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ABSTRACT: While living systems have developed highly
efficient ways to convert chemical energy (e.g., ATP hydrolysis)
to mechanical motion (e.g., movement of muscle), it remains a
challenge to build muscle-like biomimetic systems to generate
mechanical force directly from chemical reactions. Here we show
that a continuous flow of reactant solution leads to by far the
largest volume change to date in autonomous active gels driven
by the Belousov—Zhabotinsky reaction. These results demon-
strate that microfluidics offers a useful and facile experimental
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approach to optimize the conditions (e.g, fabrication methods, counterions, flow rates, concentrations of reagents) for
chemomechanical transduction in active materials. This work thus provides much needed insights and methods for the
development of chemomechanically active systems based on combining soft materials and microfluidic systems.

B INTRODUCTION

This paper reports the use of a continuous reactant flow in a
microfluidic system to achieve giant oscillating volume changes
in spontaneously active gels for chemomechanical transduction.
Conversion of the energy stored in chemical bonds into
mechanical forces is an essential process for life. Living systems
have evolved thermodynamically efficient and environmentally
benign ways of harnessing chemical energy to produce motion,
for example, using the energy released by ATP hydrolysis to
power the directed movement of muscle fibers or micro-
tubules." On the other hand, current man-made systems (e.g.,
internal combustion engines), though able to convert chemical
energy into mechanical forces or movement,” have much lower
efficiency than biological systems. Thus, it is attractive to
construct biomimetic systems that preserve the key aspects of
living systems for generating mechanical forces from chemical
reactions. Inspired by a prominent feature of muscle, softness,
researchers have extensively explored gels as a type of synthetic
material for mimicking muscle.>”” Among the active soft
materials, one notable example is the spontaneous oscillatin
gels driven by the Belousov—Zhabotinsky (BZ) reaction
reported first by Yoshida.* Although it successfully integrates
chemical oscillation with soft materials to give beating that
resembles the behavior of heart muscle cells, the Yoshida gel
exhibits relatively small volume change (~17%) during each
cycle. Subsequent structural modification of the polymeric
networks in §els of this type has resulted in only modest
improvement.””® These results imply that, in addition to
softness, it is necessary to mimic other features of muscle in
order to optimize chemomechanical transduction.

In research on biomimetic gel materials, an often overlooked
anatomical feature is that capillaries play an integral role in vivo
by providing biological fuels to and removing metabolic waste
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from muscle cells. Thus, to explore gel materials in a muscle-
like environment, we choose microfluidics’® to simulate the
effect of the capillary for chemical transportation. Several
groups have explored gels in microfluidic systems."'™"* For
example, Beebe reported the use of gels as a component for
self-regulated flow control® and adaptive liquid microlenses,’®
Kumacheva'* and Seiffert'> used microfluidic systems to
generate capsules of biopolymer hydrogels, Herr demonstrated
the use of gels for automated microfluidic protein blotting,"
Wu utilized hydrogels to create complex, static solution
gradients in microfluidic channels,"> and Ismagilov employed
nonlinear dynamic reactions in microfluidics to build a minimal
functional model of hemostasis.'® Although microfluidic
systems have found application in studying the chemical
communication'” of BZ droplets and chemical self-organiza-
tion,'® the properties and potential of self-oscillating gels in a
microfluidic system have yet to be explored for chemo-
mechanical transduction.

In this work, we use a microfluidic channel (Scheme 1) to
explore chemomechanical transduction in BZ catalyst-contain-
ing microgels made by photopolymerization (Figure 1). We
observe that the volume change during each oscillation under
optimal, continuous flow exceeds 500%, more than an order of
magnitude greater than the highest reported value (25%) " for
volume changes of oscillating gels without flow. Using a
microfluidic system to study gels containing two new BZ
catalysts (1 and 3, Figure 2B), we confirm that continuous flow
generally results in larger volume changes than without flow.
Besides easily tuning the flow rate, continuous flow allows us to
switch the counterion of the BZ catalyst, thus revealing that the

Received: January 15, 2014
Published: April 21, 2014

dx.doi.org/10.1021/ja503665t | J. Am. Chem. Soc. 2014, 136, 7341-7347


pubs.acs.org/JACS

Journal of the American Chemical Society

Scheme 1. Chemomechanical Oscillation of Active Gels with
and without Flow of Solution
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Figure 1. Setup for fabricating the microgel and the microfluidic
channel for examining the volume change of the microgel.

nature and the charge of the electrolyte significantly affect the
volume change of the oscillating gel. This work thus provides
new insights and methods for the development of chemo-
mechanical systems based on nonlinear chemical dynamics to
impart specific multiple functionalities to novel soft materials.

B RESULTS AND DISCUSSION

Figure 1 shows the photopolymerization process for fabricating
microgels. We employ rapid prototyping™® to generate the
photomasks, which are intended to create disk-shaped
microgels with diameters of 100—600 ym. We place the
solutions containing the catalyst (1, 2, or 3), the monomer (4),
and, if necessary, the cross-linker (5) (Figure 2A) into a
polycarbonate mold (Figures 1 and S1, Supporting Informa-
tion) with a height of 80 ym to help define the height of the
gel. After carrying out the photoinitiated polymerization® in an
ice—water bath for 10—30 min, we obtain donut-shaped
microgels, resulting from the reaction and diffusion of the
reagents.”' A subsequent 3-day dialysis in deionized (DI) water
ensures the removal of any unreacted reagents from the
microgel.

Using the procedure in Figure 1, we obtain three microgels,
Gel, Gel,, and Gel. (Figure 2B). In the three gels, the
monomer, N—isopropylacrzlamide (NIPAAm) (4), polymerizes
to form poly(NIPAAm)>* as the polymer backbone. In Gel,
and Gel,, bis(IN,N’-methylene-bis-acrylamide) (5), which serves
as the cross-linker, and the BZ catalysts 1* and 2* as pendants
copolymerize into the poly(NIPAAm) to form polymer
network type I (Figure 2C). Catalyst 3,” which bears multiple
polymerizable vinyl groups, itself acts as a cross-linker, so that
Gel, only requires the monomer 4 and the catalyst 3. Thus, the
architecture of the polymer network in Gel, differs from those
in Gel, and Gel,, and we term it type II in this work.
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Figure 2. (A) Molecular structures of the components used for
fabricating the oscillating gels. (B) Compositions of the three
oscillating gels. (C) Schematic representations of the polymeric
networks in the two types of gels. (D) Fluorescent images of a type I
microgel (Gel,) viewed from its top and a 3D projection obtained
from a z-scan (scale bar is 100 ym). (E) Fluorescent images of a type
II microgel (Gel,) viewed from its top and a 3D projection obtained
from a z-scan (scale bar is 100 ym).

For type I gels, the polymerization rate of NIPAAm (4) is
14% and 23% within Gel, and Gel,, respectively. The molar
ratio of catalyst to NIPAAm is 0.5% and 0.6% in Gel, and Gely,
respectively. For the type II gel, Gel,, the polymerization rate of
NIPAAm is around 11%, and the molar ratio of catalyst (3) to
NIPAAm is around 5%, almost 10 times as high as in the type I
gels. These differences originate from the different structures of
the catalysts and their different polymer networks in the gels.

Since the [Ru(bipy);]** **-based BZ catalysts (1, 2,* and
3”) fluoresce upon irradiation at 488 nm, we use confocal
fluorescent microscopy to characterize the shapes and structural
properties of the microgels. As shown in typical examples
(Figure 2D,E), both types of microgels show weaker
fluorescence in their centers than at their edges. Together
with the 3D projections, these results suggest that both types of
microgels have donut-like shapes, that is, they are thicker at the
edges than in the centers. This unique geometry may also
contribute to the large volume change observed, in agreement
with other works demonstrating geometry-enhanced volume
changes.”® Despite being fabricated under the same conditions,
the microgels exhibit slight differences between batches.
Additionally, inhomogeneity of the light source for polymer-
ization results in a distribution of diameters and symmetries
even within the same batch of microgels (Figure S2, Supporting
Information).
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The length of each dimension of the microgels is controlled
to be below 600 pm, the critical length scale of the BZ wave, to
guarantee the uniform oscillation of the microgels. To minimize
the influence of size variation of the microgels on their
oscillating volume change, microgels with the same size were
picked for further tests.

Fluorescent images of thin slices of the microgels (Figure S3,
Supporting Information) reveal different morphologies of the
two types of gels. While the distribution of [Ru(bipy);]**
appears to be homogeneous in type I microgels (Gel, and
Gel,), type II microgels (Gel.) contain heterogeneously
distributed [Ru(bipy);]** centers, which agrees with our
previous observation.

To test the chemomechanical oscillation behavior of the
microgels in the presence of flow, we use a sandwich type of
flow cell, constructed by gluing two pieces of polycarbonate
film onto a 250 pm high spacer (Figure 1). A syringe pump
connected to the inlet of the flow cell controls the flow rate of
BZ solution through the cell. This simple setup (Figure S2,
Supporting Information) fits under an optical microscope to
allow an adapted CCD camera to record the oscillation of the
microgel. The flow cell is placed on a temperature control stage
(Figure SS, Supporting Information) to maintain constant
temperature during the oscillation of the microgel. Using this
microfluidic system, we first tested Gel, under various BZ
reaction conditions (Figure S6, Supporting Information) (e.g.,
[NaBrO;] = 0.08—0.2 M, [CH,(COOH),] = 0.06—1.2 M, and
[HNO;] = 0.1-0.8 M), at different temperatures (Figures 3A
and S7, Supporting Information). With the same flow of BZ
reagents, Gel,’s oscillating volume change decreases gradually
when the temperature rises and is smallest at 30 °C. Gel,
exhibits its maximum volume change during oscillation with
[NaBrO,] = 0.2 M, [CH,(COOH),] = 04 M, and [HNO;] =
04 M, at 10 °C, different from its optimal temperature for
oscillation in static BZ solution, 18 °C.

To determine the optimal temperature for the other
oscillating gels, Gel, and Gel. were tested under the same
continuous flow at different temperatures. As shown in Figure
3B, Gel, achieves its largest volume change at 22 °C. Both
lowering and raising the temperature decrease the amplitude of
oscillatory volume change dramatically. Like Gel,, Gely, has a
type I polymer network (Figure 2C), but the linker between the
catalyst and the polymer backbone is shorter than in Gel,.”* In
Figure 3C, the type II microgel, Gel, also has a maximal
volume change at 10 °C. However, the volume change of Gel,
decreases more rapidly with temperature rising than does that
of Gel,. Moreover, there is almost no mechanical oscillation
when the temperature is higher than 22 °C. Similar to our
previous results on type II gels, high temperature produces a
dense and rigid network of Gel, that inhibits the oscillation.
Because the ratio of monomers to additives in the polymer also
affects the temperature response of the gels, it is expected that
the three microgels would have different profiles of volume
changes.

Comparing both types of gels’ maximal volume change under
continuous flow of BZ solution to their performance in static
solution, continuous flow generally results in larger volume
changes. As summarized in Figure 4A, under continuous flow,
the average diameter change of Gel, reaches 38% between the
oxidized state and reduced state, which corresponds to a 163%
volume change. In a bigger container filled with reaction
solution without flow, Gel, exhibits only a 4.6% volume change
during oscillation. The continuous flow results in more than an

7343

0.4

0.3

0.2

0.1

Relative Diameter Change

0.0 -

14 18 22

Temperature (°C)

26

1.4

1.2
1.0
0.8
0.6
0.4
0.2

0.0 | NN

14

Relative Diameter Change

|

30

22
Temperature (°C)

meter Change

10 14 18 22

Temperature (°C)

26

Figure 3. Relative volume changes of oscillating (A) Gel,, (B) Gely,
and (C) Gel, under continuous flow of BZ solution (10 xL/min,
[NaBrO,] = 0.2 M, [CH,(COOH),] = 0.4 M, and [HNO;] = 0.4 M)
at different temperature.

order of magnitude increase of the volume change. Under
continuous flow, the average diameter change of Gely, between
its oxidized and reduced states reaches 100%, corresponding to
more than a 500% volume change. Without the flow (ie., in
static BZ solution), Gel, exhibits a 25% volume change (the
best case). Unlike Gel,, Gel, has a type II polymeric network
(Figure 2C) and shrinks in the oxidized state.” Under
continuous flow, the average diameter change of Gel. is 16%,
which corresponds to a 56% volume change. However, in
stationary BZ solution, Gel, only exhibits a 5% relative diameter
change, which corresponds to a 16% volume change.

Besides inducing large oscillating volume changes, continu-
ous flow slows the rate of oscillation of the gels. The oscillation
periods of Gel,, Gely, and Gel, are around 2000, 3600, and 1500
s under optimal continuous flow, but they are around 800, 250,
and 400 s, respectively, under static conditions. These results
further confirm that the flow decreases the rate of accumulation
of the intermediates of the BZ reaction. By examining the
correlation between oscillating volume change and oscillation
period (Figure S), we also found that larger volume change
corresponds to a longer oscillation period and relatively larger
standard deviation.

Considering the kinetic nature of the gel networks, it is not
surprising that we observe batch differences and relatively large
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standard derivations. Since the larger volume change and longer
oscillation period correlate with longer relaxation times, the gel
networks also evolve with the chemical oscillation. This
intriguing phenomenon becomes even more dramatic when
the gel oscillates under continuous flow, further indicating the
unique nature of spatially distributed chemical oscillation under
flow.

By comparing the shapes and volumes of the microgels in the
reduced state at the beginning of the BZ oscillation and after
several hours of oscillation under continuous flow (Figure S10,
Supporting Information), we found that the volumes of all
three kinds of microgels increase considerably. This observation
indicates that the networks of the microgels become less rigid
during the BZ reaction due to the dynamic nature of the gels.
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Because the microgels with larger oscillation volume change
have longer oscillation periods, more extensive morphological
changes occur in these gels. These morphological dynamics,
resulting from larger changes of their polymer networks in the
gel, thus contribute to the larger standard deviation.

The continuous flow also reveals that the geometry of the
microfluidic channel influences the effect of flow rate on the
volume change (Figure 6). As shown in Figure 6A, when the

A

w/d =40

e
»

0.3

0.2

0.1+

Relative Diameter Change*

0.0

2.5 uL/min 5 pL/min 10 pL/min

Flow Speed

50 pL/min

04l wid=10

0.3
0.2+

0.1

Relative Diameter Change*

2.5 pL/min 5 pL/min

Flow Speed

10 pL/min

Figure 6. Relative diameter changes of Gel, in a microfluidic channel
with w/d = 40 (A) and a channel with w/d = 10 (B) at different
continuous flow speeds (w, width of microfluidic channel; d, diameter
of microgel; *, per oscillation).

width of the microfludic channel is much larger than the
diameter of the microgel (e.g, w/d = 40), Gel, shows no
mechanical oscillations but only chemical oscillations at flow
speeds of 2.5 and S pL/min. The biggest volume change of
mechanical oscillation happens at a flow speed of 10 yL/min.
Above 10 pL/min, changing the flow speed, even by a factor of
S, has little effect on the volume change of mechanical
oscillation. However, when the width of the microfludic
channel is relatively smaller (e.g, w/d = 10), mechanical
oscillation occurs at a flow speed of 2.5 yL/min, and the biggest
volume change is achieved at 5 pL/min. Compared to w/d =
40, when w/d = 10, doubling the flow rate significantly affects
the magnitude of the volume change (Figure 6B). Thus, higher
flow speed is not only necessary but also ideal for mechanical
oscillation when the width of the microfluidic channel is much
larger than the diameter of the microgel. These experiments
demonstrate that it is the fluid velocity in the channel that is
important and not the flow rate.

Continuous flow contributes to two processes that have
opposite effects on the oscillation of the gel. First, flow delivers
the reagents needed in the reaction [BrO;~, CH,(COOH),,
and HNO;]. If the gel is operating in a diffusion-dominated
regime, then increasing the flow rate will increase the
concentration of reagents at the gel—solution interface, thereby
increasing the rate of reaction. Eventually, the rates will become
reaction-limited, and increasing the flow beyond this point will
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not increase the chemical concentrations. However, flow also
has an antagonistic effect on the oscillation through removal of
essential products of the BZ reaction, such as Br,, that are
produced inside the gel and diffuse into the fluid stream and are
subsequently swept away. Therefore, the reaction will cease
when the flow rate is too high. With too little flow, the gel is
starved, and with too much flow, essential chemicals produced
by the gel are removed. Thus, it is reasonable that there is an
intermediate flow rate for which there will be a maximal volume
change.

The continuous flow provided by the microfluidic setup also
allows quick and convenient screening or testing of other
parameters of oscillating gels for chemomechanical conversion.
For example, to probe the role of the counterion of
[Ru(bipy);]**, we flow acids with anions of different valence,
in the sequences HNO;—H,SO, and H,SO,—HNO;. That is,
after the microgel (Gel,) exhibits relatively stable oscillation in
HNO; (0.4 M), we change the HNO; to H,SO, (0.2 M) in the
flow stream of the BZ solution. Similarly, after the oscillation of
the microgel becomes stable in H,SO, (0.2 M), we change the
acid back to HNO; (0.4 M). The relatively low concentrations
of both acids ensure the constant acidity of the BZ solution. As
shown in Figure 7A, replacement of nitric acid by sulfuric acid
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Figure 7. Chemomechanical oscillation profile during transition of

Gel, induced by counterion exchange (A) from nitric acid (HNO;) to
sulfuric acid (H,SO,) and (B) from H,SO, to HNO;.

results in a decrease of the volume change (e.g., from 60% to
20% relative diameter change), accompanied by more rapid
oscillation (e.g., the period decreases from 2000 to 1300 s,
Figure S12A, Supporting Information). This process is
reversible, though not symmetric, as switching sulfuric acid to
nitric acid increases the volume change (e.g,, from 5% to 60%
relative diameter change, Figure 7B) and slows the oscillation
(e.g, the period increases from 190 to 3500 s, Figure S12B,
Supporting Information).

The smaller volume change caused by the use of sulfate
probably arises from the buffering effect of the equilibrium
between HSO,™ and SO,>”, which makes the polymer network
less sensitive to changes in the charge state of the catalyst (e.g,
between [Ru(bipy);]** and [Ru(bipy);]**).

Interestingly, it takes about 4000 s to stabilize the oscillation
of the gel when nitric acid is replaced by sulfuric acid but only
450 s for the reverse transition from sulfuric acid to nitric acid.
This result indicates that the in-gel ion exchange from NO;™~ to
SO,*” is much slower than from SO,>~ to NO;~, which is the
first observation to date on the dynamic ion exchange that
occurs in self-oscillating gels. These results confirm that the
character of the electrolyte also impacts chemomechanical
conversion in oscillating gels.

Coupled nonlinear chemical oscillators without flow have
been studied as experimental models for understanding
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biological phenomena,'”*® ranging from the collective behavior

exhibited by single cell organisms to neuronal circuits. Inspired
by this, we combined microfabrication and microfludics to
make possible the study of the oscillatory behavior of an array
of microgels under continuous flow. As shown in Figure 8A, we

continuous
flow
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Figure 8. (A) Optical images of an array of Gel, at different oscillation
states under continuous flow (10 yL/min). (B) Relative diameter
changes of oscillating microgels at different positions in the array. (C)
Oscillation profiles of the microgels (at positions I —IV) in the array.

made an array of microgels. By analyzing the oscillations of
microgels at positions I-IV, we found that microgels at
different positions in an array oscillated with similar relative
volume change (Figure 8B). A plot of the time-dependent
volume change (Figure 8C) of the microgels indicates that the
microgels swell and deswell nearly simultaneously. The origin
of coupling between oscillators without flow is diffusive flux of
the participating components. It is known that the geometric
arrangement, size, and shape of the oscillators and the distance
between oscillators all affect the coupling strength and the
resulting collective behaviors of the oscillators.”” Applying a
continuous flow of reagents to an oscillating microgel array
significantly modifies the diffusive coupling of the participating
species. Depending on the direction and speed of the flow, the
coupling strength between oscillating microgels can be
manipulated. As the first example of coupled oscillating
microgel oscillators, this system provides a promising
experimental model as a tunable coupling system that deserves
further detailed study.
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B CONCLUSION

This work, as the first example of using microfluidics to study
chemomechanical transduction based on the BZ reaction, sets a
new benchmark for the volume change of self-oscillating gels.
Compared with classical thermal polymerization methods for
the fabrication of BZ gels, photopolymerization has several
advantages (e.g., speed, shape control, and size control), which
should be useful for further exploration, such as the fabrication
of hybrid oscillating gels consisting of different types of
polymeric networks. The autonomous large volume change
obtained in this work also differs fundamentally from the shape
change of gels resulting from the alternating flow of different
solutions (e.g., buffers with different pHs*®). It is surprising that
the parameters of the continuous flow corresponding to the
microenvironment of the oscillating microgel affect so strongly
their chemomechanical transduction.

Although it is known that the volume change can be related
to the size of the BZ gel since traveling chemical waves give way
to uniform oscillations in smaller systems,*” the large difference
in volume change observed in this case is unlikely to be caused
by size differences in the microgels, since the microgels used
have roughly the same size. The fact that the variation of the
flow speed has a dramatic influence on the volume change
suggests that the difference in volume change results primarily
from the flow, which alters the reaction—diffusion profiles of
the reactants, intermediates, and products of the BZ reaction.

The dependence of the volume changes of the gel on the rate
of the flow of the BZ reagents implies that gradients of the
reagents, intermediates, and products inside/outside of the BZ
gels play an important role. Measurement of these gradients is a
challenging experimental problem, which lies beyond the scope
of the present work.

The combination of microfabrication and microfluidic
techniques provides new and useful experimental tools for
the development of theoretical frameworks for understanding
chemomechanical materials based on a wide range of catalysts
and polymeric networks.”*"
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Synthetic procedures, characterization methods, Figures S1—
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