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Abstract - Polymerase Chain Reaction (PCR) is widely used in biological research labs in order to detect hereditary diseases, diagnose
infectious diseases, clone genes and other purposes. This work focuses on combining CFD and response surface modelling to explore
the dependence of DNA amplification on two design parameters in a single phase, continuous flow PCR microfluidic device, consisting
of a serpentine-like rectangular channel with three copper wire heaters. The spacing and the width of the microchannel between the
heaters are selected as the two design parameters investigated. COMSOL Multiphysics® 5.4 is used to simulate the performance and
function of the microfluidic channel, while Design of Experiments and a polyharmonic spline are used to produce the response surface.
The results indicate a ~1.4% increase at the value of [DNA] in one PCR cycle.
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1. Introduction

Since its invention by Kary Mulis in 1983 [1], Polymerase Chain Reaction (PCR) has led to significant advances in
biology and diagnostics. PCR describes a reaction, where a very small DNA sample is amplified exponentially [2]. In order
for the DNA amplification to happen, three distinct stages (denaturation, annealing, extension) need to take place
consecutively, for a number of times (PCR cycles). The first of the three stages, denaturation, takes place at ~95 °C, where
the double-stranded DNA molecules denature into pairs of single-stranded ones. The second stage, annealing, takes place at
~56 °C, where the primers form primer-template complexes. The final step of PCR, extension, takes place at ~70 °C, where
the DNA-polymerase attaches to the primer-template complexes [3].

Several designs of microfluidic devices performing PCR have been published since the invention of PCR [4 - 9]. Even
though such devices are widely used, the yield of PCR appears to be affected by adsorption phenomena taking place close
to the wall, carryover contamination and varying residence time of the PCR mixture along the cross-section of the channel
[10].

These limitations have led to the development of droplet-based uPCR devices (DR-PCR), where droplets carry the DNA
sample along the microfluidic device, offering good temperature uniformity due to their small size and a restricted
environment, where contamination and adsorption phenomena are less luckily to take place [11, 12, 13, 10]. However, due
to the higher cost and complexity of DR-PCR devices [10], a lot of research is taking place on improving the performance,
sensitivity and specificity of the single-phase (SP) continuous flow (CF) PCR devices [14]. More specifically, a number of
studies can be found on studying the effect that the geometrical parameters or operating conditions can have on the efficiency
of PCR [15,16, 17] and simulating the PCR Kinetics, heat transfer and fluid flow in such devices [17, 18, 19].

2. Problem Description

This work uses COMSOL Multiphysics® 5.4 to simulate the flow, heat transfer and PCR kinetics that take place in a
single-phase (SP) continuous flow (CF) uPCR device with a serpentine structure and a rectangular cross-sectional area,
similar to the one presented in the work of [19]. Three copper wire heaters are placed at the bottom of the device, creating
three distinct temperature zones (95, 55 and 72 °C for denaturation, annealing and extension respectively). As the fluid passes
through the different temperature zones, the temperature reaches the values required and remains in each zone for a specific
amount of time (residence time), needed for PCR to take place [19]. The substrate material (Kapton, PDMS and PE)
properties are presented in Table 2 of [19], while the volumetric flow rate is set at Qo = 3-107'" m%/s. The width of the
microchannel at the extension zone is twice the size of the other temperature regimes, while the PCR protocol followed in
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this work for denaturation, annealing and extension is 3.0s:4.2s:6.2s respectively [19]. Furthermore, the width (Wgzp)
and length (Lgyp) Of the microchannel between the heaters is optimised, in order to achieve the maximum DNA
amplification in one PCR cycle (unitcell, Figure 1). The models of Fluid Flow, Heat Transfer and PCR Kinetics are
implemented in COMSOL Multiphysics® 5.4 in steady state [19].
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Fig. 1: Schematic graph of unitcell.

2.1. Fluid Flow

Navier Stokes equations are used to describe the fluid flow [20] in the microfluidic channel. After testing for
the case of 72°C, Quor = 3-10''m®/s and Wgsp = 100 pm (for the fluid properties of water [19]), the Reynolds number
(Equations 1 and 2) is found equal to 0.35, indicating a laminar flow. A no-slip boundary condition is implemented
at the walls of the channel.
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2.2. Heat Transfer

The heat transfer model is applied in steady-state (Equation 3) in the entire unitcell. The velocity field (u) is
only non-zero in the fluid domain. The pCp(u-VT) and the V-(kVT) terms of Equation 3 describe the convective and
conductive heat transfer terms respectively, with the pCy(u-VT) term being non-zero only in the fluid domain. The
second term in the RHS describes the heat generation rate of the j™ (j ={1, 2, 3}) heater, and it is only non-zero at the
j™ heater-kapton interface. The variation in the heat generation rates is implemented in order to achieve the different
desired temperatures required for denaturation, annealing and extension (95, 55 and 72 °C respectively). The third
term in the RHS of Equation 3 describes the heat flux caused by thermal radiation for each of the solid substrates, i (i
={Copper, PDMS,PE, Kapton}). This term is only non-zero at the outer surfaces of the substrate materials and is given
by Equation 4. The Qnat.conv term describes the heat losses to the ambient, as presented in Equation 5:

p Cp (u ' VT) =V (kVT) + Z Qheater,j + Z Qrad,i + Qnat.conv.

3)
Qraa;i = €0 (Tgmp — T*) (4)
Qnat.conv. = M(Tamp — T) (5)
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Here, Tamb: the ambient temperature, ei: surface emissivity for solid i, o: the Stefan—Boltzmann constant and h: the heat
transfer coefficient. As far as the boundary conditions are concerned: i) a periodic boundary condition for the temperature is
applied at the inlet and outlet of the unitcell, ii) periodic boundary conditions are implemented at the sides of the
microchannel, iii) natural convection (Equation 5) and thermal radiation (Equation 4) boundary conditions are applied at the
top, bottom, front and back sides of the unitcell for all the different materials [19] and iv) three constant temperature boundary
conditions are introduced at the interface between the copper wires and the bottom solid substrate (Tgen= 95 °C, Text = 72°C
and Tam = 55 °C) to replace the Joule Heating model used in [19] (apart from Sections 3.1.1 and 3.1.2). This replacement is
made in order to avoid the trial and error process required to define the values of the current in each heater, and is expected
to lead to greater temperature uniformity and greater values of DNA amplification.

2.3. PCR Kinetics
The PCR kinetics, reactions and reaction rate constants used in [19] are introduced in COMSOL Multiphysics 5.4®. The
general form of the mass conservation of species in steady state is presented in Equation 6:

—V:-DVC, +u-VC, = Ry (6)

where Ci: the concentration of the k™ species (k={1,2,..,7} that correspond to S:S, (double-stranded DNA), S; (single-
stranded DNA), S (single-stranded DNA), P, (single-stranded primer molecule), P, (single-stranded primer molecule), S1P
(single-stranded template primer) and P1S; (single-stranded template primer) respectively [19], R«: the reaction rate of the k™"
species, Dy: the diffusion coefficient of the k™ species. As far as the boundary conditions are concerned, a zero-flux boundary
condition is implemented at the walls of the microfluidic channel. The inlet concentrations of the seven species can be found
at Table 3 of [19], together with the diffusion coefficients of Equations 6.

3. Methodology

3.1. Computational Model

The model described in Sections 2.1, 2.2 and 2.3 is implemented in COMSOL Multiphysics 5.4®, using the Laminar Flow,
Heat Transfer in Solids and Fluids and Transport of Diluted Species Physics models respectively in steady state. Section
3.1.1 presents the mesh independence study performed while section 3.1.2 presents the validation of the model with the work
of [19]. The Joule Heating model is used in both Sections 3.1.1 and 3.1.2 [19]. Section 3.2 describes the method used to
generate the response surface of the DNA amplification.

3.1.1. Mesh Independence Study

After generating the model of the unitcell, a mesh independence study is completed in order to ensure both
convergence and independence of the solution from the mesh resolution. Five meshes are generated using the physics
controlled mesh selection in COMSOL Multiphysics 5.4%; normal (~164,000 elements), fine (~321,000 elements), finer

(~866,000 elements), extra fine (~4,036,000 elements) and extremely fine (~6,133,000 elements). The values of log, [5;31\11\]13]

(where [DNA] is the DNA concentration at the end of the channel and [DNA], the initial DNA concentration) and energy
consumption, Py, for all meshes are found to be equal to 0.67 and 0.071 W respectively. The values of unitcell pressure drop
(AP(Pa)) are also collected and found to be equal to 288.59, 284.29, 283.05, 286.01, 285.98 for normal, fine, finer, extra fine
and extremely fine meshes respectively. As a result, the ~321,000 elements mesh is selected since it presents an acceptable
deviation from the finest mesh for the pressure drop.

3.1.2. Validation of the Model
After implementing the model described in Section 2, the results are validated with the ones presented by [19]. Firstly,

the value of log, [5;)1:2] (measurement of DNA amplification) is found to be equal to the value of 0.67 presented by [19].
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The value of power required or performing one PCR cycle is also found to be 0.071 W, equal to the one presented in the
work of [19].

3.2. Response Surface Modelling

After completing the mesh independence study and validation of the model, the response surface of log, [5?1\11\]13] is
generated. More specifically, the spacing (Lgp) and width (Wgap) Of the microchannel between the three heaters of the
SP-CF PCR device (Figure 1) are chosen as the two design parameters to be investigated, with the design domain varying

from 500 - 2500 um and 100 - 200 um respectively. The dependence of log, [[[])31\1]\]13] (the measurement of the DNA
amplification) on Lgsp and Wgp is presented in Figure 2.

3.2.1. Design of Experiments

In order to investigate the behaviour of log, [DNA]

IDNA] over the design domain, 80 Design of Experiments (DoE)

simulations are run. The DoE points are generated using Morris Michel Latin Hypercubes [21, 22] and include the
corner points of the design domain.

3.2.2. Response Surface

After performing the simulations in all DoE points, the values of log, Al

[DN
[DNA],

are collected. These values are

then scaled between zero and one. The response surface of log,
spline [23] (Figure 2).

[?1\11\[13] is generated, using a third order polyharmonic
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Fig. 2: Response surface of Iogzﬁ. The optimum design is presented in black.
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3. Results

The response surface of log, % is presented in Figure 2, while the best design solution ([Wgap, Lgap]opt = [200 pm,
pm, 2500 pum]) is presented in black. The results indicate that by increasing the spacing of the heaters, 3% increase in the
the value of log, NA] (or ~ 1.4% in the value of [DNA]) can be achieved. Considering these results, future work is expected

[DNA]
expected to focus on examining different design variables for further optimisation of the unitcell’s performance.

4. Conclusion
According to the results obtained from this work, one can observe that by improving the original design [19] to ([Wgap,

Lgaplopt = [200 wm, 2500 pm]), a 3% increase in the value of log, [DNA]] (or ~ 1.4% in the value of [DNA]) can be achieved.

Further examination of other design parameters of the device is expected to achieve an even greater improvement at the DNA
amplification. Furthermore, future work is expected to focus on studying the DNA amplification in a sequence of unitcells,
while also considering other objective functions, such as the pressure drop.
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