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Abstract

Creating and maintaining a precise molecular gradient which is stable in space and time are
essential to studies of chemotaxis. This paper describes a simple, compact, and user-friendly
microfluidic device using a passive pumping method to drive the liquid flow to generate a stable
concentration gradient. A fluidic circuit is designed to offset the effects of the pressure imbalance
between the two inlets. After loading approximately the same amount of culture media containing
different concentrations of a certain chemotactic agent into the two inlet reservoirs, a linear
concentration gradient will be automatically and quickly established at the downstream. Our
device takes advantage of passive pumping and is compact enough to fit into a Petri dish, which is
an attractive feature to biologists. Furthermore, this microfluidic gradient generator offers a
platform for a facile way of long-term imaging and analysis using high resolution microscopy.
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1. Introduction

Cell migration plays an important role in many biological and pathological processes
including embryogenesis, the immune response, wound healing, tissue repair, and tumor
metastasis (Lauffenburger and Horwitz 1996). Chemotaxis is a phenomenon in which a cell
migrates directionally in response to a certain concentration gradient. During chemotaxis, a
cell senses a relatively shallow gradient of a chemotactic agent and responds with highly
oriented polarity and motility (Weiner 2002). Thus, an understanding of the molecular basis
of chemotaxis could lead to new therapeutic opportunities for many pathological processes
underlying cell migration.

Not surprisingly, there have been considerable interests in developing assays to generate
chemotactic gradients. Traditional methods to create gradients of chemotactic agents include
the pipette-based assay (Gerisch and Keller 1981), the under-agarose assay (Kohidai 1995),
the Boyden/transwell assay (Boyden 1962), and the Dunn assay (Zicha et al. 1997; Zicha et
al. 1991). In recent years, various microfluidic chemotactic platforms have been developed
which were typically miniaturized variations of these traditional assays. For example, with
the Dunn chamber, the linear chemotactic gradient was originally created in a glass bridge
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between two concentric wells, and the microfluidic version included a source/sink construct
to generate the chemotactic gradient in a microfabricated device (Shamloo et al. 2008;
Cheng et al. 2007; Abhyankar et al. 2006; Diao et al. 2006). To slow down the decay of the
gradient, microcapillaries (Shamloo et al. 2008), hydrogels (Cheng et al. 2007), and
membranes (Abhyankar et al. 2006; Diao et al. 2006) were used to serve as high fluidic
resistances to minimize convective transport and maintain a diffusion-dominating
environment.

However, in real device operation, various factors can prevent the formation of precise
molecular gradients that are stable in space and time for biological studies. In the Dunn
chamber, for example, the agents will deplete in the source and accumulate in the sink,
which will lead to a drift of the concentration gradient over time. To prevent this drift, two
continuous fluid streams with prescribed chemotactic agent concentrations have been used
to replace the two still liquid reservoirs in the microfluidic platforms (Irimia et al. 2007;
Saadi et al. 2007). Another very successful assay of microfluidic concentration gradient
generators was a pyramidal microfluidic device presented first by Whitesides and co-
workers (Jeon et al. 2000; Dertinger et al. 2001; Jeon et al. 2002; Dertinger et al. 2002). In
this scheme, two laminar streams carrying different concentrations of chemotactic agents
created a concentration gradient perpendicular to the flow direction after they were
repeatedly split, mixed, and recombined in the microfluidic network extending in a
pyramidal way. However, both of the above-mentioned schemes require external syringe
pumps to maintain equal flow rates/pressures of the two loading streams, which is essential
to the generation and maintenance of the stable concentration gradient. This requirement
limits the widespread use of these devices for long-term cell culture. Even though active
pumping methods such as syringe pumps or electroosmotic pumps can provide more
accurate and adjustable volumetric flow rates, the utilization of these pumps requires
external equipment which is generally large in size and complex to operate. Moreover,
considering the series of activities in cell culture and biological investigations such as cell
seeding, culture maintenance, treatment, and observation, the external instruments and their
connections complicate the device's experimental usages and increase the chance of
introducing contamination.

In view of this, it is desirable to develop a simple microfluidic platform that can generate a
stable concentration gradient without the need of complex external instruments. The passive
pumping method (Berthier and Beebe 2007; Lynn and Dandy 2009; Walker and Beebe
2002) provides an easy approach to drive fluid flow through microchannels. However, it is
difficult to apply this pumping method directly to create a concentration gradient because of
the inability of control of the flow rates and balance of the pressures between two streams
from individual passive pumps. Considering the various factors that can affect the pressure
and the flow rate in passive pumping, tiny operational variations may lead to significant
drifts in the final generated concentration gradient.

In this paper, a fluid circuit has been designed to balance the pressures between two streams
from two separate passive pumps. By feeding the pyramidal microfluidic circuit with these
two streams, a linear concentration gradient is created and maintained at the downstream.
The microfluidic platform sheds the external syringe pumps and the associated connections.
Its compact nature, therefore, allows the platform to be placed into a 75-mm-diameter Petri
dish, compatible with the everyday practice of experimental cell biologists. The final
platform is also extremely easy for biologists to operate and to be mounted on conventional
microscopes for long-term, high-resolution live-cell imaging.
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2. Design Principle of the Pressure Balance Circuit

Compared to reported microfluidic gradient generators (Jeon et al. 2000; Dertinger et al.
2001), we changed the pumping component from the external syringe pumps to the semi-
autonomous pumps. This passive pumping method (Berthier and Beebe 2007; Lynn and
Dandy 2009; Walker and Beebe 2002) eliminated any connections and ensured that the
whole device was compact enough to be placed into a Petri dish. However, the passive semi-
autonomous pumps also face challenges. The main issue confronting the passive pumping
method is to maintain pressure equilibrium between the two feeding streams of different
chemotactic agent concentrations to form a linear concentration gradient. Pressure
imbalance between the two streams will disturb the side-by-side streams. As a result, they
cannot be split and recombined equally in the pyramidal microfluidic circuit as expected.

In passive pumping, the laminar flow inside the microfluidic channels and chambers is
maintained by the pressure difference between the loading and waste wells (reservoirs) due
to the elevation and capillary effects. It is extremely difficult to achieve a precise pressure
balance between the two inlets because of the inevitable slight variations in the amount of
media loaded into each well, the physical properties of the media (e.g., capillary properties,
viscosities, etc.), and the inner surface properties of each reservoir. In practice, for example,
the only control is to load equal amounts of media measured by the pipette; however, slight
differences always exist because of the inevitable operational variations. The combination of
these effects could disrupt the stable and reproducible concentration gradient. To overcome
the issue of the imbalanced pressure and flow rate between the two feeding streams, we
designed and implemented a fluidic circuit including a balance zone and an equilibrium zone
at the upstream as shown in Fig. 1(a), through which two streams with equivalent pressure
were generated automatically.

The balance zone includes two serpentine channels with high flow resistance functioning as
counter-pressure-difference channels (Fig. 1(b)). Each channel is connected with a liquid
reservoir for holding media. After the two fluidic steams travel down these two serpentine
channels, they meet at a contact zone which is designed to equilibrate their pressures. It is
worth noting that the equilibrium zone has been used by Irimia et al. (2007); however, in
their scheme, there is no balance zone with high flow resistance serpentine channels before
the two stream meet at the contact zone. Once passing this contact zone, the pressures of the
two streams become the same. Note that mixing can occur when the media flow through the
contact zone and a small portion of the media from the higher pressure stream are pushed to
the stream of a lower pressure. To reduce the effects from mixing, each stream will flow
through another serpentine channel in which the media will mix to achieve a new uniform
concentration. Then, they continuously travel down into the pyramidal microfluidic network
and form a concentration gradient in the cell culture and observation zone.

To demonstrate the design principle, an equivalent electric circuit model of the microfluidic
network is shown in Fig. 1(c). A simple analogy led to the following equation,

P, -P
Ia — ZB:AR—bB’ 1)
where Pp and Pg represent the pressure at each inlet; A, represents the flow resistance of the
counter-pressure-difference channel; and /ja and /g denote the flow rate of each stream. Our
aim is to minimize the difference between these two flow rates. According to Egn. (1), this
goal can be achieved through either reducing the pressure difference (P4 - Pg) or increasing
the flow resistance A,. As mentioned above, a pressure difference cannot be completely
avoided in reality. Therefore, we increased the flow resistance of the counter-pressure-
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difference channel, Ry, as a mean of diminishing the effect of the pressure imbalance, which
is the reason for adding two long serpentine channels before the contact zone (Fig. 1(b)).

3. Results and Discussion

3.1 Device fabrication and dimensions

The microfluidic devices were fabricated using standard soft-lithography techniques
(Dertinger et al. 2001) by replica molding polydimethylsiloxane (PDMS) (Ellsworth
Adhesives, Germantown, WI). PDMS was chosen as the construction material because of its
attractive features such as biocompatibility, thermal and chemical stability, and optical
transparency for imaging. The mold was created using a photosensitive material (SU-8
2025) patterned through a transparent mask and positioned over a silicon wafer (McDonald
and Whitesides 2002). A pre-polymer solution of PDMS was then mixed with a curing agent
ata 10:1 ratio and poured over the mold. After degassing, the PDMS layer was allowed to
solidify over their molds at 70°C for 2 h. The solidified layer of PDMS was then peeled
from its mold, and a sharp metal puncher was used to generate holes for the media wells.
After the surfaces were treated with oxygen plasma, the PDMS was bonded to a glass
coverslip (No. 1, VWR Vista Vision, Suwanee, GA). The thin glass coverslip was used as
the base to facilitate observations by high resolution microscopy. The microfluidic system
was finished by attaching three cloning cylinders (Fisher Scientific, Pittsburg, PA) to the
punched holes as reservoirs. An image of the assembled devices is shown in Fig. 1(d).

Two types of devices have been fabricated. The channel heights of both devices are 60 um.
In device I, the compensation channel and each branch in the splitting and mixing zone have
a width of 100 pm and a length of 7 mm. The contact zone is 500 wm wide and 750 pm
long. An 18 mm long and 100 wm wide serpentine channel works as the counter-pressure-
difference channel, whose flow resistance is 2.57 times that of the flow resistance of the
compensation channel. In device I, the counter-pressure-difference channel is replaced by a
19 mm long and 50 pm wide serpentine channel. As a result, its flow resistance increases to
9.82 times that of the compensation channel.

3.2 Numerical simulations of the device performance

To validate our designs, two-dimensional numerical modeling was performed to illustrate
the working mechanisms of the concentration gradient generator. In the simulation, the
diffusion coefficient of the chemotactic agent was chosen as 7 x 10710 m2/s (for comparison,
the diffusion coefficients of glucose and glycine are 6.7 x 1010 and 10.1 x 10710 m?/s,
respectively (Longsworth 1953)). The density of the media was taken as 103 kg/m3 and its
viscosity as 1073 Pa:s.

At the inlet A, the chemokine concentration ¢ was set to be 1, while it was set as O at the
inlet B. The pressure at the inlet and outlet was set as 1 Pa and 0 Pa, respectively. With these
parameters, the maximum flow rate in the microchannels was about 40 wm/s. To generate
the desired concentration gradient in the cell culture and observation zone, the two streams
entering the spliting and mixing zone should have the same flow rate and pressure as shown
in Fig. 2(a). Otherwise, the streams would not be split at the downstreams equally and create
an acceptable concentration gradient.

In practice, however, the above mentioned ideal case usually cannot be achieved. There
always exists a pressure difference between these two inlets because of variations in the
liquid heights in the two inlet wells, liquid surface shapes, and/or other factors in the
experiment. Imbalanced pressure would eventually generate an undesired concentration
profile at the cell culture and observation zone. As shown in Fig. 2(b), if the pressure at inlet
B is higher than that at inlet A by 5%, the concentration of the left stream in the
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compensation channel will decrease dramatically to 0.35, instead of 0.95 as in Fig. 2(a). This
is exactly the reason why we need a pressure balance zone with long serpentine channels to
reduce the pressure difference between the two streams.

According to Egn. (1), the flow rate difference between the two streams would decrease as
the flow resistance of the counter-pressure-difference channels increases. To demonstrate
this effect, two more cases with the presence of counter-pressure-difference channels were
simulated. If we denote the flow resistance of each compensation channel as R, then the
flow resistance of the counter-pressure-difference channel is 2.57 F for device | as in Fig.
2(c) and 9.82 R for device 1l as in Fig. 2(d). With the counter-pressure-difference channels,
even when the pressure at inlet B is higher than that at inlet A by 25%, the concentration of
the left stream in the compensation channel only decreases to 0.72 for device 1, and 0.83 for
device I, which is dramatically better than that without the counter-pressure-difference
channels. These results demonstrate that the counter-pressure-difference channel can
effectively offset the effects of the pressure difference between the two streams and diminish
the effect of inlet pressure variations during device operation.

The concentration distributions at the outlet of the cell culture and observation chamber for
the two devices are plotted in Fig. 3 for various pressure differences. Even when the
pressure difference is as high as 50%, it is still possible to obtain a reasonable concentration
gradient with the well-designed pressure balance circuit.

3.3 Experimental validation of concentration gradients

Verification of the reagent concentration distribution was performed using digital imaging of
a fluorescent marker (FITC, Thermo Fisher, Pierce, IL). The images for the concentration
distribution were taken using a fluorescent inverted microscope with a CCD camera.

As shown in Fig. 4(a), inlet A was connected to a syringe pump to inject deionized (DI)
water and inlet B was connected to a cylindrical reservoir that held FITC diluted into DI
water. For a short time period during the experiment, the pressure of inlet B and the outlet
can be regarded as constant, and the pressure difference between the two inlets can be
evaluated from the equivalent electrical circuit as,

Ry+2Rn+R.)i, — P, |R
p, - p,= et 2Rt R)E, —Py] Ry @
Ry+Ry+0.5R,
where R, R, Ry are the flow resistance of the counter-pressure-difference channel, the
compensation channel and the splitting and mixing zone, respectively. They were calculated
by (White 2006)

L

4ba3. [1 _ 192ay'00 lunh(irrb/Zu)] ’ (3
5

3u b i=1,35... i

R=

Here band aare half of the channel height and the channel width, respectively. L is the
length of the channel. The flow rate /s was read from the syringe pump. The pressure of
inlet B represented by Ag in the equivalent circuit was determined from the fluorescence
micrographs around the contact zone. By adjusting the flow rate /a, the two streams met in
the middle as shown in Fig. 4(b). We assumed that the two flow rates from inlet A and B

were approximately equal in this case. The flow rate was recorded as 12 Then the value of
Pgwas obtained by
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Py=(Ry+2R,+R.) 1. )

Once Pz was determined, the pressure difference was calculated by Eqn. (2). Fig. 4(c) shows
the fluorescent intensity profile as the flow rate jn was increased to 25 nl/s (corresponding to
a pressure difference of 27.09% based on the calculation as described above).

The concentration profiles along the line in the cell culture and observation chamber are
plotted in Fig. 5 for both types of devices. The results confirmed the effectiveness of the
pressure balance circuit in the microfluidic device. With the pressure balance circuit, the
microfluidic concentration generator can sustain a large pressure imbalance between the two
inlets. The larger the flow resistance of the balance zone, the better the performance of the
microfluidic gradient generator.

3.4 Comparison with devices without the pressure balance circuit

To further demonstrate the effectiveness of the pressure balance circuits, we have compared
the fluorescent intensity profiles from devices with and without the balance zone. We
fabricated a total of 8 type I devices (as shown in Fig. 1(d)) and another 8 devices without
the balance zone where the two streams from the passive pumps went to the equilibrium
zone directly (as shown in Fig. 2(a, b)). During tests, 400 .l of DI water alone or with FITC
were loaded into each reservoir, respectively. After 30 minutes, fluorescent images were
recorded at the cell culture chambers. The tests were repeated twice for each device and 16
results for each type of concentration gradient generators were obtained as shown in Fig. 6.
It can be clearly seen that without the pressure balance circuit the intensity profiles (stars in
Fig. 6) are difficult to reproduce, because of the inevitable slight variations in the loading
process and device parameters. However, the intensity profiles from the type | microfluidic
devices (shown with solid circles) form approximately linear gradients, which are bounded
in a region. These results show that the pressure balance circuit could effectively improve
the performance of the microfluidic gradient generator.

3.5 Concentration gradients in a long term

We also conducted an experiment to monitor the concentration profile as a function of time.
400 pl of ovalbumin (at a concentration of 0.1 mg/ml) and 400 .l of 10x PBS were loaded
into the upstream reservoirs in a type Il device. The initial incomplete meniscus in the waste
reservoirs generated a fast flow to build up the concentration gradient quickly. After 30 min,
100 pl of 10x PBS was added in the waste reservoir to form a complete meniscus to slow
down the flow rate. This operation also avoided the abrupt flow rate change caused by the
transition from incomplete to complete meniscus. After the loading reservoirs were covered
by two slabs of PDMS to reduce the effect of evaporation, the microfluidic platform was
mounted onto the microscope stage. Fluorescent images were taken every half an hour, and
the results are plotted in Fig. 7(a). We also extracted the data ranging from 0.3 mmto 1.8
mm and found the gradient of each line (intensity per mm) that fitted the data in a least
squares sense. The gradients at each time point were plotted in Fig. 7(b). The gradient
profiles are relatively consistent for up to 12 h. To further improve the performance, the
flow resistance of the counter-pressure-difference channel can be further increased.

4, Summary

Microfluidic devices would have a significant impact on current experimental methods if
they were widely accepted and used in biological laboratories. We recognized that the
passive pumping method, because of its simplicity, could lead to microfluidic devices that
are user friendly and compatible with traditional biological cell culture practice. Without the
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need of external complex connections and expensive equipment, the devices are simple to
operate and compact to fit into a Petri dish, which are attractive to end users - biologists. On
the other hand, the semi-autonomous flow from the passive pump is difficult to control
precisely. Some elaborated flow patterns such as two parallel streams with equal pressure
and flow rate are difficult to acquire. Therefore, we designed a fluidic circuit that can
generate two streams with equivalent pressure from the two passive pumps. Numerical
simulations and experimental tests based on fluorescent imaging technique confirmed the
functions of the fluidic circuit. By feeding the pyramidal microfluidic circuit with these two
streams, a linear concentration gradient was created and maintained at the downstream. A
thin coverslip as the base and transparent PDMS as the construct material would facilitate
optical imaging at high resolution. In addition, the pressure balance circuit may be applied to
a variety of lab-on-a-chip applications that requires two streams with balanced pressure and
flow rate.
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Figure 1.

Design of the microfluidic concentration gradient generator. (a) A schematic of the
microfluidic circuit. Once the two streams, A and B, with different concentrations of a
chemotactic agent, travel through the balance zone and equilibrium zone, their flow rates
and pressures become the same, which is critical for generation of a stable and linear
concentration gradient in the culture and observation zone. (b) An enlarged view of the
balance zone and equilibrium zone. (c) An equivalent electrical circuit model. (d) A picture
of the assembled device. Water and Ink were added to the left and right reservoirs and
allowed to flow through the device.
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(b)
inlet A inletB
c=1Pa=1 c=0,Pr=1.05
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concentration
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~

Simulation results of the concentration distribution at the top of the microfluidic network. (a,
b) without the balance zone, the microfluidic platform will fail to generate satisfatory
gradients if there is a small pressure difference (5%) between the two inlets. (c, d) with a
balance zone, a good concentration difference can be maintained even if there is a pressure
difference as large as 25%. (c) In device I, the flow resistance of counter-pressure-difference
channels is 2.57 times that of the compensation channel. (d) In device Il, the flow resistance
of counter-pressure-difference channels is 9.82 times that of the compensation channel.
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Simulation results of the concentration distributions at the outlet of (a) device I, and (b)

device Il.
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Figure 4.

Experimental validation of the concentration gradient generator. (a) A schematic of the
experimental set-up to verify the concentration gradient. (b, ¢) Fluorescent micrographs
around the equilibrium zone. Image (b) was used to determine the equilibrium flow rate and
pressure. (d) A fluorescent micrograph in the cell culture and observation zone. The line is
the place along which the fluorescent intensities are extracted to plot the intensity profiles in
Fig. 5.
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Fluorescent intensity profiles in the cell culture and observation zone. (a) device | (&, =
15,978 Pa-s/ul) (b) device Il (R, = 61,009 Pa-s/u.l). Both cases have R, = 6,213.9 Pa-s/u.l
and Ry = 7,298.2 Pa-s/ul.
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Comparison of fluorescent intensity profiles of microfluidic devices with and without the

balance zone.
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Long time behaviors of the concentration gradients. (a) Concentration profiles for 12 hours.

(b) Concentration gradient versus time.
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