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Hydrogels can be fabricated into “smart” materials whose volumes predictably depend on their chemical
environment. These “smart” hydrogel materials can be utilized in applications such as sensors, actuators,
and for drug delivery materials, for example. The volume response of these hydrogels is well-known to be
limited by their crosslink density. Thus, the responsiveness of hydrogels can be increased by decreasing
the hydrogel’s crosslink density. Unfortunately, this also decreases the hydrogel strength.

The hydrogel “effective crosslink density” can be decreased by fabricating macroporous hydrogels
where voids are incorporated into the hydrogel. In the work here we demonstrate that this approach
increases the volume responsiveness of hydrogels. We fabricated pH responsive macroporous hydrogels
by copolymerizing acrylic acid with acrylamide. We compared the pH response of these hydrogels to that
of macroporous hydrogels with small water bubbles embedded by vortexing the polymerizing hydrogel
in air, or by preparing an inverse opal hydrogel. We then filled these embedded air bubbles with water.
The pH responsiveness of these macroporous hydrogels are significantly increased compared to those of
non-macroporous hydrogels of similar composition. We find that these macroporous hydrogels appear
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to be more mechanically robust than are similarly responsive hydrogels without voids.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogels are crosslinked polymer materials that contain signif-
icant amounts of a water mobile phase. Hydrogels can be fabricated
into highly responsive “smart” materials that respond to changes
in their chemical or physical environments. Hydrogels imbibe or
expel water in response to changes in their chemical environment
by undergoing a Volume Phase Transition (VPT)[1]. Hydrogels have
been utilized in sensors [2-8], actuators [9,10], and other smart
material applications [11-13]. There is great interest in develop-
ing hydrogel sensors to sensitively and selectively detect changes
in their chemical and physical environments such as pH [14-17];
heavy metal concentrations [7,18,19]; temperature [20-22]; and,
most recently, concentrations of microbes [4].

Flory demonstrated that hydrogel VPT result from osmotic
pressures derived from the free energy of mixing, from counter
ion concentration inhomogeneitiy free energies, and from the
crosslinking elastic free energy [1]. The magnitude of the hydro-
gel VPT is constrained by the hydrogel crosslink density. Obviously,
we can increase the magnitude of the VPT by decreasing the hydro-
gel crosslink density. However, this will decrease the mechanical
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strength of the resulting hydrogel [3]. In the work here we attempt
to decrease the “effective crosslinking density” by introducing voids
into the hydrogels.

We formed two types of macroporous hydrogels by either incor-
porating lots of small air and water bubbles into a polymerizing
hydrogel by vortexing the system, or by forming an inverse opal
hydrogel [16,19,23,24]. Inverse opal hydrogels are fabricated by
polymerizing a hydrogel polymer monomer solution around close
packed monodisperse particles. Similar inverse opal hydrogels have
been utilized in sensing [16,19,24] and cell growth [23,25] applica-
tions.

2. Materials and methods
2.1. Materials

Igracure 2959, Acrylamide (AAm), Azobisisobutyronitrile
(AIBN), Pluronic F-127 (PF-127), Sodium Phosphate Monoba-
sic, Sodium Phosphate Dibasic, Ammonium Persulfate (AMPS),
N,N,N’,N’-Tetramethylethane-1,2-diamine (TEMED), Tetrahydro-
furan (THF) and N-N‘-Methylenebisacrylamide (BIS) were acquired
from Sigma Aldrich (>95% purity) and used as received. Acrylic
acid (AA) was acquired from Sigma Aldrich and purified through
distillation. Glacial acetic acid and ethylene glycol was supplied by
Fisher and used as received. Sodium acetate was acquired from EM
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Fig. 1. Fabrication methods utilized to produce macroporous hydrogels. A-D. An inverse opal method utilizes polstrene nanoparticles to incorporate macropores. E-H.
Alternatively, a vortexing method utilizes agitation to incorporate air bubble macropores. Macroporous hydrogels fabricated via both methods were dried and rehydrated,

filling the air bubbles with water before the swelling ratio measurements.
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Fig. 2. SEM micrographs. A. Hydrogel fabricated using the vortexing method shows large pores of 10-100 wm in diameter. B. A non-macroporous hydrogel shows no pores.

Science and used as received. Water was purified by a Barnstead
nanopure system.

2.2. Fabrication of inverse opal hydrogels

Fig. 1 shows the fabrication of inverse opal macroporous hydro-
gels. A close packed array of monodisperse 940 nm polystyrene
particles was formed by evaporating 2 mL of a ~15% (w/w) disper-
sion of these particles on a glass slide (Fig. 1A). Igracure 2495 was
used to initiate the polymerization of 150 L of a solution of 10%
(w/w)AAm, 1% (w/w) AA, and 1% (w/w) BIS in a 50% ethylene glycol
—50%water solution. This polymerization solution was layered onto
the previously prepared dried close packed polystyrene particles
(Fig. 1B). A glass slide was placed on top of the solution for 30 min
to allow the polymerization solution to fill the polystyrene particles
interstitial spaces. The system was then exposed to UV light from
two Blak Ray 365 nm mercury lamps for 15 min to polymerize the
opal hydrogel (Fig. 1C). The opal hydrogel was then peeled from the
glass slides and soaked in THF for 12 h. to dissolve the polystyrene

particles (Fig. 1C to D). The resulting inverse opal hydrogel was
stored in pH ~3 sodium acetate buffer.

2.3. Fabrication of vortexed hydrogels

Vortexed hydrogels were prepared by deoxygenating 6 mL of a
10% (w/w) AAm, 1%(w/w) AA, 1% (w/w) BIS in a 50% ethylene glycol
— 50% water solution by bubbling with N, gas for 30 min (Fig. 1E).
400 L of a 20% (w/w) solution of PF-127 in water was injected into
this deoxygenated solution and gently mixed. To initiate polymer-
ization 100 p.L each of 10% (w/w) TEMED in water, and 10% (w/w)
AMPS in water were injected into the vial (Fig. 1F). The monomer
solution was then agitated by vortexing to incorporate gas bub-
bles during the polymerization (Fig. 1 G to H). After polymerization
(~3-5min), the macroporous hydrogel was removed from the vial
and stored in pH ~3 sodium acetate buffer. Non-macroporous sam-
ples were similarly fabricated, but without vortexing.
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2.4. Electron microscopy of hydrogels

The hydrogels were characterized by Scanning Electron
Microscopy (JEOL JSM-6390LV). Samples were dried in air at room
temperature and were then sputter coated with a thin layer of Au.

2.5. Measurement of pH volume response

The pH volume responses of the macroporous hydrogels were
monitored by swelling ratio measurements. Hydrogel samples
were prepared for swelling ratio measurements by washing with
water over 24 h. to remove residual ethylene glycol and THF. The
hydrogel samples were then dried in air at 75 °C for 24 h, after which
their dry weight was measured. The samples were then placed in
sodium acetate buffers (pH 3.5-6) or sodium phosphate buffers
(pH 6-7.5) for 24 h (Fig. 1 I). The ionic strength of the buffers was
maintained at 0.01 M to avoid volume alterations due to changes in
ionic strength. The hydrogels in buffer were subjected to vacuum
for 30-60s. to assure that all voids were filled with buffer.

The wet, swollen, hydrogel weights were measured by removing
the samples from the buffer and gently patting their exterior with
an absorbent kimwipe before weighing the samples. This process
was replicated several times and the results averaged. The swelling
ratio, Q is defined as

Q = (Weight Wet — Weight Dry) /Weight Dry (1)
3. Results and discussion
3.1. Structure and morphology of vortexed hydrogels

The morphology of the macroporous hydrogels fabricated by
vortexing were compared to those of non-macroporous hydro-
gels by SEM (Fig. 2). The SEM image of the vortexed macroporous
hydrogel shows the presence of numerous large pores between
10 and 100 pm in diameter, (Fig. 2A). This contrasts to the non-
macroporous hydrogels that do not show pores (Fig. 2B). The
inverse opal hydrogels did not show clear SEM images, presum-
ably because of their low polymer hydrogel volume fractions which
caused them to collapse on drying.

3.2. pH volume phase transitions of macroporous hydrogels

We fabricated pH responsive hydrogels by copolymerizing
acrylic acid which has a pKa of ~4.7 [14]. At elevated pH values
the hydrogel carboxyl groups deprotonate attaching charges to the
hydrogel network. These charges localize counterions around them
that generate osmotic pressures that swell the hydrogel.

According to Flory-Huggins theory, the osmotic pressure
induced by the deprotonation of the carboxyl group is counter-
balanced by the osmotic pressure from the crosslinked hydrogel
network [1]. The crosslinked hydrogel network osmotic pressure is
dominated by the polymer chain crosslinks. However, the introduc-
tion of voids in the hydrogel network affects the hydrogel elasticity
and its mechanical properties [26]. The voids decrease the contri-
bution of the elastic free energy to the osmotic pressure due the
decrease in the hydrogel polymer network volume fraction. This
decrease in the elastic free energy contributions should increase
the magnitude of the hydrogel VPT.

Thus, macroporous hydrogels are expected to have an increased
VPT pH response compared to that of non-macroporous hydrogels.
To confirm this expectation, we compared the pH dependence of
the swelling ratio, Q of macroporous to non-macroporous, hydro-
gels (Fig. 3), where Q, was calculated as shown in Eq. (1).

Between pH 3.2-4.1 the non-macroporous hydrogel responsiv-
ity, (AQ/ApH) is 0.92 £ 0.08. A ~3-fold larger responsivity occurs
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Fig. 3. Comparison of pH dependence of the swelling ratio of macroporous hydro-
gels compared to a non-macroporous hydrogel. Error bars indicate one standard
deviation.
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Fig. 4. Hydrogel responsivity dependence on Effective Relative Crosslinking Con-
centration (ERC). The data fit the relationship Responsivity ~ 2*ERC~1-.

for the macroporous vortexed hydrogel (2.6 + 0.2). The responsivity
is increased 10-fold compared to the, non-macroporous hydrogel
for the inverse opal hydrogel (9.9 +0.4). A vortexed hydrogel in the
absence of acrylic acid shows no significant volume response over
this same pH range.

We examined the dependence of hydrogel pH responsivity on
the effective relative crosslinker concentration (Fig. 4). We expect
that effective relative crosslinker concentration will scale as the
product of the crosslinker concentration (C¢) added, and polymer
volume fraction, as decreased by the incorporated voids: ERC=C,
(1 —f), where f is the void volume fraction; the hydrogel volume
fraction=1 for the non-macroporous hydrogels.The macroporous
hydrogel volume fraction was determined from the measured
hydrogel density. The hydrogel densities were determined from the
weights and volumes of the hydrogel samples. The hydrogel den-
sity is the volume fraction weighted sum of the water equilibrated
hydrogel density and the water filled void density, assumed to be
that of water, pmy =pw f+pu (1-f), where pyy is the macroporous
hydrogel density, pyw is the density of the hydrogel water bubbles
and py is the density of the non-macroporous pure hydrogel.

We prepared both a vortexed and an inverse opal macroporous
hydrogel. From their measured densities we calculated that the
vortexed hydrogel volume fraction, to be 0.55, while the inverse
opal hydrogel volume fraction was 0.30. A perfect close packed
inverse opal hydrogel would have volume fraction of 0.26. Our
hydrogel volume fractions were generally larger, due to a lack of
close packing. The hydrogel pH responsivity, as shown in Fig. 4, is
inversely proportional to the ERC. This is expected due to the non-
linear inverse relationship between the number of crosslinks and
the hydrogel swelling ratio [1,6]
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We prepared hydrogels with different ERC by varying the BIS
crosslinker concentrations between 0.5 and 1% for vortexed and
inverse opal hydrogels. We found that we could prepare an inverse
opal hydrogel with an estimated ERC ~0.3% that shows a respon-
sivity of ~14.3 by using a 1% BIS crosslinker concentration and a
hydrogel volume fraction of 0.3. Alternatively, we prepared a vor-
texed hydrogel with the same responsivity of ~14.3 by using 0.5%
BIS and a hydrogel volume fraction of 0.55. Interestingly, the vor-
texed hydrogel with 0.5% BIS appears to have significantly lower
mechanical strengths; the hydrogel broke into multiple pieces after
3 swelling ratio measurements. In contrast, the inverse opal hydro-
gel with 1% BIS appears more mechanically robust; it did not fall
apart after 3 measurement cycles.

This increased mechanical robustness presumably results from
a decreased hydrogel brittleness due to the increase numbers
of hydrogel voids which decreases the ability of fractures to
successfully propagate [27,28]. For example, voids in foam-like
structures interfere with fracture propagation in metallic foams
[29]. Thus, we conclude that increasing the void volumes in hydro-
gels should decrease fracture propagation, which should increase
their mechanical strength.

4. Conclusion

We demonstrated an increased magnitude of VPT of macrop-
orous hydrogels compared to those of non-macroporous hydrogels.
We conclude that the incorporation of voids into the hydrogel
network decreases the impact of the hydrogel crosslinking net-
work elastic free energy constraints, which enables an increased
hydrogel response. An increased magnitude of the VPT enables
the fabrication of more responsive chemical sensors which enable
lower limits of detection. We also demonstrated novel and simple
vortexing and inverse opal fabrication methods that enable easy
fabrication of macroporous hydrogels. These macroporous hydro-
gels appear more mechanically robust than their non-macroporous
counterparts.
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