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Abstract

Objectives In this paper, the effect of the position of the inlet and outlet microchannels on the flow profile and the geometry of the
recognition chamber for sample pre-treatment in an electrochemical biosensor to be used in osteoporosis management were investigated.
Methods All numerical computation presented in this work were performed using COMSOL Multiphysics and Fluent.
Simulation was performed for a three-dimensional, incompressible Navier—Stokes flow and so explicit biphasic volume of fluid
(VOF) equations were used.

Results In the designed microfluidic system, a pressure-driven laminar flow with no-slip boundary condition was responsible for
fluid actuation through microchannels in a reproducible approach. Based on the simulation results, the number of outlets was
increased and the angel through which the inlets and outlets were attached to the microchamber was changed so that the dead
volume would be eliminated and the fluid flow trajectory, the velocity field and pressure were evenly distributed across the
chamber. The Re number in the inlets was equal to 4.41, suggesting a laminar flow at this site.

Conclusion The simulation results along with the fact that the design change was tested using laser ablated tape and a color dye at
different steps provided the researchers with the opportunity to study the changes in a fast and accurate but cheap method. The
absence of backflow helps with the cross-talk concern in the channels and the lack of bubbles and complete coverage of the

chamber helps with a better surface modification and thus better sensing performance.
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Introduction

The field of microfluidics is characterized by the study and
engineered manipulation of fluids at the submillimetre scale
[1]. The fluid phenomena at this length scale are different
from the macro environment as the relative effect of the
force produced by gravity at these dimensions is greatly
reduced, and surface tension and capillary forces become
more dominant.

Microfluidic technology, thus, is considered as an enabling
technology for miniaturized point-of-care (POC) devices, as it
allows reduced sample/reagent consumption thanks to accu-
rate and controlled flow process along with parallel processing
of samples, reduced reaction time, low production costs
allowing for disposability, and portability [2].

In such integrated micro-Total Analysis Systems (LTAS),
channels perform the essential but simple task of transporting
fluids from one place to another such as microchambers for
electrode treatment and analyte detection usually as a

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40200-019-00418-x&domain=pdf
mailto:adibi@tums.ac.ir
mailto:amoabediny@ut.ac.ir

J Diabetes Metab Disord

continuous fluid flow. In the development of uTAS, it is often
necessary to send multiple samples/reagents to the
microchambers either to be mixed or to modify the surface
consecutively. The flow stream is controlled by adjusting the
microchannels’ dimensions as well as their position regarding
the chamber. Moreover, in order to achieve satisfactory re-
sults, it is often needed to achieve uniform and complete fill-
ing of the microchamber.

Therefore, the optimum design of the system is important.
However, it depends on the final application of the device and
the surface modification process. Computer-based simulations
are becoming increasingly important in the design of
microfluidic devices, as they can predict the behavior of fluid
flow in a typical microfluidic system in a short time, yielding
results that are virtually identical with that of hours or days of
practice [3—6]. In this paper, the effect of the position of the
inlet and outlet microchannels on the flow profile and the
geometry of the recognition chamber for sample pre-
treatment in an electrochemical biosensor for osteoporosis
management were investigated through a preprocessing step,
such as a mathematical simulation.

Experimental procedure
Micro-chip design

The pressure-driven microfluidic system was designed to
transport the reagents needed for surface modification, the
analytes needed to be analyzed, and the probe required for
the electrochemical testing to the reaction microchamber.
Therefore, flow from the inlets to the micro-channels and then
to the microchamber with the help of an additional external
force from the syringe pump was necessary. Backflow in other
channels was dissuaded as mixture of these solutions outside
the chamber might influence the final results negatively.
Moreover, uniform and complete filling of the microchamber
was needed to improve the performance of the sensor.
Moreover, this shows that all the fluids entered the inlet chan-
nel leave the system through the outlets without any
disturbance.

As medical grade double-sided tape (3 M) was to be used
for the fabrication of the microfluidic platform, the height of
the channels was considered equal to the thickness of the tape
(86 wm). The microchannels had a width of 200 wm, which
was a safe value for serum/blood samples to pass through
without clogging or sedimentation.

A 2.9*8.9 mm? microchamber, 86 um deep, equal to the
thickness of the tape (volume=2.2 mm®) was designed. It
provided the area for the incubation of sample on the electrode
surface, and thus the volume was selected to maximize the
number of interactions between the agents needed to
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functionalize the surface as well as target analytes and the
functionalized surface.

The diameter of the circular baffles, which were connected
to the inlets and outlets, were 1.2 mm. In the implementation
of the prototype, Viton O-rings (2 mm inner diameter, 4 mm
outer diameter, 1 mm thickness) were going to be centered
relative to these inlets/outlets to prevent possible leakage.
We came up with the design of the intersects of these baffles
to the microchannels (diameter of the curve was 1.8 mm)
based on our in-house expertise; as previous studies in similar
designs had shown lower sedimentation and better flow when
such intersects were used.

Fabrication method

The fabrication process of the final device is mentioned else-
where in an article published by our team [7]. In brief, laser
ablation using a focused CO2 laser beam (9.6 um CO,, mask
1000 um (spot size 100 um), 1,2 mm/s (7Pulses), 100 mW)
was applied to pattern the tape and develop the microfluidic
manifold. The use of a double-sided tape provided us with a
cheap, easy and rapid option to check the efficacy of our
simulated design at different steps.

The topmost layer, which served as the cover for the
microfluidic channels, was a rectangular piece of COC
(25.5 mm by 75.5 mm, 1 mm thickness) mechanically drilled
with 1 mm diameter holes that were used to introduce the
sample and buffer solutions as well as to collect the waste.
The bottom layer contained the electrodes, and was made of
glass.

Numerical simulation

All numerical computation presented in this work were per-
formed using COMSOL Multiphysics (Finite Element
Method) and Fluent (Finite Volume Method). Simulation
was performed for a three-dimensional, incompressible
Navier—Stokes flow (Newtonian liquids). In this regard, ex-
plicit biphasic volume of fluid (VOF) equations was used
(2(pv) +V.(pvv) =-Vp+ V.(T) + pg+ F and T=np
[(Vv + WT)=2V.vl] ). Regardless of the flow assumptions,

a statement of the conservation of mass (% + V.(pv) =S, ) is
generally necessary. The second order upwind scheme was
used to solve discretized momentum equations. Implicit first
order differential equations were used to discretized time.
Simple scheme was applied to solve the velocity and pressure
equations. The accuracy of the calculations was 0.001.

Three assumptions were made to mimic the actual flow
situation: the fluid is Newtonian, no-slip boundary condition
along the walls of the microchannel, and the flow within the
microfluidic channel is incompressible. Physical values of
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Fig. 1 a Pressure and b velocity changes through the microchannel

water (dynamic viscosity: 1.002¢-3 cP; density: 1000 kg/m?) of tests. As a result, the pressure at the outlet was equal
were used in the numerical computation. to one atmosphere; and thus the boundary condition at the
The tests were performed in two states: outlet was considered zero.

—  Two phase state, which aimed to study the flow profile in

—  Steady state, where the injection time was estimated to be the system. In this simulation, the channels were consid-

infinite. This profile studies the velocity and pressure at ered to be filled with air before the first injection. A con-

different points of the microchannel. Both outlets were stant flow rate (400 puL/min) was applied across the cross-

considered open all through the experiments, whereas section of the inlet and outlet microchannels, pushing the
only one of the inlets was considered open in each set air out of the outlet.

Fig. 2 Velocity contours in the
cross-section of the micro
channel, showing the velocity
along the walls and the center of
the microchannel to be zero and
maximum, respectively
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Fig. 3 Continuous fluid flow trajectories and backflow in other inlets in two designs
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Fig. 4 Geometry modeling in the 2-D cross section of the final optimized
design

In order to validate the software setup, a single-channel
system (40 mm long, 86 um high and 200 um wide) was used.
For this slip length, slip flow is negligible for length scales
greater than 1 mm but must be considered at the microscales
[8—10]. It should be noted that as in practice the microfluidic
manifold was developed through ablating a double-sided tape,
the height of the channels in the simulations was designed to
be equal to the thickness of the tape.

The partial differential equations (PDEs) were converted
into the algebraic form on a mesh, which defined the geometry
and flow domain of the interest. Appropriate boundary and
initial conditions were applied to the mesh. Distributions of
velocity, pressure and turbulence were determined at different
points in space. The pressure drop in the channel is shown in
Fig. 1. As it could be seen, the pressure at the beginning and
end of the microchannel were constant and the pressure drop
through the channel followed a linear drop. This could be
explained by the small size of the fully developed length.

The slip velocity at the wall is the most important feature in
microscale that differs from conventional internal flow and

ANSYS

Velocity R15.0

H067

[m s*-1]

(a)

thus it is very important for designing and optimizing the
micro systems. The velocity change through the channel is
shown in Fig. 1. In the inlet, the velocity was zero and the
pressure was maximum. The considerable velocity increase at
the beginning of the channel was due to the mass conversion
law and the fact that the fluid entered a small channel with a
smaller surface area compared to the inlet. Thereafter the ve-
locity remained constant until it reached the outlet, where a
considerable decrease was noted.

When studying the velocity in the microchannel’s cross-
section, in view of the no-slip condition, the velocity along
the walls was zero and the maximum velocity was reported in
the center of the microchannel (Fig. 2). The maximum shear
stress, on the other hand, was noted on the walls and the
minimum in the center of the channel.

The multi-channel network setup was drawn in the Gambit
software and studied using the Ansys Fluent. The design was
modified in a way that the microchannels and the chamber
would be filled completely, the backflow to other inlets was
negligible and no dead volume was noted.

Results and discussion

At microscale level, fluid properties become increasingly con-
trolled and thus when fabricating a microfluidic device, it
would be possible to achieve certain specifications simply
by changing the design. In microfluidic systems such as ours,
pressure-driven laminar flow through positive displacement
pumps, such as syringe pumps is responsible for fluid actua-
tion through microchannels in a relative inexpensive and quite
reproducible approach. The no-slip boundary condition, re-
ferred to a zero fluid velocity at the walls, produces a parabolic
velocity profile within the channel, which has significant im-
plications for the distribution of molecules transported within

(b)

Fig. 5 Fluid flow in the final design, after adding the extra outlet, showing the microchamber and the microchannels were completely filled out during

the injection process
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Fig. 6 Fluid flow trajectories in the final design after injection of the fluid in an inlet showing the filling processata0s,b0.1s,¢0.2s,d0.3s,e04s,f
0.5s,206s,h0.75,i0.8s5,j09s,k1s

a channel. Diffusion controlled how far the fluids could dif-  inlets will be used for the injection of the analyte, Ab complex
fuse in the channels [11]. and detection probe. Diffusion occurred across the

In the first design, the flow entered through three inlets on ~ microchannels, and there was no convection sideways. It
the left side and exits from a single outlet on the right. The  should be noted that in the course of the simulation, dead
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Fig. 6 continued.

volumes, areas not filled with the fluid, were identified in the ~ added and the angel through which the inlets and outlets were
square chamber near the inlet and outlet channels, suggesting  connected to the microchamber was changed so that the dead
that the immobilization and washing of the electrodes would  volume would be eliminated. As mentioned earlier, the design
not be effective. Based on these observations, a design mod- ~ change was tested using laser ablated tape and a color dye at
ification was incorporated, where an additional outlet was  different steps.
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In these tests, backflow of the fluid in other channels, espe-
cially the treatment channel was noted. In order to reduce the
chance of contamination in the treatment channel, a myriad was
added to the treatment channel (Fig. 3). Figure 4 represents the
fluid flow trajectories in the final optimized design. In this de-
sign, there was no dead volume and the backflow in other inlets
was negligible and the fluid flow trajectory, the velocity field and
pressure were evenly distributed across the chamber (Fig. 5).

As mentioned earlier, maximum pressure was noted in the
inlet. At this point, the gravity force along with the forces due
to the syringe pump, were responsible for driving the fluid into
the microchannels. A considerable pressure drop was ob-
served when the fluid entered the chamber, where the pressure
became equal to that of the closed inlets. As the outlet pressure
was zero and the pressure in the chamber was higher than the
atmosphere pressure, the fluid was guided through the outlet
with a negligible backflow.

The results showed that the chamber was completely filled
after the first second, and thereafter the volume fraction of the
fluid remained constant. The system was completely filled
after a longer injection time.

The microfluidic systems rely on the behavior of fluids in
microchannels, and the Reynolds number (Re) is commonly
used to define this behavior [12]. In other words, Re deter-
mined the flow instability that induced disturbed and turbulent
flow. As the first step, Re was calculated in an inlet:

A = 4.23315e-006

p = 0.005890 + 0.001520 = 0.00741
4A  4%4.23315¢-006

_M — 0.00285
h 0.00741
pVD,  1000%0.00157613%0.00285
Re = = — 441
m 0.001%4.23315¢—6

Where, p is the fluid density, p is the fluid viscosity, V is
the average velocity, Dy, is the hydraulic diameter, A is the area
of the inlet, and p is the pressure (Pa). The Re number of 4.41
suggests a laminar flow at this site, indicating that the behavior
of the micro-scale flow is predictable to a certain extent by
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mathematical simulation [13]. A transition from laminar flow
to turbulent flow generally occurs when the Re is calculated to
be higher than 2000.

Then, Re was calculated in a cross section of one of the
microchannels connecting the inlets to the microchamber. The
average output velocity was calculated using Fluent.
Maximum Re was expected to be calculated at this point as
the highest velocity is also expected here.

A = 1.72657e-08
p = 2%#(86e—6 + 200e—6) = 572e-6

Dy =1.2e4
pVD,  1000%0.00157613%0.00285
Re = = =441
v 0.001%4.23315e—6

The maximum Re was computed to be 46.3, confirming a
slow and uniform laminar flow in the microchannels. This is
while reduced shear stress and vortex flow was observed at the
corners of the chamber, which increased the risk of possible
sedimentation, pointing out the need for gentle washing after
each step.

In order to calculate the pressure needed to achieve an ac-
ceptable flow in the microchannels, mathematical simulations
were used. As it could be seen in Fig. 6, the chamber was filled
within the first second and no change was noted in the fluid
until the 6th second, suggesting a constant flow in the outlet.

Figure 7a shows the outlet flow rate for water and air in the
first second after injection. It could be seen that the flow rate
remained constant after the 0.8th s.

Figure 7b outlines the inlet pressure needed to result in such a
flow rate. As it could be seen, the pressure needed for inlets 1
and 2 are the same. This could be due to the similar length of
these channels. A higher pressure, however, was needed to al-
low the fluid to reach the microchamber through the inlet 3; this
is mainly because of the shape (bent) and length of the channel.

Along with the mathematical simulations, micro-scale flow
visualization plays an important role for understanding the
microfluidic flow to develop novel microfluidic devices. As a
result, laser ablation was used at several steps to pattern the tape

—@—Inlet #1 —@—Inlet #2 Inlet #3
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Fig. 7 a Outlet flow rate for water and air in the first second after injection, b Inlet pressure needed for having a constant flow in the microchannels

@ Springer



J Diabetes Metab Disord

and check the flow using color dye. A cheap disposable
microfluidic chip using the final design was then fabricated
and tested using human serum to measure concentrations of
certain biomarkers necessary for osteoporosis detection. The
successful results of these tests are published in an article pub-
lished elsewhere [14]. This confirms the successful surface
modification of the electrodes located in the microchamber
thanks to the acceptable flow of the liquids in the chip devel-
oped based on this design without any backflow. The compa-
rable results of this chip with that of ECLIA, the state of the art
used for measuring these biomarkers, also confirm the desired
flow of uncontaminated serum through the channels and com-
plete coverage of the microchamber where the reaction between
the serum sample and the electrodes happen.

Conclusions

We investigated a microfluidic model describing the flow of
liquid in microchannels reaching microchamber for surface treat-
ment of the electrodes located in the chamber and analyte mea-
surement. The model is composed of three inlets and two outlets
positioned along the microchamber to reduce the risk of back-
flow and result in uniform and complete filling of the system.
Using such simulation techniques and testing the design
using laser ablated tape and a color dye, the final model is easily
adaptable and modifiable based on the final application of the
microfluidic device. The final design proposed in this study
provides researchers with the opportunity to modify the surface
of the electrodes located in the recognition chamber for the
biosensing purposes simply and accurately using small amounts
of reagents. The absence of backflow helps with the cross-talk
concern in the channels and the lack of bubbles and complete
coverage of the chamber helps with a better surface modification
and thus better sensing performance. Similar techniques could
be used in future studies for microfluidic chips designed for
various applications with more complicated integrated systems.
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