
of electrospun fibers with smaller diameter.

DSC was used to investigate the crosslinked PEO-PETA with dif-
ferent CNC contents, as shown in Table 1. After the addition of
5 wt% of CNCs, the melting temperature and degree of crystallinity
of crosslinked PEO-CNC mats increased because CNCs acted as a
nucleating agent for the crystallization of polymer matrix during
electrospinning process. A similar effect was reported by Siqueira
et al. for polycaprolactone reinforced with sisal cellulose whiskers
(Siqueira, Bras, & Dufresne, 2009). However, with further increase
in CNC content, Ty, of crosslinked PEO/CNC mats decreased gradu-
ally. The same observation was reported for uncrosslinked PEO/CNC
nanocomposites and ascribed to the formation of CNCs network
within the matrix and the strong interactions between CNCs and
PEO (Samir, Alloin, Sanchez, & Dufresne, 2004; Zhou, Chu, et al.,
2011).1tis worth noting that the addition of 10 wt% of CNCs induced
the highest degree of crystallinity, likely suggesting that a close
CNCs network began to form within the individual PEO fibers at
the content of 10 wt% of CNCs. However, the excess CNCs can be
regarded as the impurity for PEO and hinder the crystallization
process of PEO chains.

Fig. 5 shows typical SEM images of crosslinked PEO/CNC
nanofibers. The corresponding fiber diameter histograms are

2 v PEOICiNC20-PETA 1I0 'i 1

\\\\\\\\\\\\N

0 5 10 15 20
CNC content (wt %)

Fig. 4. Variations of apparent viscosity with shear rate (a) and conductivity with
CNC content (b) of PEO-PETA solutions and PEO/CNC-PETA suspensions.

also given in Fig. 5. All fibers were homogeneous and exhib-
ited decreased average diameters and diameter deviations from
244 445 to 183 +£22 nm with increased CNC content up to 10 wt%
(Fig. 5d), suggesting that more uniform and finer composite
nanofibers were fabricated by incorporating CNCs. This phenom-
ena is similar to the results of electrospun PEO/CNC nanocomposite
fibers without photo-crosslink in our previous report (Zhou, Chu, et
al,, 2011), and was attributed to the enhanced electric conductivity
of electrospinning solutions in the presence of CNCs, as shown in
Fig. 4b above. From Fig. 5c, the increased diameter and straighter
shape for crosslinked PEO/CNC20-PETAnanofibers were observed.
This behavior might be attributed to the unstable jet flow arising
from the unbalanced forces among the surface tension, viscoelastic,
and electrostatic forces. In general, a high concentration of elec-
trospinning solutions could form the nanofibers with a larger and
more uniform diameter because of its high viscoelastic behavior
(Deitzel et al., 2001). While the enhanced electric conductivity for
the electrospinning solutions could increase the charge density in
ejected jets and the electrostatic forces, and thus induce the for-
mation of straighter shape and smaller diameter of electrospun
nanofibers (Son et al., 2004). When the effect of increased viscosity
on the diameter of nanofibers is over that of enhanced electrical
conductivity, the elongation of jet between the needle tip and the
collector weakens. Therefore, the thick PEO/CNC-PETA nanofibers
were obtained at the high CNC contents.

Fig. 6 shows the measured equilibrium swelling ratio and gel
fraction for crosslinked PEO-PETA nanofibrous mats with different
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Fig. 5. SEM micrographs of crosslinked PEO/CNC5-PETA (a), PEO/CNC10-PETA (b), and PEO/CNC20-PETA (c) nanofibers at an electrical field strength of 0.75kVcm~! and a
flow rate 0.6 mLh~'; and the effect of CNC content on the diameter distribution of crosslinked PEO/CNC nanofibers (error bars show standard deviations based on randomly

selected 100 fiber samples).

CNC contents. With an increase of the CNC content, the equilibrium
swelling ratio of mats gradually decreased. Due to the fact that CNCs
only absorbed little water but were insoluble in water (Zhou, Wu,
Yue, et al., 2011), they could reduce the interactions between the
water and crosslinked PEO networks and prohibit this networks
from swelling in water. It was also observed that the gel fraction
of crosslinkedPEO/CNC10-PETA mats increased to 55.1 from 47.6
of crosslinked PEO-PETA mats, likely because that the presence of
CNCs immobilized PEO chain to dissolve in water. When CNC con-
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Fig. 6. Swelling properties of crosslinked PEO-PETA nanofibrous mats with differ-
ent CNC contents. The standard deviations shown as error bars are based on five
replicated samples.

tent was above the 10 wt% level, the gel fraction of mats showed
a slightly decreasing trend with increased CNC contents. Lower
gel fraction value indicated a higher soluble fraction attributed to
the probable disturbance of a large amount of CNCs in the photo-
crosslinking reaction. As observed in our recent reports (Zhou, Chu,
etal., 2011), CNCs dispensed in PEO fibers had radial anisotropy or
a skin-core morphology. The core had more nanocrystals but they
were oriented more randomly, while the skin had fewer CNCs with
a higher degree of orientation (Cai, Guinn, & Wang, 2011; Zhou,
Wang, Zhang, Zhuang, & Han, 2008). As a result, higher loading of
CNCs could become more compacted in the skin of PEO fibers and
thus decreased the efficiency of photo-crosslink, which led to the
smaller GF value of nanofibers.

Table 2 lists the mechanical properties of electrospun nanofi-
brous mats including the maximum tensile stress (o'max), Young’s
modulus (E), and the elongation at break (&p,). The uncrosslinked
PEO nanofibrous mats had o'max 0f 2.49 MPa, Eof 13.7 MPa, and ¢j,0f
245%. After the photo-crosslinking, omax and E increased to 6.74

Table 2
Thickness and tensile properties of PEO-PETA nanofibrous mats with different CNC
contents.

Sample Thickness Omax (MPa) E (MPa) &p (%)
(pm)?

Pristine PEO-PETA  40(5) 2.49(0.08) 13.7(0.7)  245(20)

PEO-PETA 39(4) 6.74(0.25) 175(1.1)  221(16)

PEO/CNC5-PETA 42(5) 8.73(0.30) 313(14)  201(12)

PEO/CNC10-PETA  44(6) 11.89(0.57) 398(1.9)  163(9)

PEO/CNC20-PETA  48(9) 14.22(0.78) 363(15)  167(10)

2 The values in the parenthesis show standard deviation based on five replicated
samples.
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and 17.5MPa (170.7 and 27.7% increase), respectively. This result
indicated the UV-initiated crosslinking of PEO using PETA as an
initiator and a crosslinker could significantly improve the mechan-
ical properties of PEO nanofibrous mats. After the incorporation of
CNCs into PEO nanofibers, omax and E of the crosslinked compos-
ite nanofibrous mats increased obviously, whereas ¢}, decreased
markedly, making mats much stronger and more resistant to
deformation. In general, mechanical properties of electrospun com-
posite nanofibrous mats are mainly influenced by their component
properties, nanofiber structure, and the interaction among the
nanofibers (Lee, Kim, Ryu, Kim, & Choi, 2003). From component
properties, such reinforcements were attributed to the increase in
the crystallinity induced by CNCs and the efficient stress transfer
from PEO to CNCs through hydrogen bonding between these two
components, which is in agreement with the results reported in
CNCs reinforced poly(acrylic acid) (Lu & Hsieh, 2009). In addition,
the decreased diameter of composite nanofibers was also bene-
fited to the improved mechanical properties of mats because of
tighter cohesion among the nanofibers composed of strong polar
of PEO and CNCs (Huang, Zhang, Ramakrishna, & Lim, 2004). With
increased CNC contents from 0 to 10 wt%, the values of omax and
E of crosslinked mats increased by 76.5 and 127.4%, respectively,
whereas ¢y, decreased from 221 to 163%. With further increase of
the CNC content, omax of crosslinked composite mats increased
continually, but decreased E and increased &, were observed.
Because the modulus E was determined from the initial linear por-
tion in stress-strain curve, decreased E could be ascribed to the
increased diameter of nanofibers (as shown in Fig. 5c above), result-
ing in the weakened interaction among nanofibers.

4. Conclusion

UV-initiated crosslinking of electrospun PEO nanofibers were
successfully performed with PETA used as both initiator and
crosslinker. UV irradiation did not exhibit a significant effect on
the diameter of PEO-PETA nanofibers, and a 40-min irradiation
time was optimal for the crosslinking process among the times used
based on the results of DSC and swelling properties of PEO-PETA
nanofibers. The crosslinked PEO-PETA nanofibers incorporated by
CNCs became more uniform and smaller in diameter with increased
CNC-loading up to the 10wt% CNC content. The crosslinked
PEO/CNC composite nanofibers showed the decreased swelling
ratio and increased gel fraction with increased CNC contents. The
crosslinked PEO/CNC composite nanofibers also exhibited a signif-
icant improvement in the mechanical properties attributed to the
synergies of PEO crosslinking network and CNC's reinforcement.
The maximum tensile stress and Young’s modulus of crosslinked
PEO/CNC10-PETA mats increased by 377.5 and 190.5% than those
of uncrosslinked PEO-PETA mats, and 76.5 and 127.4% than those
of crosslinked PEO-PETA mats, respectively. This study devel-
ops crosslinked composite nanofibers with smaller dimensions
combined by excellent mechanical properties targeted for rapid
response systems.
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