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Aggregation-induced emission lights up the
swelling process: a new technique for swelling
characterisation of hydrogels¥
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The characterization of the swelling properties in hydrogels suffers uncertainty due to the limitations that
occur during weight change measurement. The current study successfully employed an aggregation-induced

emission approach to suggest a new technique for the measurement of swelling properties in hydrogels. The

rsc.li/frontiers-materials

Hydrogels are crosslinked networks that maintain a distinct
three-dimensional structure while absorbing large amounts
of water. As the first biomaterial used in the human body,
hydrogels provide unique properties that suggest a wide range
of applications in various dimensions of engineering and
medical fields." The first step towards the characterization of
hydrogels for various applications is the measurement of their
swelling properties, by which the water uptake ability of hydro-
gels will be identified over time. So far, the best method to
report the swelling property of a hydrogel is to normalize the
amount of water uptake to its initial weight, a term called the
swelling ratio (SR) (eqn (1)), where, M, and M, are weights at
the initial time and time ¢, respectively.>

M= Mo 149 1)

SR (%) =~
0

Upon the measurement of SR, researchers can estimate
different structural parameters, including but not limited to
the coefficient of diffusion,® the rate of swelling and equili-
brium SR, amount and rate of embedded pharmaceutics
within the hydrogel network,” porosity, and average molecular
weights between crosslinks.® Moreover, several physical’
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changes in the fluorescence properties of the swelling environment reflect the swelling process.

(dimension stability, permeability, surface tension, etc.) and
mechanical® (stiffness, ultimate strength, extensibility and
strain) properties of hydrogels are strongly influenced by their
swelling properties.’

The frequently used traditional method for the measure-
ment of SR is weight analysis, by which pre-weighed hydrogel
samples are immersed in water and, at different time points,
their weight change is measured after removal from water.
Although this method is widely used, it is difficult to manage
due to the invisibility of hydrogels during the swelling process
(Fig. 1a). More importantly, SR measurement is too difficult
to conduct for particular hydrogels such as superabsorbent
particles (Fig. 1b), in which rapid uptake of a large amount of
water is observed, or those with a delicate structure such as
nanofibrous mats (Fig. 1c) and microparticles. Measuring the
swelling properties of superabsorbent particles or nanofiber
mats using a carrying device (i.e. tea bags) implies inaccuracy
(Fig. 1d). Clearly, the traditional method suffers inadequate
accuracy caused by human error (Fig. 1e and f), and the lack of
consistency between in-house standards of different research
centers makes the method less reliable. During progress to
the final stage of the swelling process, where the equilibrium
state is reached, the measurement of the swelling ratio is
likely to be less accurate because low mechanical properties
of highly swellable hydrogels can result in structural destruc-
tion during the weight measurement (Fig. 1f). Of particular
interest, advanced approaches in hydrogel design that
employ precise fabrication methods to control the hydrogel’s
swelling properties require a more efficient technique for
SR measurement.’® To minimize the limitations and errors
attributed to the traditional method, the current study employed
an aggregation-induced emission (AIE) approach to suggest a
new technique for the characterization of the swelling properties
of hydrogels.
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Fig. 1 Illustration of sources of error and difficulties during the charac-
terization of the swelling properties of hydrogels using the traditional
method: (a) invisibility of hydrogel in the swelling environment; difficulty
of employing the method for (b) SAP particles and (c) fibrous mats; and
sources of human error using (d) carrying device or (e and f) inconsistency
between in-house standards and procedures. At late stages of measure-
ment, when the equilibrium is reached, significant errors are seen.

Recently, AIE-featuring luminogenic compounds (AIEgens)
with high emission efficiency in the aggregated state,"" excellent
photo-stability,’* and high sensitivity'* have been widely used for
different biomedical applications.'* Tetraphenylethylene (TPE), a
commercially available AIEgen used in this study, is partially
miscible in water-tetrahydrofuran (water-THF) mixtures.
Consistent with other reports, an increase in the volumetric
fraction of water (WF) causes TPE to be aggregated, resulting
in strong fluorescence (FL) properties (A, = 350 nm and
Jex = 470 nm)."® Observation of the change in relative FL intensity
and concentration of TPE versus WF (Supplementary S1 and S2,
ESIt) suggests a new approach for accurate measurement of the
swelling process in hydrogels. To demonstrate this concept, a
poly(acrylic acid) hydrogel (PAA) was used and its swelling proper-
ties were determined by both measurement of the changes in
hydrogel weight (the traditional method) and the FL intensity of
the swelling environment. The swelling environment was the
water-THF mixture with WF = 90%; the initial concentration of
the TPE in the swelling environment was kept constant across all
measurements. During the swelling process, increase in the FL
maxima was observed as a function of swelling time (Fig. 2a). Also,
similar trends for change in the SR (Fig. 2b) of PAA hydrogel and
the relative FL intensity of the swelling environment (Fig. 2c) were
seen. The best fit to identify the relationship between the relative
FL intensity and SR was exponential with R* = 0.983 (as demon-
strated by the inserted equation in Fig. 2d).

The FL stability over time (Supplementary S3, ESIT) and the
change in the FL intensity of a rubber sample, as a non-swellable
control (Supplementary S4, ESIf), were identified, revealing
negligible changes in the FL intensity. The feasibility of the
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Fig. 2 Change in (a) fluorescent spectra, (b) relative intensity and (c) SR,
and (d) the established relationship between the relative fluorescence
intensity and the SR for a PAA (film) hydrogel during the swelling process
in water—TPE/THF swelling media with water fraction = 90%.

proposed method for measuring the SR using the FL spectra
was further investigated by two common cases. The aim of the
first case study was to identify whether the method was
sensitive to different hydrogel types. Poly(vinyl alcohol) film
(PVA) and fibrous mats were prepared using the solvent casting
and electrospinning methods and PAA-partial sodium salt-g-
poly(ethylene oxide) particles were purchased and served as a
superabsorbent polymer (SAP). The relationship between the
SR and relative FL intensity for the hydrogels was established
using the aforementioned method. It was revealed that for all
hydrogel types used in this study, the best fit to identify the
relationship between the relative FL intensity and SR was
exponential with R> > 0.94 (Fig. 3a—c).

The aim of the second case study was to investigate the impact
of crosslinking, which is a common approach for controlling
the swelling properties in hydrogels. In this study, a PVA film
(6% w/w) was exposed to 1 and 4 cycles of a freeze-thaw (FT)
process to alter the degree of crystallinity (Supplementary S5,
ESIt), hence controlling their swelling properties. Crystallization
is a conventional technique to fabricate physically crosslinked
PVA-based hydrogels with desirable mechanical'® and biological
properties."” Controlling the crystallization process results in fine-
tuning of the structure and optimization of the final physico-
mechanical and biological properties of hydrogels without the
addition of a crosslinking agent.'® It can be found that the FL
intensity for the PVA hydrogel that was exposed to 4 FT cycles was
lower (10%) than that of the 1 FT PVA hydrogel (Fig. 3d). This
observation was consistent with the results from the SR measure-
ment identifying lower SR (40%) for the PVA hydrogel that was
exposed to 4 FT cycles before swelling (Fig. 3d: inset). The DSC
experiments were performed for the PVA samples that were
exposed to 1 and 4 FT cycles at a scanning rate of 5 °C min ™"
from 40 to 250 °C. The results obtained by the DSC analysis
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Fig. 3 The established relationship between SR and relative fluorescence
intensity for (a) PVA film, (b) PVA mat, and (c) SAP particles using a water—
TPE/THF mixture as the swelling environment. The change in relative
fluorescence intensity versus time of swelling for (d) the PVA film exposed
to 1 and 4 FT cycles to enhance the physical crosslinking (inset: change in
SR after 6 h swelling) and (e) the PAA film with two different crosslinking
densities (inset: the FL spectra for low and high crosslinked PAA hydrogel
at different swelling time points).

revealed that the degree of crystallinity increased by approximately
26% for 4 FT cycles compared to 1 FT cycle (the crystallinity
percentages were 39.5% and 50.1% for the PVA film exposed to 1
and 4 FT cycles, respectively, Supplementary S5, ESIT). Moreover,
increasing the concentration of the crosslinking agent by a factor
of two during the preparation of the PAA hydrogel resulted in 68%
decrease in the relative FL intensity after 1500 min (Fig. 3e).
Because the FL properties of TPE in a water-THF mixture
depend strongly on WF, change in the relative intensity of the
swelling environment during the swelling process was investi-
gated using different WFs (90%, 96%, and 98%). Interestingly,
the changes in the relative FL intensity of the swelling environ-
ments were similar to those of the TPE at different WFs (%).
When the initial WF in the swelling environment was 90%,
the FL intensity increased during the swelling process. For
WF = 98%, however, a decrease in the relative FL intensity
was observed over time (Supplementary S6-S10, ESI{). When
the WF of 96% was chosen at the beginning of the swelling
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Fig. 4 (a) The change in TPE concentration and water fraction in the swelling
environment (WF = 80%) during the swelling of PAA film. (b) Captured images
of swelled PAA at different time points under UV light (365 nm). (c) Change in
SR versus time for PAA hydrogel at different water/THF ratios. (d) The release of
TPE from the PAA film and PVA mat into fresh distilled water after reaching
swelling equilibrium in the water—TPE/THF mixture (insets: fluorescent micro-
scopy images at the beginning and end stages of the release test). (e) The
proposed structurally based mechanism for diffusion of TPE into the hydrogel
network resulting in an increase in water fraction in the swelling environment.

process, the relative FL intensity decreased as swelling continued,
followed by an initial increase.

On the basis of our observations, the diffusion of TPE into
the hydrogel structure during the swelling process, resulting in
a decrease of TPE concentration in the swelling medium (an
increase of WF), was the main reason for the changes in the FL
properties of the swelling environment (Fig. 4a). This observa-
tion was supported by the captured images of a PAA hydrogel at
different time points during the swelling process (WF = 80%)
under UV light (365 nm). As the hydrogel swelled, the increased
TPE concentration within the network resulted in the production
of a blue color with increased intensity (Fig. 4b). During the
swelling process of the hydrogel, the sink condition was achieved
because both the concentration of TPE and the volume of THF
were negligible compared to the total volume of the swelling
environment (Supplementary S11, ESIT). This meant that the
total volume of the swelling environment was maintained at
about 5 times that of the THF. It was unlikely that the
concentration of TPE had reached a saturation point within
the hydrogel network when the diffusion process was stopped.
Our further investigation showed that the addition of water

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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(to the THF solution) controlled the swelling process (Fig. 4c).
Hence, the amount of TPE (dissolved in THF) diffused into the
hydrogel network depended on the amount of water that moved
into the hydrogel. Our further investigation, in which the
PAA film and PVA mat were placed into fresh swelling media
(WF = 100%), revealed the release of TPE from both hydrogel
networks over time (Fig. 4d).

The release of TPE into the swelling environment is further
demonstrated by fluorescence images captured at the begin-
ning of the release study (Fig. 4d, points [A] and [C]) and at
¢ =240 min and 24 h for the PVA mat (Fig. 4a, point [B]) and PAA
(Fig. 4d, point [D]), respectively (Fig. 4d: insets).

The proposed mechanism (Fig. 4e) that was established
based on our observations during the swelling of hydrogels
and release of TPE, clearly explains that the swelling driven
mechanism controls the rate of TPE diffusion into the hydrogel
network. The diffusion of TPE within the hydrogel results in an
increase in the WF in the environment, which leads to change
in the FL intensity during the swelling process.

1t shows that the proposed technique significantly enhanced the
traditional method for swelling measurement in different hydrogels;
however, there are some limitations to notice. First, the initial weight
and size of the hydrogel should be carefully selected to avoid over-
swelling. Over-swelling results in uptake of the entire swelling media
and will affect the results. Also, while the proposed technique was
reproducible for all hydrogels, it was unlikely to achieve similar
results when the swelling is repeated with the same hydrogel. The
source of error was the amount of TPE diffused into the hydrogel
during the first swelling process. When approximately similar initial
weights for structurally similar hydrogels were selected, the swelling
results remained approximately unchanged.

Conclusions

This study identified a new methodology for the measurement of
SR. To the best of our knowledge, the characterization of the
swelling properties of hydrogels with delicate structures (fibres)
or those with high swelling properties has been challenging
for many years. Utilizing the proposed technique, the swelling
characterization of these hydrogels can be performed accurately.
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