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Merging orthogonal microfluidic flows to generate
multi-profile concentration gradients+

A. Menachery, @+ N. Kumawat & $? and M. A. Qasaimeh () *2°

This work describes a novel microfluidic device capable of generating multi-profile gradients that include
sigmoidal, parabolic, and exponential concentration variations across its main channel. The main
distinguishing feature of this device is its simple geometry: it contains fewer fluidic channels that provide
versatility and ease of operation. The narrow orthogonal side channels transport analyte into a wider
buffer stream, and by merely altering flow rates of either one or both streams, gradient profiles are
switched from one to another. Finite element simulations match well with the experimental results and
demonstrate simple manipulation of the generated gradients. Results show that the gradient’s slope,
extent, and position can be modulated by subtle flow rate variations, making the platform adaptable for
various biological applications. The simplicity of the device offers potential for stable chemotactic studies

rsc.li/rsc-advances for long durations.

Introduction

Biochemical concentration gradients are responsible for several
biological phenomena, including growth guidance, differenti-
ation, and chemotaxis. Chemotaxis is described as a biological
response whereby a motile cell migrates spatially and tempo-
rally in reaction to a concentration gradient of chemokines.
Until recently, approximately 50 human chemokines and 20
receptors have been discovered." In developmental biology, it is
well understood that various chemical cues within an embryo
are responsible for the organization of tissues and organs.”
Prior to the development of an embryo, it is recognized that
human sperm are chemotactically enabled to locate the egg by
following a gradient of progesterone.® A biological response to
inflammation and wound healing relies heavily on cell migra-
tion in immune cell response to chemokines. Leukocytes
circulating in the blood stream migrates by means of integrin or
adhesion receptors across the endothelial layer.** In the case of
wound healing, chemokines also contribute to the regulation of
epithelialization and angiogenesis.® Chemotaxis is known to be
influential in cancer progression and metastasis by means of
immune evasion, invasion and dissemination.” Chemotaxis is
also shown by motile bacteria displaying movement towards
regions that contain higher concentrations of beneficial nutri-
ents and away from toxic compounds.®**° Despite the current
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understanding of several chemotaxis-related biological
processes, a gap still remains on explaining how precisely
different biomolecular gradients influence cell responses and
sensitivities during chemotaxis, and how multiple concentra-
tion gradients of different chemokines cooperate in guiding
cells. Therefore, new systems that better mimic the in vivo
microenvironment in a controlled and stable way, which allow
for quantitative studies of gradient signaling, are in demand.

Various traditional methods have been previously employed
to generate chemotactic gradients to characterize cell migra-
tion. Boyden proposed the transwell assay to understand the
migration of leukocytes."** This assay contains two chambers
separated by a porous membrane through which cells migrate.
Cells placed in the top chamber can migrate through the pores
of the membrane into the lower chamber towards an attractant.
In a Dunn chamber, two compartments are connected by
a bridge, wherein, one chamber is loaded with cells resus-
pended in medium, while the other is filled with medium
containing a chemoattractant.'>* Although such traditional
methods were very useful in shaping our current knowledge of
gradient signaling in several biological processes, they lacked
repeatability and precise control to generate quantifiable user-
defined gradients.

Microfluidics has emerged as an alternative to overcome the
drawbacks associated with traditional methods. Using various
microfabrication technologies, well defined enclosed channels
can be created by which various concentration profiles can be
obtained both in static and dynamic “flow” modes. Micro-
fluidics is ideally suited for use in the latter mode, where
laminar fluid streams interact with each other at the interface
by means of diffusion, providing stationary concentration
profiles or well defined temporal changes. While it is also
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possible to use the static flow mode for generating concentra-
tion gradients, the main associated drawback is the limited
duration of gradient stability as diffusion flattens the gradients.

To date, several microfluidic platforms with different
channel network architectures have been employed to generate
linear and non-linear gradients. Examples include a device for
generating static linear gradients which was developed by
sandwiching a three-channel laser-cut membrane between
a plastic reagent manifold and a glass substrate.*® In this device,
fluid perturbations were minimized so that bacterial chemo-
taxis could be clearly studied. Designs that have been
commonly reported for dynamic gradients include the
Christmas tree-like microfluidic network, in which, joining and
splitting of laminar fluid streams can yield linear and non-
linear profiles in the recombined main channel.**** In an
attempt to provide a more compact device layout, Yang et al.
designed and tested a high-density network of radial channels
to produce a stable and reproducible gradient with potential for
high-throughput drug screening.'® We previously developed
a floating concentration gradient using the microfluidic probe
technology, where concentration gradients were generated in an
open channel-less microfluidic configuration.'”"** Furthermore,
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to combine concentration gradients and isolation of the solute
within small chambers, a ladder-shaped channel network with
2 nL small side chambers was developed.* Using the afore-
mentioned techniques among others, microfluidic gradient
chips have the potential to further contribute to the under-
standing of immune cell migration,* axonal navigation,****
stem cell differentiation,* and bacterial chemotaxis.'**

In this work, as depicted in Fig. 1, we developed a micro-
fluidic device that has a simple design capable of generating
multi-profile gradients, such as sigmoid, parabolic and expo-
nential profiles. This can be achieved by only altering fluid flow
rates without the need for design modifications. The proposed
design is a simple network of merged perpendicular channels
that reduce complexity compared to previously reported
designs. Therefore, the developed platform is easy to fabricate
and operate with potential to scale up. The device consists of
one main inlet and outlet, with two orthogonal side inlets that
are further branched into four channels. Each of the four side
channels has a non-linearly increasing length to alter the
hydrodynamic resistance such that decreasing flow rates are
generated in the main channel.

Side Channel 2

Tside Channel 1
(SC1)

1 —— Exponential Profile
c —Sigmoid Profile
% 0.8 — Parabolic Profile
=
3
0.6
(e}
@)
904
N
g
50.2
=

0

0 200 400 600 800

Channel Width (zm)

Fig. 1 The developed microfluidic device for generating multi-profile concentration gradients. (a) Schematic of the device (not to scale)
featuring its components and dimensions (mm): one main inlet, two side inlets each branched into four orthogonal side channels, and one outlet.
Inset shows device photograph containing dye within the channel structure. (b) COMSOL generated surface concentration profiles to produce
parabolic, exponential and sigmoidal gradients (top-to-bottom). (c) Concentration profiles along XY lines in (b).

45514 | RSC Adv., 2017, 7, 45513-45520

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra09692e

Open Access Article. Published on 25 September 2017. Downloaded on 10/29/2025 7:45:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Materials and methods
Design

The geometry of the device consists of a main flow channel with
a width of 800 um and perpendicular side channels merging
into the main channel, as shown in Fig. 1a. The depth of the
channels is 40 um. There are two main side channels, where
each of them branch out into four. The width of each of these
narrow branches is 25 pm. These side structures are identical
and mirrored around the main channel. The four branches are
represented as OA, OB, OC and OD and their lengths are 1.45,
1.53, 3.1 and 4.1 mm, respectively. The side channel ‘A’ which is
closest to the outlet, is placed at a distance of 3.2 mm. This
distance gives sufficient length to perform future chemotaxis
studies. The distances AB, BC and CD are 0.37, 0.28 and 1.95
mm, respectively.

Microfabrication

The SU-8 mold was fabricated using SU-8 2025 (MicroChem
USA) on a 4-inch silicon wafer. The first step of the process was
spin-coating the photo resist to a thickness of 40 pm with a spin
speed of 3000 rpm for 30 s. The deposited layer was then soft
baked at 65 °C for 2 minutes and at 95 °C for 5 minutes. The
resist was exposed to a UV dose of 150 mJ cm ™ at 365 nm, after
which, a post-exposure bake was performed for 2 minutes at
65 °C and 5 minutes at 95 °C. The unexposed SU-8 photo resist
was developed using a standard SU-8 developer, following
which the structure was rinsed with isopropanol. In the final
step, a hard bake was performed at 150 °C to remove any surface
cracks by means of annealing. Subsequently, degassed poly-
dimethylsiloxane (PDMS) (Sylgard 184), in a 10 : 1 ratio of pre-
polymer to curing agent was poured over the SU-8 mold. The
PDMS was then baked at 75 °C for 1 hour and allowed to cool
down to room temperature before it was peeled off and bonded
to a glass substrate by means of an oxygen plasma.

3D finite element analysis

The simulations were carried out using a commercially avail-
able finite element simulation software COMSOL Multiphysics
v4.3 (COMSOL, USA). The two physics modules used were
‘Laminar Flow’ and ‘Transport of Diluted Species’, and the
device was modeled with the same dimensions as the micro-
fabricated channel structure. The material properties, such as
dynamic viscosity and density, were defined using the charac-
teristics of water. The diffusion coefficient of the solute is 5.4 x
10~® cm? s, which corresponds to the diffusion constant of
fluorescein sodium salt in water.>® The results were obtained
under steady-state conditions. For the flow module, we defined
no-slip boundary conditions on the glass substrate and the
sides of the channel. The flow rates used were matched to the
experimental settings using a zero-pressure boundary condition
at the outlet. The boundary conditions for solute concentrations
were defined as 1 for the fluorescein source and zero for the
water source to obtain concentration gradients between these
values.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

Experimental procedures and analysis

The fluorescein solution was prepared by dissolving fluorescein
sodium salt in deionized (DI) water to prepare a final concen-
tration of 1 mg mL~". The fluorescein solution and DI water
were introduced into the main and side inlets using PTFE tubes
connected to a syringe pump (NEMESYS, Cetoni Gmbh, Ger-
many). The experiments were performed on a Nikon SMZ18
fluorescent stereo microscope (SM). Color images were ob-
tained using microscope's CCD camera and analyzed with
a custom code written in MATLAB (MathWorks, USA). Intensity
values were obtained along a line cross-section determined by
the user. Results were subsequently normalized between 0 and
1 where the pixel intensity for zero was obtained from the main
channel prior to mixing and the intensity value for 1 was ob-
tained from the side channel that is supplying the fluorescein
solution.

Results and discussion
Device design and optimization

The channel structure of the device was conceived with the
intention of developing a simple fluidic device without several
branching channels employed in tree geometries and ladder
networks. Orthogonal channels within a laminar flow device
will result in the merging of fluid streams with well-defined flow
profiles that are advection and diffusion limited. The developed
device consists of one main inlet and one outlet, with two
orthogonal side inlets that are further divided into four. This
way, parabolic concentration gradient profile can be achieved
by activating both side channels to flow solutions of chemo-
kines. When generating sigmoid or exponential concentration
gradient profiles, only one side channel is activated and used
for flowing a chemokine solution, while the other side channel
is kept inactivated. In all cases, the main channel inlet is used
for flowing buffer.

The use of narrow side channels instead of wide channels
enables a smooth transition of the fluid into the main channel
without any recirculation zones and backflow problems. A wide
main channel was used so that future biological studies could
be performed on larger areas where cells can migrate over long
distances defined by the length of the gradient across the main
channel. Branching each of the side channels into four enabled
the production of a smooth concentration gradient. Fig. 2a and
b demonstrate that, unlike the abrupt change in gradient ob-
tained when using single side channel, the current design
results in a gradual and smooth increase in the concentration
gradient as the number of channels is increased. This is more
representative of commonly used exponential functions.

Before attaining the current geometry, optimization was
carried out primarily for the lengths of the side channels and
their separation distance along the main channel. The fluid
output from the side branches is a function of two dependent
variables, the lengths of the branches and their separation
distance along the main channel. It is important to note that
variation of flow rates from individual branches can be achieved
by either varying their lengths, varying their separation distance

RSC Aadv., 2017, 7, 45513-45520 | 45515
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Fig.2 Optimizing branches of the orthogonal side channels. (a) COMSOL generated exponential concentration profiles for a single side channel
and 2, 3 and 4 branches. (b) Concentration profiles along corresponding XY lines in (a). (c) Simulated surface concentration plots for four
equidistant branches with equal spacing and lengths and nonlinear branches with unequal spacing and lengths. (d) Velocity profiles along the
dotted PQ line shown in (c). (e) Exponential concentration gradient profiles plotted along XY lines shown in (c).

along the main channel, or a combination of the two. The
length of the branches OA, OB, OC and OD, and their spacing
AB, BC and CD (Fig. 1a) were chosen to achieve increasing flow
rates from the branches downstream the channel (i.e. lowest
flow rate from port D and highest flow rate from port A).
Increasing flow rates correspond to smooth variations in
concentration along the length of the main channel.

To illustrate the difference between the proposed nonlinear
and equidistant branching of the side channels, Fig. 2¢c, we
constructed both models in COMSOL and calculated the fluid
flow velocity across the branches (Fig. 2d), and evaluated the
obtained concentration gradients in the main channel (Fig. 2e).
The length from the first branched side inlet (A) to the fourth
branched side inlet (D), is kept identical for both configurations
highlighted as the length PQ in Fig. 2c. Here, it is evident that
increasing velocity profiles cannot be obtained from an equi-
distant channel spacing. For non-linearly spaced channels, the
velocity profile was found to be stable in the main channel
immediately after the side channels and all the way to the outlet
port. The corresponding concentration profiles for both
configurations are shown in Fig. 2e. The line plot corresponding
to the equidistant configuration exhibits a sudden change of
slope in the upper region of the curve, which is not seen for the
current geometry. This indicates that increasing velocity

45516 | RSC Adv., 2017, 7, 45513-45520

profiles correspond to smooth variations in the generated
concentration gradient. Advection based chaotic mixing does
not take place in the laminar flow system as shown by the
stream lines in Fig. S1.T Mass transport in the lateral direction
of the flow is dominated by diffusion occurring across the
laminar streams introduced by the side and main channels. The
flow rates from the side channels A, B, C, D increases as it moves
away from the inlet such that Q4 > Qg > Q¢ > Qp. As a result of
this increasing flow rate, the gradient slope changes gradually
along the various non-linear gradient profiles demonstrated in
this work.

It is important that laminar flow devices provide cells with
physiologically suitable shear stress environments. In a typical
microfluidic device, cell may experience fluid shear stresses of
the order of 0.001-10 dynes per cm” for extended durations.?”
The maximum fluid shear stress in a microfluidic channel,?”
which occurs at the walls, can be determined using:

_ 60

Tmax

where 7,,,x is shear stress induced by the flow, u is the dynamic
viscosity of water at 25 °C and Q is the average flow rate within
a channel of height 4 and width w.

In the experiments reported here, Reynolds numbers in the
range of 0.006 to 0.04 were used for creating exponential

This journal is © The Royal Society of Chemistry 2017
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gradients, and the calculated corresponding shear stresses were
within the range 0.1-0.8 dynes per cm>.

Advection is responsible for spatially regulating the effect of
diffusion, thereby altering concentration profiles at various flow
rates. For example, upon simulation of a concentration profile
generated with a main channel flow of 480 uL h™" and a side
channel of 120 uL h™*, as shown in Fig. S2,1 a large dye satu-
ration region was created along with curves containing steep
slopes compared with a main channel flow of 48 uL h™" and
a side channel of 12 pL h™". As a result of this, a large part of the
channel does not provide any functionality. In addition, the
shear stresses on the cells will be proportionally higher for
increased flow rates rendering them unsuitable for delicate
mammalian cells.

Sigmoid gradients

Sigmoidal concentration gradients generated using micro-
fluidics have been used in the literature for various biological
assays including cell chemotaxis and drug testing. However, the
significance of a sigmoidal profile is not fully established,
therefore, testing several biological responses with sigmoidal
concentration gradients is essential to understand different
biological phenomena. In one example, sigmoid odor gradients
were assayed for chemotactic studies of sensory experience of C.
elegans by observing their movement in the gradients.”® The
system reported here is extremely adaptable, so that change in
flow rates can result in a notable difference capable of gener-
ating exponential or sigmoidal gradients. To generate a sigmoid
concentration gradient, only one side channel was used to flow
fluorescein dye solution along with the main channel to flow
water, while the second side channel was left inactive. The
ability of achieving a suitable gradient by means of simple
modifications demonstrates a significant advantage of the re-
ported design. Fig. 3a shows a sigmoidal concentration gradient
of fluorescein generated using a side channel flow rate (SC) of
7 uL h™ " and a main channel flow rate (MC) of 10 uL h™™.
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The experimental data pertaining to concentration was
analyzed at two cross-sections, XY and X'Y'. These correspond to
lines along the width of the main channel at a position closest to
the side inlet port A and closest to the outlet of the device,
respectively. As expected from a diffusion based phenomenon,
mass of the solute should be conserved along the width and down
the length of the main channel. Along the length of the channel,
the concentration is expected to be more diffused and the rate of
diffusion should be proportional to the slope of the concentration
in small segments along the profile, Fig. 3b. Along the length of
the channel and towards the dye edge, the concentration changes
almost linearly at the rate of 5% per millimeter. The experimental
data was fitted to a sigmoidal equation. A regression coefficient of
0.99 was obtained, which shows that gradient profiles generated
under the previously specified parametric conditions accurately
match a standard sigmoid. The fitted equation is given by the
following logistic function:

a—b
y=——7>=7"tbh (2)
X
1+(f)
X0

where x,, is the centre value of the data set, p is the power, and
a and b are the initial and final y values respectively.

Fig. 3c contains comparative plots exhibiting variations in
the concentration gradient profile for increasing MC flow rate
by 4 uL h™' steps, while keeping the SC flow rate constant at
7 uL h™ ", Shorter fluorescein dye saturation regions are created
for higher MC flow rates, which stems from the increased
advection at higher MC flow rates resulting in more diffusant
being carried away towards the outlet. Interestingly, gradients
were shifted to the left or the right with respect to the center of
the channel simply by modulating the MC flow rate and without
significantly affecting the profiles. The gradient profile was
repositioned to the left by approximately 200 pm when the flow
rates ratio (MC/SC) was doubled. It was also observed that, by
lowering both of the MC and SC flow rates, the saturation
regions can be shortened thereby increasing the linear region.
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Fig. 3 Controllable concentration gradients with sigmodal profiles. (a) The device containing a fluorescein dye solution for sigmoidal gradient
generation (scale bar is 400 um). Enlarged image of the gradient is shown at the bottom (scale bar is 500 pm). (b) Normalized concentration
profiles plotted along XY and XY’ lines shown in (a). The sigmoidal fitting data for the XY line profile is plotted as a solid line. (c) Effect of MC flow
rate variation when the SC flow rate was kept constant at 7 uL h~*. The gradient profile can be repositioned within the main channel by only

modulating the MC flow rate.
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Parabolic gradients

Concentration gradients with parabolic-, hill-, or bell-shaped
profiles are commonly used to investigate chemotaxis* and
were established using microfluidics.”**® Other biological
applications of bell-shaped gradients include determining the
optimum concentration of viral infection on cell culture** and
intracellular enzyme detection following cell lysis,** to name
a few. The use of parabolic gradients within a microfluidic setup
is also of interest when studying chemotaxis under competing
concentration gradients.*

To generate a parabolic profile with the developed micro-
fluidic device, both side channels were pumped with the fluo-
rescein dye solution, permitting the dye to diffuse into the
center of the channel resulting in the lowest dye concentration
in the middle. Fig. 4a shows an experimental image of fluo-
rescein dye diffusing to form a parabolic profile when the SC
and MC flow rates were 12 uL h™" and 40 pL h™", respectively.
Fig. 4b show the change in the gradient profile downstream the
main channel. As fluids move downstream of the channel by
means of convective mass flow, fluorescein molecules diffuses
in the lateral direction. Therefore, flattening of the gradient
profile is apparent with progressive increase in the dye
concentration in the center and decrease in the two ends of the
profile. In addition, the shape of the concentration profile ob-
tained along XY is found to be more Gaussian in nature, but as
the dye moves further down the channel, the profile along X'Y’
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Fig. 4 Modulation of parabolic concentration gradients. (a) The device
containing a fluorescein dye solution for parabolic gradient generation
(scale bar is 400 um). Enlarged image of the gradient is shown at the
bottom (scale bar is 500 um). (b) Normalized concentrations plotted
along XY and X'Y’ lines in (a). The parabolic fitting data for the XY line
profile is plotted as a solid line. (c) Parabolic profile variation when the
MC and SC flow rates were decreased by a factor 4. The shape can be
modulated by changing the flow rates while keeping their ratio fixed.
(d) Effect of the MC flow rate when the SC flow rate was kept constant
at10 pL h~t
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turns parabolic. The experimental data was fitted to an equation
for a parabola. A regression coefficient of 0.94 was obtained.
The fitted equation is y = ax® + bx + ¢, where a, b are coefficients
and c is a constant.

In Fig. 4c, profiles were plotted along line XY to demonstrate
the controllability of the profile shape by modulating the MC
and SC flow rates. By reducing the flow rates, the profile
becomes more parabolic, shown here for a reduction in flow
rates by a factor of 4. This is also accompanied by slope changes
in the linear regions of the curve, which add functionality to
modulate the profile on demand. The effects of changes in the
MC flow rates, while keeping the SC flow rates constant at
10 uL h™', are shown in Fig. 4d. This is also associated with
moving both arms of the gradient by minimizing and lifting the
central saturation part with minimal change with the slope. As
mass transport is dominated by advection over diffusion, higher
MC flow rates are expected to minimize the central saturation
part, thus reposition the gradient arms further away from each
other's. This is also of interest when introducing different
chemokines through the side channels, where the distance
between the opposing concentration gradients can be
controlled by modulating the flow rates.

Exponential gradients

The study of exponential gradients is important as they are
found to guide several in vivo processes. In particular, the
guidance of neuronal growth cones is influenced by exponential
gradients of chemotropic molecules during embryo develop-
ment.** Rosoff et al. has demonstrated rat dorsal root ganglion
guidance using exponential gradients of Nerve growth factor,
which was found to have interesting implications for axonal
regeneration.®® In this work, the main parametric change
necessary to generate an exponential concentration gradient
from a sigmoidal profile is an increase in the ratio of MC and SC
flow rates, which in turn causes suppression of the dye close to
one wall of the main channel. For example, in Fig. 3b, the ratio
of MC/SC flow rates is 1.4, whereas, in Fig. 5b, the ratio of MC/
SC flow rates is 4 to generate an exponential gradient. Fig. 5a
and b show surface concentration plots and line profiles cor-
responding to cross-sections XY and X'Y'. An exponential fitting
function of y = ae’™ was used to plot a fitting curve, and
aregression coefficient of 0.95 was obtained. In Fig. 5c, the flow
rates of both MC and SC were decreased by a factor of 6, while
keeping their ratio constant, in which causing modulation in
the profile shape. As shown in Fig. 5d, the exponential gradient
was shifted to the left by around 100 pm upon doubling the MC/
SC flow rates ratio, while observing minimal alterations to the
slope. Similar to the sigmoidal and parabolic profiles, expo-
nential gradients can be re-positioned within the channel by
controlling the MC flow rate only. Moving concentration
gradients are of interest for several applications, such as for
challenging cells with moving gradients to study their dynamics
during chemotaxis***” and for studying cell desensitization.*®
Stable and well defined gradients with minimal fluid shear
stresses are important for biological studies performed over
extended time durations. The simple device configuration

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra09692e

Open Access Article. Published on 25 September 2017. Downloaded on 10/29/2025 7:45:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

"o Cross Section XY
* Cross Section X'Y*
— Exponential Fit

o o 54
IS o =)

Normalized Concentration o
o
N

200 400 600 800
Channel Width (zm)

© MC=24/hr,SC=12;iL/hr
Yy . MC=36L/hr, SC=12d/hr
0.8/ %% % * MC=484l/hr,SC=12)L/hr

0
-
o

"+ MC=8yL/hr,SC=2/L/hr
MC=48.L/hr,SC=12yuL/hr

} 4.«" &
o P

o o o
FS ) ©
)"‘

o o

IS o

Normalized Concentration
o
()
o

Normalized Concentration

0 — 0
0 200 400 600 800 0 200 400 600 800
Channel Width (zm) Channel Width (;zm)

Fig. 5 Exponential concentration gradients. (a) A fluorescent micro-
graph showing the generated exponential concentration gradient
(scale bar is 400 um). Enlarged image of the gradient is shown at the
bottom (scale bar is 500 um). (b) Exponential profiles obtained at
cross-sections XY and X'Y’. The blue solid line represents the fit to
experimental data points (y = ae™). Flow rates of 12 ulL h™! and
48 uL h™! were used for SC and MC, respectively. (c) Exponential
gradient profile variation when SC and MC flow rates were six folds
higher. (d) Effect of the MC flow rate variation when the SC flow rate
was kept constant at 12 pL h™1.

allowed us to generate and maintain clear and stable concentra-
tion gradients inside the main channel of the device. The
concentration gradient simulations and experiments have been
performed at 25 °C. However, it is more desirable to maintain
biological cells and the buffer at 37 °C. If the experiments reported
here were performed in a temperature controlled chamber, the
diffusion coefficient would vary according to the Stokes-Einstein
relationship. For fluorescein the calculated increase in the diffu-
sion coefficient was approximately 20%. Testing was carried out
by means of simulation, and it was determined that this change in
diffusion coefficient did not result in a noticeable concentration
profile variation, as shown in Fig. S3.}

At the beginning of the experiments, tiny air bubbles were
trapped in the channels, creating flow disturbances. Active fluid
flow removed these bubbles in a couple of minutes, and non-
pulsatile stable flow profiles were achieved. As mentioned
previously, various gradient profiles were obtained just by
altering MC and SC flow rates. The resulting stable concentra-
tion gradient shape and slope was achieved in under two
minutes. The stability of generated profiles was determined
from 5 minute time-lapse videos, and data point intensities
were measured every 5 seconds. The mean and standard devi-
ations were determined at 3 spatial points: the fluorescent dye
saturation and diffusion regions, and the buffer saturation
region. The coefficient of variation was determined over the
entire 5 minute duration and was found to be 6.4%, which
provides good stability for biological studies.

This journal is © The Royal Society of Chemistry 2017
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Conclusions

The device presented here is capable of generating multiple
concentration gradient profiles using four orthogonal channels
connected to each side of the main channel. This simple device is
easy to operate since overall channel lengths are shorter
compared to other gradient generating devices in the literature.
This reduces commonly encountered issues in microfluidic
devices such as bubbles and clogging. In addition, the shorter
length of the channels used here provides lowers hydrodynamic
resistance compared to complex tree networks, thereby elimi-
nating issues such as leakage between PDMS and the inlet fittings
and long response time. In this device, switching between
gradient profiles was achieved by only altering fluid flow rates
without the need for any physical design modifications. The three
gradient profiles characterized here by means of flow rate modi-
fications are sigmoidal, parabolic, and exponential. These studies
demonstrated the ability to alter gradient shape and position
within the main channel by only modulating the flow rates. In this
work, the two side channels are only active for the parabolic
profile. If the flow rates of the channels are altered simultaneously
in an unequal manner, the high flow rate fluid from the side
channel will occupy a larger portion of the main channel, creating
an unsymmetrical profile. Advection based chaotic mixing does
not happen in this laminar flow system. However, advection is
responsible for spatially regulating the rate of diffusion, thereby
altering concentration profiles at various flow rates. One of the
limitations of this device is the presence of saturation regions
within the exponential and parabolic profiles. Simulation work
indicated that by increasing the number of side channels beyond
4, fluid can be dispensed in smaller quantities through more
number of side channels. This will decrease saturation regions
both in the upper and lower concentration bounds. However, with
increased number of side channels, the possibility of suppressed
flow increases from certain side channels due to negative or zero
pressure. Hence, in order to fully utilize a device with more
number of side channels, finite element or analytical optimization
studies need to be performed to eliminate such drawbacks.
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