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Stable thermo-responsive hydrogel nanofibres have been prepared by electrospinning of commercial
poly(N-isopropylacrylamide) (PNIPAM) in the presence of a polyhedral oligomeric silsesquioxane
(POSS) possessing eight epoxide groups and of an organic-base catalyst, followed by a heat curing
treatment. The nanofibres showed excellent hydrogel characteristics with fast swelling and de-swelling
responses triggered by temperature changes. They were also morphologically robust as their physical
integrity was preserved upon repeated hydration/dehydration cycles and exposure to solvents.

Introduction

Hydrogels capable of responding to surrounding temperature
variations by swelling and de-swelling, also called thermo-
responsive hydrogels,! are the most studied “smart” polymeric
gels. They have been widely explored for development of
temperature-triggered intelligent devices with applications in
areas such as drug delivery,? sensors,® actuators,* photonics,® and
optics devices.® Depending on the chemical composition and
structure, as well as on the physical construction, thermo-
responsive hydrogels may show significant differences in swelling
and de-swelling kinetics. The most significant challenge for
thermo-responsive hydrogels has been to achieve both fast
response and structural integrity during the repeated volume
changes.” The former requires water to access the whole material
rapidly. To this end, nano-structures are considered to be ideal
because they are usually accompanied with increased porosity
and decreased thickness in the solid domains. Indeed, thermo-
responsive hydrogel nanoparticles and mesoporous membranes
have been reported.®* However, it is difficult to construct
mechanically robust macrostructures by using nanoparticles
alone. Mesoporous membranes, on the other hand, show slow
response due to the small pore size, but good retention of
morphology. In contrast to the response speed, the structural
robustness, which is very relevant to the effective applications of
a hydrogel, is determined by the structure of the material at both
the molecular and the macroscopic levels, but has received little
attention.
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Nanofibres, mostly produced by electrospinning, have a large
surface-to-weight (or volume) ratio, high porosity with excellent
pore-interconnectivity, and are easily functionalised. This
endows electrospun nanofibres with enormous potential towards
several applications.” The nonwoven-like fibrous structure
produced by electrospinning is highly desired for a thermo-
responsive hydrogel to achieve fast hydration/dehydration
response, because water can easily access the surface of each fibre
and the small fibre diameter also increases the overall fibre
surface area, facilitating the intrafibre mass exchange.

Among all thermo-responsive polymers reported, poly(N-iso-
propylacrylamide) (PNIPAM) is the most popular and has been
widely studied.’® PNIPAM shows a temperature-induced nega-
tive volume transition taking place at the lower critical solution
temperature (LCST). Below LCST, the polymer is highly
hydrated and swollen. When the temperature is above LCST, the
polymer undergoes molecular rearrangement, resulting in dehy-
dration and considerable shrinkage in volume (de-swelling).
Linear PNIPAM is soluble in cold water, and nanofibres elec-
trospun from linear PNIPAM are therefore unstable and not
able to maintain their structural integrity in water.'* Improve-
ment of the wet-stability has been reported through a copolymer
of PNIPAM and stearyl acrylate, where a physically crosslinked
inter-polymer network is generated because of the hydrophobic
interactions of stearyl side-chains.'> However, these physically
crosslinked hydrogel nanofibres have low stability in organic
solvents, which restricts their applications. PNIPAM hydrogel
nanofibres having a chemically crosslinked macromolecular
network, thus dimensionally stable in both water and organic
liquids, and a fast hydration/dehydration response have not been
reported in research literatures.

In bulk, PNIPAM-based hydrogels are prepared mainly by
direct co-polymerisation of N-isopropylacrylamide (NIPAM)
with a multi-functional monomer, or by crosslinking of copoly-
mers consisting of NIPAM and other crosslinkable moieties."
However, pre-crosslinked PNIPAM cannot be electrospun into
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nanofibres because of its insoluble nature, and mixtures of small
molecule monomers are not electrospinnable either. Electro-
spinning of linear high molecular weight PNIPAM followed by
chemical crosslinking would thus be ideal to prepare stable
hydrogel PNIPAM nanofibres, but has not yet been reported in
research literatures.

In this paper, for the first time we report on the preparation of
highly crosslinked PNIPAM hydrogel nanofibres simply by
electrospinning of commercial PNIPAM in the presence of
a POSS crosslinker possessing eight epoxide groups and a strong
base catalyst (2-ethyl-4-methylimidazole, EMI), followed by
a heat treatment. We have found that the addition of the catalyst
significantly enhances the formation of a highly crosslinked
polymer network, ensuring the nanofibrous structure is main-
tained during the curing treatment. The as-prepared hydrogel
nanofibres showed not only fast swelling/de-swelling responses
triggered by temperature changes, but also excellent morpho-
logical robustness after undergoing repeated hydration/dehy-
dration cycles. POSS was used as the crosslinker because it has
eight reactive epoxide groups and its silica cage endows the
crosslinked polymer with a robust nanocomposite structure at
the molecular level.™

Experimental
Materials

Poly(N-isopropylacrylamide) (Myw 300 000 Da, Polysciences),
Octaglycidyl polyhedral oligomeric silsesquioxane (OpePOSS,
Hybrid Plastics Inc.), 2-ethyl-4-methylimidazole (EMI, Sigma)
and all other chemicals were of analytical grades. The polymer
solutions for electrospinning were prepared by dissolving
PNIPAM, OpePOSS and EMI in a N,N'-dimethylformamide
(DMF)/tetrahydrofuran (THF) (1 : 1, vol/vol) solution at room
temperature. PNIPAM concentration was 10 wt%.

Preparation of hydrogel nanofibres

Nanofibres were electrospun using a needle electrospinning
setup.’® During electrospinning, the solution flow rate, the
applied voltage and the electrospinning distance were set at
0.6 ml h™', 13 kV and 17 cm, respectively. After electrospinning,
the as-spun nanofibres were heated in a 160 °C vacuum oven for
4 hours (vacuum around 50 mmHg).

Characterisation

Fibre morphology was observed under a scanning electron
microscope (LEO1530) and a laser scanning confocal microscope
(Leica TCS SP5) equipped with Argon lasers. FTIR and UV-VIS
spectra were obtained from a Bruker Vertex 70, FTIR spec-
trometer and an Ocean Optics Inc PX-2 UV-VIS spectropho-
tometer, respectively. X-Ray photoelectron spectra were
collected on a VG ESCALAB 220-iXL XPS spectrometer with
a monochromated Al Ko source (1486.6 eV) using samples of ca.
3 mm? in size. The X-ray beam incidence angle is 0° with respect
to the surface normal, which corresponds to a sampling depth of
ca. 10 nm. Differential scanning calorimetry (DSC) measurement
and Thermogravimetric Analysis (TGA) were conducted on

a TA DSC Q200 instrument in a dry nitrogen atmosphere at

a heating/cooling rate of 5 °C min™".

Results and discussion

To produce nanofibres, a DMF/THF (1 : 1, vol/vol) solution of
PNIPAM, OpePOSS and EMI was electrospun using a conven-
tional electrospinning setup. The morphology of the as-spun
nanofibres is shown in Fig. la. Bead-free uniform fibres with
a diameter in the range of 700-900 nm were obtained from the
electrospinning process. The fibres showed a smooth surface and
no preferential alignment within the fibrous membranes. The
as-spun nanofibre mat started dissolving on contact with water.

To generate a highly crosslinked PNIPAM network, the
as-electrospun nanofibres were subjected to a heat treatment at
160 °C for 4 hours under vacuum. After the treatment, the fibres
showed very small morphological change, and the fibre diameter
increased slightly from 870 + 110 nm to about 970 £+ 120 nm
(Fig. 1b). To demonstrate the stability of the cured PNIPAM
nanofibres, the fibres were immersed in water until they fully
swelled, and the swollen nanofibres were then dried by two
different methods. In one method, the fully swollen nanofibres
were immersed in 40 °C water to induce de-swelling, after which
the de-swollen nanofibres were vacuum dried at 40 °C. As shown
in Fig. 1c, the fibres maintained their fibrous morphology after
drying in this way, although the diameter became larger (average
diameter, 1.8 pm). Such an increase in fibre diameter is quite
common for electrospun hydrogels, and has been ascribed to the
relaxation of the macromolecular network upon drying.'® In
another method, the swollen nanofibres were dried at 25 °C in
vacuum, which resulted in even coarser fibres (average diameter
2.6 um) (Fig. 1d). However, when the dried nanofibres were
rehydrated, they became swollen again and the fibres changed to
the respective dimensions upon drying at the different
conditions.

Fig. 2a shows the appearance of the cured nanofibre mat. Like
the non-cured ones, the cured nanofibres appeared white and
opaque. Upon contacting with cold water (e.g. 20 °C), the cured

Fig.1 SEM images of (a) non-cured nanofibres, (b) cured nanofibres, (c)
cured nanofibres after swelling in 25 °C water, de-swelling at 40 °C
and then drying in vacuum at the same temperature for 4 h, and (d)
cured nanofibres after swelling in 25 °C water and drying in vacuum at
25 °C (4 h). (PNIPAM : OpePOSS : EMI = 100: 15: 0.3, w/w; scale
bar: 5 pm).
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Fig. 2 (a~c) Digital images of the cured PNIPAM nanofibre
membranes, a) just after curing, b) swelling in cold water (20 oC), ¢)
swelling in cold water and then de-swelling in 40 oC water. d & e CLSM
images of d) swollen PNIPAM nanofibres in cold water (20 °C), e)
de-swollen fibers after introducing warm water (40 °C) (the fiber mat was
dyed with fluorescein isothiocyanate before the CLSM imaging).
f) Optical transmittance changes of cured nanofibre membrane in
alternate cold and warm water flows (wavelength 650 nm).
(PNIPAM : OpePOSS : EMI = 100 : 15: 0.3, wt/wt; scale bar in d and
e: 10 pm)

nanofibre mat rapidly became swollen (within 3 seconds) and
highly transparent (Fig. 2b). This swollen nanofibre mat was very
flexible, although it was highly stable in dimensions. The fibre
mat showed no degradation and weight change after immersion
in cold water for 4 weeks. Based on the weight changes, the
swelling ratio of the nanofibre can be calculated as, O = (W, —
W)l Wy, where W, and Wy are the weight of the wet and the dry
samples, respectively. The maximum swelling ratio was measured
to be 23.0. It should be noted that Q is inclusive of all water that
is absorbed within the nanofibre and in the inter-fibre space
because of the highly porous nanofibrous structure. Since the
volume transition of PNIPAM is isotropic, the swelling or de-
swelling of the nanofibres should involve changes in both
diameter and length.

When the swollen cured nanofibres were heated to 40 °C, they
responded to the temperature change within seconds. The de-
swelling process, which took place at 40 °C, reduced the trans-
parency and the dimensions of the nanofibre membrane, while
preserving its actual shape (Fig. 2¢). Such an expansion and
contraction can be repeated reversibly for many times.

The swollen and de-swollen hydrogel fibres were also observed
through confocal laser scanning microscopy (CLSM). A fluo-
rescent-dye-stained nanofibre mat was repeatedly immersed in
20 °C and 40 °C water baths. The typical fibre morphologies are
shown in Fig. 2d and e. Upon immersing in the colder water, the
average fibre diameter increased up to 9 um. However, when the
fully swollen fibres were put into 40 °C water, the average
diameter decreased to about 3 pm.

Since swelling and de-swelling involved a change in the
transparency of the fibre samples, the temperature dependence of
optical transmittance was measured, and showed sensitive to the
temperature changes ranging between 30 °C and 32 °C (ESIY),
which corresponded to a relative volume change between 0.15
and 0.70 (based on the fully swollen state, ESIT). The optical

transmittance of the nanofibre mat was used to examine the
thermo-responsive speed. To do this, a nanofibre mat was
immobilised in an enclosed cuvette, in which cold (20 °C) and
warm (40 °C) water were alternatively introduced. An optical
fibre UV-VIS spectrophotometer was used to monitor the
transmittance change (see ESIf). Fig. 2f shows the typical
temperature response curve. The nanofibre mat responded very
quickly to the temperature changes. Within 2 seconds from
feeding 40 °C water, the sample transmittance reached
a minimum value, and within 3 seconds from introducing the
colder water, the nanofibre membrane became completely
transparent. Upon alternatively introducing the warmer and the
colder water, the transmittance of the fibrous membrane changed
reproducibly. The swelling and de-swelling cycle was repeated at
least 50 times without degradation of the sample or of its
performance.

For comparison, PNIPAM/OpePOSS nanofibres without
EMI were also electrospun. The as-spun nanofibre mats showed
apparent shrinkage during the curing thermal treatment. The
shrinkage became much more serious when the treatment was
performed at 180 °C, a condition similar to what reported in
literature for the preparation of PNIPAM/OpePOSS bulk
hydrogels.'” Fig. 3 shows the shrinkage of these samples. SEM
images reveal that the diameter of the fibres which do not contain
EMI increases considerably after the heat treatment at 160 °C
(Fig. 3b"). For the samples treated at 180 °C, no fibres can be

Fig. 3 (a and a’) PNIPAM/OpePOSS/EMI nanofibres before and after
heat treatment at 160 °C for 4 h (PNIPAM : OpePOSS : EMI =
100 :15: 0.3, w/w). (b and b’) PNIPAM/OpePOSS nanofibres without
EMI before and after heat treatment at 160 °C for 4 h (PNI-
PAM : OpePOSS = 100: 15, w/w). (¢ and ¢’) PNIPAM/OpePOSS
nanofibres without EMI before and after heat treatment at 180 °C for 4 h
(PNIPAM : OpePOSS = 100: 15, w/w). (a”"—") SEM images of the
nanofibres after the respective heat treatments. (d and d’) Cured
PNIPAM/OpePOSS/EMI nanofibres in 20 °C and 40 °C water. (e and ¢')
PNIPAM/OpePOSS nanofibres without EMI after curing at 160 °C for
4 h, (e) immersed in 20 °C water for 20 min, and then (¢’) the same heated
to 40 °C.
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identified from the SEM image (Fig. 3¢”). Moreover, after the
treatment, when the fibres containing no EMI were immersed in
cold water, they dissolved completely, and no fibrous structure
was recovered when the water was heated to 40 °C (Fig. 3e and
¢'). This result suggests that the crosslinking in the absence of
EMI at temperatures below 180 °C is of very low efficiency and
that the treated fibres show no hydrogel characteristics,
dissolving upon contact with water.

Besides being stable in water, the cured PNIPAM/OpePOSS/
EMI nanofibres were also stable in organic solvents. It was
interesting to find that when a water-miscible solvent (e.g.
ethanol and acetone) was dropped on a water-swollen hydrogel
fibre mat, the fibre mat dehydrated rapidly, but still maintained
the actual shape (see ESIf). Such a water-swelling/solvent
de-swelling cycle is reversible and can be repeated many times.

The repeatable swelling/de-swelling behaviour and the
morphological robustness of the cured hydrogel fibres were
attributed to the crosslinked polymer network formed within the
fibres. Scheme 1 illustrates the suggested crosslinking reaction,
which takes place during the curing treatment of the nanofibres.
In chemistry, the H-N in the isopropylacrylamide has a very low
reactivity, even towards epoxide groups.'®* However, when the
reaction was catalysed by a strong base, imidazole for instance,
the reaction between H-N and epoxide group was enhanced,
resulting in improved crosslinking efficiency. A mechanism for
the catalysed chemical reaction between the NIPAM unit and
OpePOSS was proposed and shown in the ESIf.

The crosslinking reaction was confirmed by FTIR, XPS,
elemental analysis, DSC and NMR tests. After the curing
treatment, the epoxide characteristic peaks at around 840 cm™'
and 910 cm™' in the FTIR spectrum disappeared (see ESIY),
confirming the ring-opening of the epoxide groups in OpePOSS.
Curve-fitting of the high resolution N1s XPS spectra revealed
that a peak with the binding energy of 400.3 eV appeared after
the curing treatment, corresponding to O=C-N-C(C) groups,**
besides the main peak at 399.6 eV for O=C-N-C(H) (Fig. 4a
and b). According to the peak area, the N-atoms participating in
the crosslinking reaction can be calculated to be 8.25% when 15%
OpePOSS (based on the PNIPAM by weight) was used. This
value is close to the theoretical value (10.1%) calculated
according to the actual weights of OpePOSS and PNIPAM used
for electrospinning.

To verify the crosslinking reaction, the cured nanofibres were
also subjected to a harsh leaching treatment with both water and
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Fig. 4 High resolution Nls XPS spectra of electrospun PNIPAM/
OpePOSS fibres and the curve-fitted peaks (a) after and (b) before curing
treatment (PNIPAM : OpePOSS : EMI = 100:15:0.3, w/w). DSC
curves of PNIPAM/OpePOSS nanofibres. (c) 1* and (d) 2" heating scans.
(the * mark indicates the temperature used for the curing treatment).

ethanol, and the contents of elements C, H, N and Si were then
tested. Since OpePOSS and PNIPAM are both soluble in
ethanol, such a leaching treatment should wash off all the
un-reacted OpePOSS and linear PNIPAM. The elemental
analyses of the same sample before and after heat and leaching
treatments showed almost no difference (see ESIY). This confirms
that almost all the chemical species present in the nanofibres
participated in the crosslinking reaction, remaining immobilised
within the network.

It should be mentioned that solid-state NMR was also tried,
but failed to reveal any difference between the cured and non-
cured nanofibre samples due to the broad peaks. Alternatively,
a model reaction using OpePOSS, EMI and N-iso-
propylacrylamide (the monomer of PNIPAM), was performed.
The “C-NMR spectra after the reaction showed two new peaks
at 44.3 ppm and 71.6 ppm, respectively consistent with the
formation of —-C-N- bond and ring opening of epoxide
(see ESI{).> For comparison, OpePOSS and N-iso-
propylacrylamide were treated under the same condition.
Without EMI, the peaks were almost unnoticeable in the
spectrum, suggesting a low reaction yield.

Fig. 4c and d show the 1** and 2" heating scans of the DSC
curves for the PNIPAM/OpePOSS nanofibres. For all fibre
samples, with or without EMI catalyst, the 1** heating scan
revealed an endothermic peak at around 80-100 °C followed by
a small exothermic crystallisation peak (110-120 °C). Compared
with other two samples, such endothermic and the subsequent
exothermic peaks for the cured sample were smaller. Thermog-
ravimetric analysis (TGA) revealed a weight loss in the same
temperature range (see ESIT). Therefore, for the cured nano-
fibres, the endothermic and post-exothermic peaks were assigned
to the evaporation of moisture and the subsequent orientation of
polymer segments within the crosslinked structure. For the non-
cured samples, the endothermic and exothermic behavior was
attributed to a combination of the moisture evaporation, thermal
shrinkage and post-crystallisation. The DSC curve for the non-
cured nanofibres containing EMI also showed an exothermic

This journal is © The Royal Society of Chemistry 2011
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peak at around 171 °C (onset 148 °C) (Fig. 4c), however no
similar peak was found for the other samples. This indicates that
crosslinking occurs in the non-cured nanofibres containing EMI,
and the reaction is complete after the curing treatment. The
crosslinking in the nanofibres which do not contain any EMI had
very low efficiency. For the 2" heating scan, the samples only
showed a glass transition (7,) peak at around 120-140 °C
(Fig. 4d). It was also observed that a small exothermic peak
appeared just after the 7, stage for the non-cured nanofibres
containing the EMI catalyst. This could be attributed to the
incomplete crosslinking reaction during the first heating scan.
For the non-cured nanofibres without EMI, such an exothermic
peak was very small.

These results verify that thermal crosslinking in the absence of
the EMI catalyst has very low reaction rate and EMI plays a key
role in accelerating the crosslinking reaction. This can also be
used to explain why the nanofibre mat containing EMI did not
shrink seriously during the curing treatment. When the fibre mat
was directly placed into a 160 °C oven, it was heated instantly to
a high temperature, triggering the crosslinking reaction. As
a result of the fast formation of the crosslinked network, the
mobility of the polymer chains was restricted considerably,
therefore preventing the fibres from shrinking severely.

The LCST of the hydrogel fibres was measured and showed
dependence on the OpePOSS composition. When PNIPAM
contained 15% OpePOSS, the cured nanofibres had a LCST
value of 31.8 °C. Increasing the OpePOSS content to 25% led to
a slightly reduced LCST value, to about 31 °C (ESIt). In
comparison, linear PNIPAM not containing any OpePOSS has
a higher LCST value (34.1 °C). Such a small decrease in the
LCST value due to crosslinking with OpePOSS can be attributed
to the flexible propylglycidyl links between the OpePOSS and
PNIPAM, therefore not restricting the configuration change of
the N-isopropylacrylamide units during hydration/dehydration
switches.

The influence of OpePOSS versus PNIPAM content on fibre
diameter and swelling ratio was also examined. It was found that
the presence of a small quantity of EMI allowed the preparation
of non-dissolvable nanofibre mats for all OpePOSS/PNIPAM
samples studied. The content in OpePOSS affected not only the
resultant fibre diameter, but also the swelling ratio. With an
increase in the concentration of OpePOSS from 0% to 30%
(weight percentage based on PNIPAM), the average fibre
diameter increased initially until the composition reached 15%
and then decreased gradually. The average diameter of the
nanofibres was measured to be around 700-800 nm (Fig. 5a).
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Fig. 5 Influences of OpePOSS content (based on the weight of PNI-
PAM) on (a) fibre diameter and (b) swelling ratios of the cured PNIPAM/
OpePOSS nanofibres. (OpePOSS : EMI = 100 : 2 w/w for all conditions.)

Also the swelling ratio of the nanofibre mats decreased with
increasing the OpePOSS composition (Fig. 5b).

It was also interesting to find that the swollen PNIPAM
nanofibre mat can be elongated up to 800% times of its original
length without breaking (see ESIT). This ability could arise from
two factors: the nanofibres progressively aligned along the
direction of stretching, and the stretching induced a reduction of
the fibre diameter to the advantage of their strength.

Conclusion

We have demonstrated a simple, novel but effective strategy to
produce highly stable thermo-responsive PNIPAM hydrogel
nanofibres by adding a POSS molecule with eight epoxide groups
as crosslinker and a strong base catalyst to accelerate the cross-
linking reaction. Insoluble nanofibres composed of a highly
crosslinked PNIPAM polymer network were formed after elec-
trospinning and subsequent curing treatment. The catalyst here
plays a crucial role in the formation of a highly crosslinked
polymer network and in maintaining the fibrous structure during
the heat-curing treatment. The cured nanofibre mats can become
swollen and transparent quickly upon contacting with water at
a temperature below their lower critical solution temperature
(LCST). The fibre mats responded quickly to changes in
temperature, by shrinking and becoming opaque when exposed
to water above the LCST, and by swelling and turning trans-
parent again when exposed to water at temperature below their
LCST. This smart behavior and their dimensional robustness in
water make the produced hydrogel nanofibres highly valuable
for applications in areas such as nano-actuators, sensors and
“smart” biomedical tissue engineering scaffolds. The method of
using OpePOSS and EMI to prepare highly crosslinked
PNIPAM polymer network is also suitable for processing other
hydrogel architectures.
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