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Abstract: Polymerase chain reaction (PCR) technique is one of the molecular methods in amplifying
DNA for the detection of malaria. However, the limitations of PCR especially when used for routine
clinical practice can hamper its sensitivity and specificity. With that, this study focuses on designing
a microfluidic device that will mimic the function of a conventional genus-specific PCR based on
18S rRNA gene to detect malaria parasites (Plasmodium falciparum) at low grade parasitemia. The
design was drawn and simulated using ANSYS 14.5 Computational Fluid Dynamics (CFD). The
simulation shows that adding loops to the design increases its relative deviation but to a minimal
extent as compared to having only a straight path design, which indicates that looping is acceptable
in designing a microfluidic device to minimize chip length. Also, increasing the cross-sectional area
of the fluid path decreases the efficiency of the design, thus, the design with a relatively smaller
cross-sectional area is favored. And lastly, among the three materials utilized, the chip made of pol-
ypropylene is the most efficient with a relative deviation of 0.94 as compared to polycarbonate and
polydimethylsiloxane which have relative deviations of 2.78 and 1.92, respectively.

Keywords: polymerase chain reaction (PCR), Computational Fluid Dynamics (CFD), Plasmodium
falciparum, microfluidic chip design

1. Introduction

Malaria is a disease caused by Plasmodium parasites of different species such as Plas-
modium falciparum, Plasmodium vivax, Plasmodium malariae, and Plasmodium ovale. Among
these species, Plasmodium falciparum and Plasmodium vivax are the most common and Plas-
modium falciparum is the deadliest [1-3]. These parasites are transmitted to people through
the bites of infected mosquitoes, and malaria is highly widespread in tropical and sub-
tropical countries [4-6]. In 2021, based on the World Health Organization [7], an estimated
247 million malaria cases were recorded among the 84 malaria endemic countries, with
the African region accounting around 95% of the total cases globally. Aside from that, 13.4
million cases between the years 2019 and 2021 were aggravated by the ramifications
brought by the COVID-19 pandemic. Individuals from continuous transmission areas
may, after several malaria infections, develop the premonition state which is characterized
by an immune response that is able to control the parasitemia but unlikely to purge all the
circulating parasites. As a result, those individuals can stay asymptomatic and act as a
parasitic reservoir since such infected blood is now able to infect mosquito vectors, and
with that, these may reintroduce malaria into other regions [8].

Malaria is commonly diagnosed by microscopic examination using Giemsa-stained
TBS which is known as the gold standard method for malaria diagnosis, but this technique
is not the best choice for low level parasitemia and for mixed infections [9]. However, in
some endemic areas, asymptomatic infections are not usually detectable by microscopic
examination [10-12]. This limitation impacts malaria control and screening of blood sam-
ples. Therefore, there is a need for a rapid and accurate diagnosis for effective treatment
and control of malaria. It is necessary to develop diagnostic techniques with a high degree
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of sensitivity and specificity for detecting malaria among environments with relatively
low parasite rates and among individuals who are asymptomatic to such disease. Poly-
merase chain reaction (PCR) assay is found to be one of the most sensitive and specific
methods in the detection of malaria parasites [13]. A study was conducted to optimize a
faster and cheaper real-time genus-specific PCR based on 185 rRNA gene to detect malaria
parasites at low grade parasitemia leading to a threshold sensitivity of 0.2 parasites per 1
uL [14]. However, the time interval concerning the collection and transportation of sam-
ples, and the processing and dissemination of results limit the usefulness of PCR in rou-
tine clinical practice. Besides that, in most areas with malaria transmission, factors such as
limited financial resources, persistent subclinical parasitemia, and inadequate laboratory
infrastructures in the poor, remote rural areas impede PCR as a diagnostic method [15].
These factors reason for the need to create a microfluidic device that is portable, econom-
ical, and accessible but still functional like how the conventional PCR is.

This concept of miniaturizing PCR aims to speed up the process of conventional PCR
by reducing the overall sample volume and consumption of reagents, lessening the cost
of fabrication, and developing a field-based real-time PCR platform that is capable of com-
pletely conducting analyses from raw samples into promising results that will ensure a
better method of diagnosing malaria. With the growing interest in developing in-field di-
agnostic devices that could be used by non-technical personnel involved, this study would
surely provide the necessary preliminary data of innovating a device that can aid in the
prevalence of malaria in the world. Because of that, a real-time PCR-based microfluidics
platform that integrates and miniaturizes DNA purification, amplification, and detection
is being introduced for in-field detection. The purpose of this study is to design and sim-
ulate a microfluidic PCR chip device which can specifically detect Plasmodium falciparum
DNA fragment amplification using the software ANSYS 14.5 Computational Fluid Dy-
namics (CFD). The design is based on the real-time PCR amplification setting for conven-
tional genus-specific PCR targeted on 185 rRNA gene to detect malaria parasites (Plasmo-
dium falciparum). The fluid property used in the simulation is based on the solvent prop-
erty of water (see S3) [16]. Different types of materials such as polypropylene, polycar-
bonate, and polydimethylsiloxane were evaluated and certain design considerations such
as the effects of looping and increasing the cross-sectional area were analyzed. After sim-
ulating various models and conducting the necessary tests, this intends to determine from
the results the most appropriate design that will help in pre-selecting the materials and
planning the optimum parameters needed to consider before fabricating the microfluidic
PCR chip device for actual use.

2. Materials and Methods

The design was based on the DNA amplification procedure for conventional genus-
specific PCR whose target is the 185 rRNA gene in detecting malaria parasites (Plasmodium
falciparum) at low grade parasitemia. The design requires 25 pL of PCR mix and 5 uL of
DNA sample. The total volume of 30 pL then proceeds the annealing, extension, and de-
naturation processes specified at various temperatures to determine which conditions
would the device be most efficient to use (see S1 and S2).

Table 1. PCR mixture and DNA sample volumes.

Volume (uL)

PCR Mix 25
DNA Sample 5
Total 30

Moreover, three polymers were tested to determine which material best suits the de-
sign for fabricating the microfluidic PCR chip. Table 2 lists the thermal properties of the
polymeric materials utilized in the design.
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Table 2. The types of polymeric material with their corresponding thermal
properties used in designing the microfluidic PCR chip.

Material Property Unit pPeli7l  pchligl - ppmsetil
Melting Point K 432.15 428.15 408.15
W
Thermal Conductivity — 0.8 0.24 0.15
Specific Heat il 1.8 1.2 1.46
pecific Hea kg K . . .
. kg
Density — 920 1200 970
m

@Polypropylene
bpolycarbonate
“Polydimethylsiloxane

The first part of the simulation was intended to determine the effects of looping on
the temperature of the fluid inside the device. Aside from that, this also aimed to assess
the influence of looping to the efficiency of the design by calculating their respective rela-
tive deviation and average square of difference based on a set temperature of 58°C. Three
variations were tested: a design with no loops, one loop, and two loops of the same linear
path lengths were drawn. The dimensions are shown in Table 3.

Table 3. The dimensions of the three designs utilized in the simulation.

Total Length Calculation

Design Radius (mm) Circumference (mm) Length (mm) Total Length (mm)
No Loops® - - 30 30
One Loop 0.25 1.570796327 14 30
Two Loops 0.25 1.570796327 27 30

“The design is characterized as having only a straight path line.

The proposed microfluidic PCR chip was modeled using ANSYS 14.5 CFD with the
following dimensions shown in Table 4.

Table 4. The dimensions of the microfluidic PCR chip and the

copper plate.

Parts Length (mm) Width (mm)
Microfluidic Chip 73 45.5
Denaturation 15 45.5
Annealing 15 45.5
Extension 10 45.5
Space 2 -

The other parameters considered in designing the microfluidic PCR chip are listed in
Table 5. Moreover, Figure 1 shows the 44-cycle microfluidic PCR chip and the 2-cycle mi-
crofluidic PCR chip utilized in testing the design.

Table 5. Other parameters considered in the design of the microfluidic PCR chip.

Region Residence Time (s) Length (um) Passes Volume Volumetric Flowrate Speed (um/s)
Annealing (58°C) 15 15000 1.5  2.94E+09 1.96E+08 1500
Extension (72°C) 20 10000 3 3.92E+09 1.96E+08 1500

Denaturation (95°C) 10 15000 1 1.96E+09 1.96E+08 1500
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Figure 1. Using ANSYS 14.5 Computational Fluid Dynamics (CFD), the microfluidic PCR chip was modeled to evaluate which design
would be best utilized in fabricating the device for actual use. The number of cycles must be specified since this also alters the
functionality of the microfluidic PCR chip in detecting malaria. A visual comparison is shown above: (a) 44-cycle microfluidic PCR
chip design; (b) 2-cycle microfluidic PCR chip design.

Different polymeric materials such as polypropylene, polycarbonate, and polydime-
thylsiloxane were used as the microfluidic PCR chip material in the simulation, and the
most efficient material was evaluated using relative deviation and average square of dif-
ference. After assessing which material is the best choice, the diameter and length of the
design were changed to determine the effect of varying the cross-sectional area of the fluid
path to the fluid temperature. The dimensions used for this test are listed in Table 6.

Table 6. The dimensions used in determining the effect of changing
the cross-sectional area of the design on the fluid temperature. Two
designs with different diameters and lengths were tested.

Parameter Unit Design 1 Design 2
Diameter um 300 500
Length um 200 300
Cross-Sectional Area ~ pum? 130686 346350

3. Results and Discussion

Based on the data listed in Table 3, three designs were modeled with one having no
loops, one having only a loop, and one having two loops. The copper plate for all three
was set at a temperature of 58°C, and the designs were simulated using ANSYS 14.5 CFD.
As shown in Table 7, as the number of loops is increased, the relative deviation also in-
creases which indicates that the efficiency of the design decreases; however, the decrease
is not that significant. The simulation shows that a fluid temperature maintained within
58°C, the relative deviation for the design with no loops is 0.65, with one loop is 0.80, and
with two loops is 0.88. This decreasing trend is indicative of decreasing efficiency but only
to a minimal extent. Therefore, looping can be used in designing the microfluidic PCR
chip to reduce the chip length and to increase the residence time of the sample inside the
device.
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Table 7. The effect of looping on the efficiency of the design
based on the calculation of relative deviation and ASD.

Design Relative Deviation ASD*
No Loop 0.65 1.12
One Loop 0.80 1.39
Two Loops 0.88 1.52

%Average square of dif ference (AT?/n).
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Figure 2. Using ANSYS 14.5 Computational Fluid Dynamics (CFD), the designs intended to test the effect of looping on the effi-
ciency of the device were modelled: (a) Design with no loops; (b) Design with one loop; (c) Design with two loops.
For the simulation of the proposed microfluidic PCR chip, the designs drawn using
ANSYS 14.5 CFD are shown in Figure 3. The five copper plates seen in Figure 3(b) were
set at temperatures 58°C, 72°C, 95°C, 72°C, and 58°C for the first simulation, temperatures
60°C, 74°C, 97°C, 74°C, and 60°C for the second simulation, and temperatures 63°C, 77°C,
100°C, 77°C, and 63°C for the third simulation for each material (the order of temperatures
corresponds to the order of plates seen in the figure).
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Figure 3. Images of the proposed microfluidic PCR chip design modelled from ANSYS 14.5 Computational Fluid Dynamics (CFD):
(a) Microfluidic chip dimensions; (b) Microfluidic chip side view.

The final design is illustrated in Figure 4, showing a 44-cycle microfluidic PCR chip
design.
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Figure 4. Image of the 44-cycle microfluidic PCR chip design modelled from ANSYS 14.5 Computational Fluid Dynamics (CFD).

However, during the meshing procedure on the ANSYS 14.5 CFD, the software can-
not mesh the design due to its limitation since the program is only accessible for educa-
tional use. Instead of meshing the whole design, only a 2-cycle microfluidic PCR chip de-
sign was meshed and simulated as representative of the 44-cycle microfluidic PCR chip
design.
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Furthermore, different polymeric materials were tested to determine which is the
best choice to be used for designing the microfluidic chip. Figure 5 illustrates the simula-
tion of the microfluidic PCR chip designs modelled from polypropylene set at various
copper temperatures. Figure 6 illustrates the simulation of the microfluidic PCR chip de-
signs modelled from polycarbonate set at various copper temperatures. And Figure 7 il-
lustrates the simulation of the microfluidic PCR chip designs modelled from polydime-
thylsiloxane set at various copper temperatures.
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Figure 5. Polypropylene microfluidic PCR chip design set at temperatures of: (a) 58°C (annealing), 72°C (extension), and 95°C (de-
naturation); (b) 60°C (annealing), 74°C (extension), and 97°C (denaturation); (c) 63°C (annealing), 77°C (extension), and 100°C (dena-
turation).


https://doi.org/10.20944/preprints202305.1033.v1

2.930e+002 ‘ 2.930e+002 j
2.830e+002 /I\ 2.830e+002 /k

2.730e+002 pas b A B : 2.730e+002 0 0005 001 (m)
[K] 0.0025 0.0075 [K] 0.0025 0.0075

(a) (b)

2.930e+002 *

2.830e+002 ‘/L‘

2.730e+002 0 0005 _ 001 (m) ; :
[K] 0.0025 0.0075

(©

Figure 6. Polycarbonate microfluidic PCR chip design set at temperatures of: (a) 58°C (annealing), 72°C (extension), and 95°C (dena-
turation); (b) 60°C (annealing), 74°C (extension), and 97°C (denaturation); (c) 63°C (annealing), 77°C (extension), and 100°C (dena-
turation).
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Figure 7. Polydimethylsiloxane microfluidic PCR chip design set at temperatures of: (a) 58°C (annealing), 72°C (extension), and 95°C
(denaturation); (b) 60°C (annealing), 74°C (extension), and 97°C (denaturation); (c) 63°C (annealing), 77°C (extension), and 100°C

(denaturation).

Using the data at different nodes generated from the various simulations, the relative
deviation and average square of difference (ASD) were calculated as shown in Table 8.
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Table 8. The effect of the different polymeric materials under various temperatures on the efficiency of the design based
on the calculation of relative deviation and ASD.

58°C, 72°C, 95°C 60°C, 74°C, 97°C 63°C, 77°C, 100°C
Material Relative Deviation = ASD? Relative Deviation = ASD? Relative Deviation ASD¢
PP¢ 0.94 3.21 2.84 5.82 6.90 25.00
pc? 1.92 8.61 3.15 10.00 6.92 26.70
PDMS¢ 2.78 14.00 3.47 14.00 6.93 29.00

“Polypropylene
bpolycarbonate
%Polydimethysiloxane

dAverage square of dif ference (AT?/n).

The results show that polypropylene set at a copper plate temperature of 58°C for
annealing, 72°C for extension, and 95°C for denaturation has the lowest relative deviation
of 0.94 and lowest average square of difference (AT?/n) of 3.21. This suggests that poly-
propylene under this set condition is the most efficient material to use in fabricating the
microfluidic PCR chip.

Consequently, after figuring out that polypropylene is the best option, the microflu-
idic PCR chip with this design set under the optimum temperatures of 58°C, 72°C, and
95°C was subjected to further testing by changing the parameters of the design as based
on the dimensions listed in Table 6, while unchanging the inlet velocity of the models.
Figure 8 illustrates the results of the simulations, and Table 9 shows the relative deviation
and average square of difference (ASD) calculated from the two designs.
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Figure 8. Polypropylene microfluidic PCR chip design set at temperatures of 58°C (annealing), 72°C (extension), and 95°C
(denaturation) with dimensions of: (a) 300 um (diamater), 200 um (length), and 130686 pum? (cross-sectional area); (b) 500 um
(diamater), 300 um (length), and 346350 um? (cross-sectional area).
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Table 9. The effect of changing the parameters of the polypropyl-
ene microfluidic PCR chip under the temperatures of 58°C (an-
nealing), 72°C (extension), and 95°C (denaturation) on the effi-
ciency of the design based on the calculation of relative deviation

and ASD.

Parameter Design 1 Design 2
Diameter 300 500
Length 200 300
Relative Deviation 0.94 2.31
ASD¢ 3.21 5.96

%Average square of dif ference (AT?/n).

The data shows that increasing the diameter and length of the fluid path affects the
fluid temperature. Increasing the cross-sectional area using the same inlet velocity of the
fluid flowing through the chip also results in the increase of relative deviation and ASD
indicating a decrease in efficiency of reaching the set temperature at different zones. Thus,
the design using a smaller cross-sectional area is most suitable to use because of its com-
paratively lower relative deviation and ASD, which predispose it to be favored more in
fabricating the device.

Since one of the aims of this study is to reduce the cost of the device for public access,
limiting material utilization was necessary in order to compensate for this. Miniaturizing
the conventional PCR through fabricating a more portable and relatively smaller device
would surely affect its efficiency in detecting Malaria, especially in the amplification pro-
cess [20]. The proposed microfluidic PCR chip is designed to detect Malaria even with a
small sample volume while, at the same time, not compromising the specificity of the test.
The threshold cycle of the conventional PCR amplification of P.falciparum DNA fragments
is 36 with a threshold sensitivity of 0.2 parasite per 1 uL [21]. However, the proposed mi-
crofluidic PCR chip was designed for 44 cycles because it is also intended to detect small
samples, which need to be amplified more compared to samples of greater volume. The
amount of time it takes for the microfluidic PCR chip to amplify the sample for a given
number cycles was evaluated, in which the results are shown in Table 10 (see S3). In 44
cycles, which the device was specifically designed for, consumes around 112.23 minutes to
complete the process.

Table 10. The time consumed for the differ-
ent number of cycles.

No. of Cycles Time (minutes)
20 51.01
25 63.77
30 76.52
35 89.27
40 102.03
44 112.23

4. Conclusion

The simulation shows that looping can affect the temperature of the fluid to a mini-
mal extent, and therefore, can be considered in designing a microfluidic PCR chip in order
to decrease the chip length. Based on the simulation, the best material for designing the
microfluidic PCR chip is polypropylene with a relative deviation of 0.94 from the set tem-
peratures of 58°C (annealing), 72°C (extension), and 95°C (denaturation). It was also
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proven that increasing the cross-sectional area of the fluid path can have an effect on the
temperature of the fluid; thus, it is recommended to use a smaller cross-sectional area to
ensure that the set temperatures in different zones are reached. With the objectives this
simulative study aims to answer, the results generated from this intend to serve as a pre-
liminary screening towards an optimized design of a microfluidic-based PCR device for P.
falciparum DNA fragment amplification.

As mentioned earlier, only a 2-cycle microfluidic chip design was meshed due to the
limitation of the software. Future researchers might want to take a look at this and try to
mesh the 44-cycle microfluidic chip used in this study. Other parameters may be tested as
well for their effect on the efficiency of the device in detecting malaria, and other materials
may be assessed to broaden the application of this design.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: title; Table S1: title; Video S1: title.
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