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We present a novel concept of generating both static and
pulsatile chemical gradients using acoustically activated bubbles
designed in a ladder-like arrangement. Furthermore, by regulat-
ing the amplitude of the bubble oscillation, we demonstrate that
the chemical gradient profiles can be effectively tuned.

Generating pulsatile chemical gradients in microfluidic devices
has important implications for the characterization of dynamic
biological'™* and chemical processes.® Several recent studies have
shown that both spatial and temporal characteristics of chemical
stimuli play an important role in cell signalling. In addition,
pulsatile chemical gradients can be useful for high-throughput
characterization of cellular processes such as directed migration,"
differentiation,"™"* and apoptosis."® Existing techniques to gen-
erate chemical gradients include the Boyden chamber and its
derivatives,"**® the micropipette method,"”” and microfluidic-
based systems.'® > Although all of these methods are capable of
generating linear and radial chemical gradient profiles in a static
manner, limited research®*>” has been conducted on dynamic
temporal control of chemical gradients.

In this article, we demonstrate that multiple bubbles that are
arranged in a ladder-like formation and oscillating in an acoustic
field provide a novel and versatile method to generate tunable,
pulsatile chemical gradients in microdevices. The bubbles were
trapped and supported in the polydimethylsiloxane (PDMS)
microfluidic channel using horseshoe structures, a technique
previously developed by our group.”® Each oscillating bubble
(Fig. 1a), when activated, mixes the stimulus and buffer solutions
locally,?®*>* effectively diluting the stimulant concentration.
Subsequent transport of this mixed stimulant to the next bubble
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in the ladder results in further dilution of the stimulant, thereby
generating a spatial gradient of the stimulant across the
microchannel. In addition, each of the oscillating bubbles can
be activated or deactivated almost instantaneously, facilitating the
generation of pulsatile chemical gradients. Furthermore, by
controlling the mixing ratio of the stimulant and the buffer, we
demonstrate that the chemical gradient profiles can be tuned on-
the-fly.

Our experimental setup (Fig. 1a) contains multiple bubbles
trapped by horseshoe structures (60 x 90 x 60 pm; see also
Supplementary Information). Briefly, a single-layer PDMS channel
containing multiple horseshoe structures is bonded to a glass
slide, while a piezoelectric transducer is attached adjacent to the
channel. After the bubbles were trapped in the horseshoe
structures (refer to Video 1 of the Supporting Informationt for
more details), stimulant (green, Fig. 1a) at the maximum
concentration of C, was introduced into the channel through
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Fig. 1 (a) Schematic of the experimental setup. A piezoelectrical transducer is
placed adjacent to the microfluidic device. A chemical gradient profile is
established between the co-flowing stimulant and buffer in the microfluidic
channel. (b) Image sequence acquired at 200,000 fps to capture one complete
cycle of an oscillating bubble trapped within a horseshoe structure.
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the right inlet, while the buffer was infused through the left inlet.
Parallel laminar flows of stimulant and buffer across the channel
were established. When the bubbles were acoustically activated via
the piezoelectric transducer at an excitation frequency of 30 kHz,
the oscillations of the bubbles exhibited the “microstreaming”
phenomenon.**™° All the horseshoe structures were designed to
be of identical geometry, and as a result the trapped bubbles
oscillated at a single resonance frequency. In principle, the
acoustic microstreaming is generated due to the nonlinear effects
of the oscillatory fluid motion produced by the acoustic waves.*!
The pressure and velocity fluctuations in the liquid near the
bubble cause rapid and homogeneous sideward mixing of the co-
flowing liquids. As shown in Fig. 1a, at t;, the stimulant and buffer
are mixed by the oscillating bubble nearest the inlets, resulting in
a lower concentration, C;, as the stimulant approaches the second
bubble. At t,, the liquid (after passing the first horseshoe structure)
with concentration C; is mixed with the buffer in the laminar
region resulting in further lower concentration, C,. As this step-
wise dilution of the stimulant progresses, all the liquid is mixed
and merged across the channel resulting in a spatial chemical
gradient.

Oscillation of bubbles can be tuned directly by controlling the
voltage fed into the transducer. As indicated in the experimental
results shown in Fig. 2a, the oscillation amplitude responds
linearly to the applied voltage in our experiments. As a
consequence, the mixing distance, d, varies linearly with increas-
ing applied voltage (Fig. 2a). Since bubbles trapped within the
horseshoe structures are organized in a ladder-like formation with
each one offsetting from the last one by a length, /, different
applied voltage allows different mixing distance, enabling us to
achieve different chemical profiles. For a ladder-like horseshoe
structure formation used in this article (detailed design is provided
in Fig. S1-S3 of the ESIf), we simulated the generated gradient
profiles at different mixing distances using a home-made MATLAB
code. The code considers both diffusion and bubble-enabled
mixing effects. It also makes assumptions of homogeneous
mixing, uniform flow velocity along X-coordinates, and the
absence of crosstalk between bubbles. The simulated results for
mixing distances of 250 pm and 375 pm are shown in Fig. 2¢ and
2d, respectively. The simulated chemical gradient profiles
measured at downstream (noted by the dashed line in Fig. 2c)
at mixing distance ranging from 250 pum to 600 pm are
summarised in Fig. 2b. Clearly we can observe the relationship
between the shape of generated gradient profile and the mixing
distance that is controlled by the applied voltage. Therefore by
adjusting the voltage applied we can dynamically control the
spatial and temporal chemical gradient profile.

To experimentally prove the effectiveness of our method, we
used Dextran-FITC (stimulant) and phosphate buffered saline
(buffer) solutions to generate different spatial and temporal
concentration profiles across the microfluidic channel. Owing to
the low Reynolds number*>™ in the microfluidic channel,
laminar flow of the inflowing stimulant and buffer solutions
was established during the “off” state of the transducer, as shown
in Fig. 3a. Once the transducer was turned “on”, all bubbles
trapped within the horseshoe structures were excited simulta-
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Fig. 2 (a) Experimental results of mixing distance (d) as a function of applied
voltage (d is experimentally measured from the center of the horseshoe
structure to the region where no mixing occurs). (b) Simulation results show the
dynamic gradient profiles generated when the mixing distance is varied. (c) and
(d) Simulation results show the generation of chemical gradients with different
mixing distance (d = 250 um and 375 pm, respectively) within the channel.

neously. The streaming and sideward mixing of the liquids at the
trapped bubbles in a stepwise fashion resulted in a gradient of the
stimulant. Fig. 3b shows the gradient generated around the
horseshoe structures and the region far away from the bubbles.
We adjusted the voltage such that a mixing ratio of 1:1 was
achieved between subsequent bubbles, ensuring an exponential
decay chemical profile. Fluorescence distribution across the
channel at positions 1-6 (after passing each bubble, indicated in
Fig. 3b) is shown in Fig. 3e. We observed a step-like intensity
function at position 1 due to absence of mixing between the
Dextran-FITC and PBS solution. At position 2, Dextran-FITC and
PBS solutions were mixed in the region between the front end of
the first horseshoe structure and the rear end of the second
horseshoe structure. Similarly, the subsequent oscillating bubble
progressively mixed and diluted the Dextran-FITC until an
exponential decay gradient profile was established at position 6,
as depicted in Fig. 3e (yellow line). As the stimulant approaches
the rear end of the channel, diffusion-induced mixing of the
stimulant and buffer solutions results in smoothening of the
generated chemical gradient, as shown in Fig. 3f (Vpp = 12 V). The
channel width is decreased from 1.6 mm to 0.6 mm for future cell
studies under higher objectives. The measured intensity profiles fit
well to a first-order exponential decay function, confirming that a
1:1 mixing ratio of the subsequent bubbles ensures an
exponential gradient profile.
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Fig. 3 Characterization of concentration gradient profiles within the microfluidic channel. (a) Images show the interface of the FITC-dextran and PBS at the first
horseshoe structure, and the rear region when the piezoelectric transducer is turned off. (b) Six different positions (1-6) were analyzed across and along the channel,
during the on-state of the piezoelectric transducer at 12 Vpp. Each dotted-line was chosen at the rear end of the horseshoe structures. (c) and (d) Different
concentration gradient profiles generated when the applied voltage changed from 14 Vpp to 16 Vpp. (€) Relative concentration with respect to input concentration (1
mg ml~") profiles for the corresponding positions in (b) were measured by Image J and plotted to reveal the formation of concentration gradient profile. The change
in concentration profile from position 1 to 6 was due to subsequent mixing and merging of co-flowing liquids passed around each of the bubbles. (f) A graph
showing different concentration gradient profiles at the rear end of the channel (position 7) in (b), (c), and (d) respectively.

We further demonstrate that different gradient profiles can be
obtained by altering the mixing distance via changing the applied
voltage from the function generator. Fig. 3c and 3d showed that
different gradient profiles were generated at 14 V,, and 16 V,,,
respectively; the corresponding intensity profiles were shown in
Fig. 3f. When the applied voltage varied from 12 V},;, to 14 V},,, the
mixing distance changed accordingly giving rise to a steeper
gradient profile. Similarly, as the applied voltage is increased to 16
Vpp, the stronger acoustic streaming results in even higher mixing
distance (Fig. 3d). Therefore, the obtained gradient profile is
gradual and tended to be sigmoidal like. These results show that
our approach has excellent flexibility in tuning chemical profiles.

Besides the capability to produce different gradient profiles,
our device is also capable of generating pulsatile gradients at
frequencies as high as 0.1 Hz (Note: the excitation frequency of the
bubble is at 30 kHz). Fig. 4 shows the fluorescent intensity profiles
at positions 1-5 (see inset) at different time values when a pulsing
signal from the function generator was used to trigger the
formation of the gradient. Evidently pulsing gradient profiles can
be generated far away from the acoustic streaming region, thereby
removing any shear stress developed by the oscillating bubble.

In conclusion, we have successfully demonstrated the genera-
tion of spatial and temporal chemical gradient profiles using
acoustically driven oscillating bubbles positioned in a ladder-like
formation. Simply changing the applied voltage can dynamically
tune the generated chemical gradient profiles, both spatially and
temporally. Furthermore, it is possible to obtain more complex
and abundant chemical profiles through changing the design of
the ladderlike formation. We believe that our acoustofluidic-
based method of generating chemical gradient will be invaluable
in many chemical and biological studies and applications, such as
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investigating cell chemotaxis, differentiation, and migration in
dynamic chemical environment.
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Fig. 4 Experimental results show the pulsing of the gradient at different
positions across the channel at a frequency of 0.1 Hz. Fluorescent intensities
were measured and analyzed at positions 1-5 (see inset) during the on and off
state of the transducer.
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