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Abstract

In recent years, microtechnological and nanotechnological methods have proven to be a powerful
analytical tools for deoxyribonucleic acid (DNA) analysis. There are reviewed different techniques
developed over the last decade to amplify the nucleic acids (NA), including microfluidic systems.
Polymerase chain reaction (PCR) is widely used in molecular biology to amplify target NA in vitro. The
number of groups working on PCR worldwide is significant given the substantial social and economic
impact of this technique, for example, in medical diagnostic, criminology, food processing, or
environmental studies. Nowadays, the coronavirus disease 2019 pandemic proved the importance of
developing more accessible technologies for diagnosing viral diseases.

The thesis presents the development of two versions of PCR platforms for NA detection, droplet real-
time quantitative PCR (qPCR) and digital PCR (dPCR). The critical components of both platforms were
fabricated using the microtechnological procedures for surfaces modification and lithographic
fabrication, allowing the development of hydrophobic cover glasses or silicon microchips. The results of
the thesis demonstrate the design, assembly, and testing with optimization of both platforms. The PCR
technology consists of a software part controlled by the LabView program and a hardware part
consisting of a temperature control system and a fluorescence imaging system. The droplet qPCR was
conducted in 0.3 pL of the master mix droplet containing the target gene encapsulated with 2 pyL of
mineral oil. The droplets were pipetted on the hydrophobic cover glass, placed on the thermoelectric
cooler (TEC) under the fluorescence microscope to conduct thermal cycling. The fluorescence changes
during thermal cycling were captured by photomultiplier tubes and monitored by oscilloscope. The
results of the testing also present the multiplexing capability of the developed technique. Three synthetic
genes using intercalating fluorescent dye for simultaneous detection and quantification based on a
single fluorescence channel were introduced. The droplet gPCR technology was a crucial platform for
further development of the dPCR platform.

The dPCR platform employed a silicon microchip with microwell sample dispersion to the 26 448
microwells, each with a target diameter of 50 um and a volume of 59 pL. The microchip loaded with the
master mix containing the target DNA was covered by the mineral oil and cover glass modified by
polydimethylsiloxane and Parylene C. The heating/cooling system of thermal cycling with the TEC was
similar to the droplet qPCR platform. The fluorescent imaging system used a complementary metal-
oxide-semiconductor (known as CMOS) camera to capture the fluorescent images. The developed
dPCR was demonstrated for applications in human medical research. The synthetic virus DNA, isolated
virus DNA, and female genomic DNA were tested. The thesis reveals the development of the dPCR
system, which is a part of a new dPCR technique that is more affordable, easy to use with simple sample
delivery, which are the most common problems why it has not yet found much popularity among
laboratories. The silicon-based microchip dPCR improved the system performance due to a large
number of wells. The employment of such dPCR benefits of high sensitivity, low signal to noise ratio,
accuracy or lower detection limit, and multiplexing capability.
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Abstrakt

Mikrotechnologické a nanotechnologické metody se v poslednich letech ukazaly jako U¢inny nastroj
pro analyzu deoxyribonukleové kyseliny (DNA). Ruzné techniky vyvinuté k amplifikaci nukleovych
kyselin (NK) byli publikovany v poslednim desetileti, véetné mikrofluidnich systému. Polymerazova
fetézova reakce (PCR) je v molekularni biologii Siroce pouzivana k amplifikaci cilové NK in vitro. PoCet
skupin pracujicich s PCR po celém svété je obrovsky vzhledem k dulezitému socialnimu a
ekonomickému dopadu této techniky, napfiklad v oblasti Iékafské diagnostiky, kriminalistiky, zpracovani
potravin nebo environmentalnich studii. V sou¢asné dobé pandemie koronavirového onemocnéni 2019
se prokazala dalezitost vyvoje pfistupnéjSich technologii pro diagnostiku virovych onemocnéni.

Disertacni prace popisuje vyvoj dvou verzi platforem PCR pro detekci NK, kapkovou kvantitativni
PCR v redlném Case (QPCR) a digitalni PCR (dPCR). Klicové komponenty obou platforem byly vyrobeny
pomoci mikrotechnologickych postupl pro Upravu povrchi a litografickou vyrobu umoznujici vyvoj
hydrofobnich krycich skel nebo kiemikovych mikrocipu. Vysledky prace demonstruji navrh, sestaveni a
testovani vCetné optimalizace obou platforem. Technologie PCR je tvofena softwarovou casti,
ovladanou programem LabView a hardwarovou cCasti sestavajici ze systému fFizeni teploty a
zobrazovaciho systém florescence. Kapkova qPCR byla provadéna v 0.3 pL kapky smési obsahujici
cilovy gen napipetovany v objemu 2 pyL kapky mineralniho oleje. Kapky byly pipetovany na hydrofobni
kryci sklo, které bylo umisténo na termoelektricky chladi¢ (TEC) pod fluorescenéni mikroskop, aby se
provedlo teplotni cyklovani. Zmény fluorescence béhem cykld byly zachyceny fotonasobicem a
sledovany osciloskopem. Vysledky testovani popisuji také schopnost multiplexovani vyvinuté techniky.
V praci je predstavena amplifikace tfi syntetickych genl s vyuzitim interkalaéniho fluorescenéniho
barviva pro simultanni detekci a kvantifikaci na zakladé jednoho fluorescencniho kanalu. Kapkova
technologie qPCR byla zasadni platformou pro dalSi vyvoj platformy dPCR.

Platforma dPCR pouziva kfemikovy mikroCip s disperzi vzorku do mikrojamek o celkovém poctu
26 448, kazda s primérem 50 ym a objemem 59 pL. Mikro€ip naplnén vzorkem byl pokryt mineralnim
olejem a krycim sklem modifikovanym polydimethylsiloxanem a Parylenem C. Systém ohfevu/chlazeni
teplotniho cyklovani s TEC byl podobny jako u kapkové platformy qPCR. Fluorescenéni zobrazovaci
systém pouzival k zachyceni fluorescencnich obrazl polovodi¢ovou kameru na bazi CMOS. Vyvinuta
dPCR byla testovana pro aplikace ve vyzkumu humanni mediciny. Testovaci vzorky DNA byly &ast
syntetického genu viru, izolovand genomicka DNA viru a izolovana genomicka DNA Zeny. Diplomova
prace popisuje vyvoj systému dPCR, ktery je soucasti nové techniky dPCR, ktera je cenové dostupnéjsi
a snadno pouzitelna s jednoduchym davkovanim vzork(, coz jsou nejCastéjSi problémy, proc¢ si zatim
mezi laboratofemi nenas$la velkou popularitu. dPCR mikrolip na bazi kiemiku zlepS$il vykon systému
diky velkému poctu mikrojamek. Vyuziti technologie dPCR vynika ve vysokeé citlivosti, v nizkém poméru
signdlu k Sumu, dosahované pfesnosti, v nizkém detekénim limitu a schopnosti multiplexovani.

Klicova slova

Kapkova qPCR, dPCR, teplotni cyklovani, detekce fluorescence, mikrotechnologie, analyza
nukleovych kyselin, amplifikace DNA, analyza kfivky tani.
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Introduction

The biomacromolecules found in living organisms that carry genetic information are nucleic acids
(NA), which include deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) [1]. The molecular
diagnostics offers various NA-based detection methods. The diagnostic industry, having recognized the
benefits of NA testing, is investigating heavily in molecular biology research and development.

Polymerase chain reaction (PCR) dominates the NA amplification technology for detecting and
guantifying the low concentration of NA [2]. Since its invention in the 1980s [3], PCR has found
widespread applications in medical diagnosis, environmental monitoring, and food safety analysis [4].
Recently in 1999 has been developed a new generation of PCR called digital PCR (dPCR) [5]. It allows
direct, reproducible, and accurate absolute quantification of target DNA without a standard [6]. Although
several dPCR systems are commercially available, they are expensive and rarely used in local clinics.
The expected rapid development of multiplex assays will improve the dPCR features, increase
measurement capabilities, and decrease overall capital cost. However, current commercial dPCR
technologies do not fulfil all these requirements, and therefore there is an interest in further technological
improvements of these systems. Generally, the deployment of microfluidic technology and
microfabrication could contribute to better possibilities of multiplexing. The following paragraphs are
taken and reproduced from the review article [7].

Perspectives of PCR

The PCR systems are expected to play a notable role in the healthcare system to secure a better
quality of life for the next generations. The global molecular diagnostics market size has been analyzed
previously, where the PCR segment dominated the market. The market was valued at USD 36.2 billion
in 2020 and is expected to expand at a compound annual growth rate of 3.9% from 2021 to 2028 [8].
Therefore, the fabrication of the new generation of PCR systems requires the deployment of advanced
techniques and concepts that allow high-performance measurements and low power consumption to be
integrated into portable miniaturized systems.

These new characteristics could facilitate the approach of such systems into small clinics or even
doctor's surgeries, for example, PCR platform integrated into portable devices, such as smartphones.
Such technology could allow physicians to monitor the disease and improve the healing rate of the
patients. Portable nucleic acid analysis can be improved by forming an Internet of things (IoT). loT is a
network of communicating sensors or devices speaking with each other via the Internet to achieve
intelligent identification, positioning, tracking, monitoring, and management. This technology can be
integrated with point-of-care (POC) devices to speed up the information transfer from devices to the
data center and then draw up a plan for the next step based on big-data analysis. If all the multiplexing
dPCR devices for disease diagnosis are connected via |oT technology, the disease center can detect
disease immediately and track the morbidity [7, 9].

Several portable miniaturized systems have been introduced in review Multiplex polymerase chain
reaction as a powerful diagnostic tool [7]. These have been used to perform PCR for complementary
DNA (cDNA) of the H7N9 avian influenza [10], reverse transcription PCR (RT-PCR) for RNA analysis of
the H5N1 avian influenza [11], and the RNA of the Ebola virus [12].
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The COVID-19 outbreak has accelerated the development of a simple sample-to-answer quantitative
PCR (gPCR) [13, 14] and led to the converting of the ID NOW real-time loop-mediated isothermal
amplification system [15] from influenza into a SARS-CoV-2 diagnostic tool, with other companies
following suit. These developments should lead to systems being available for small clinics, with the
precaution that the sample is placed in a sealed cassette to avoid sample contamination and not harm
the operators. Safe handling of the sample would eliminate the requirements of extensive laboratory
biosafety measures and reduce costs.

DNA quantitative analysis using dPCR with high accuracy has already been proven. The combination
of diagnostic PCR platforms and smartphones should result in POC applications as it has a detection
system, and additional optical filters can be added at a low cost. A miniaturized dPCR platform has been
reported [16] that uses a smartphone with an Android operating system (OS) to control the heater via
Bluetooth and perform thermal cycling. The built-in phone camera captures the fluorescence image, and
software in the Android OS manages the image analysis. The system can be expanded to perform
multiplexed dPCR using intercalating dye and capture a sequence of fluorescent images at different
temperatures [17].
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Aims of the doctoral thesis

The doctoral thesis aimed to demonstrate the accessible dPCR technology that implements the
simple operation of the device with new architecture, a surface treatment method, and a new sample
loading method than currently available dPCR systems. The goal was to propose dPCR technology that
will expand to the miniaturized and portable platform, thus enlarging its use in local clinics.

To overcome unexpected drawbacks, the development was divided into two main parts: (1)
development and validation of a droplet qPCR with its detection system and subsequent (2) upgrade
of droplet gPCR to the dPCR system. The research plan was divided into particular tasks starting with
the key droplet qPCR development following dPCR chip fabrication with instrumentation, capturing the
fluorescent image and its processing, as well as optimizing the dPCR method for applications.

Task 1 Instrumentation of droplet qPCR hardware: The amplification system consisted of a
heating/cooling unit for thermal cycling using a thermoelectric cooler (TEC) element and the
fluorescence detection system.

Task 2 Development of LabView software for temperature control: The proposed LabView-based
temperature control program allowed to set the time and thermal cycling protocol of the droplet gPCR
system to perform quantitative amplification of target gene. Later, the LabView temperature control
program was used to control dPCR thermal cycling.

Task 3 Droplet qPCR applications and multiplexing: The gPCR was performed in a droplet
consisting of a master mix with DNA templates, relevant primers, and other PCR components covered
with mineral oil with the volume of =0.3 pL and =2.0 uL, respectively. Then multiplexing was performed
in the presence of an intercalating dye using the single fluorescent channel.

Task 4 Instrumentation of dPCR hardware: The dPCR technology for detection and quantification of
nucleic acid using a silicon (Si) chip was demonstrated. The dPCR system employed a TEC element for
heat up and cool down the system controlled by the LabView program (proposed in task 2) and the
fluorescence detection system.

Task 5 dPCR image processing: The MATLAB environment for the digital processing of fluorescent
images was used to perform a quantitative sample analysis.

Task 6 dPCR applications and multiplexing: The chip with wells was loaded with a master mix PCR
solution containing the DNA template and then encapsulated with mineral oil and polydimethylsiloxane
(PDMS) and Parylene C coated cover glass to prevent the evaporation of the sample. The spectrum of
different samples mirroring different biological material was obtained allowing to explore the capabilities
of the newly developed technology. Then multiplexing with one dPCR chip was performed in the
presence of an intercalating dye using single fluorescent channel detection.
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1 Development and validation of a droplet gPCR

The concentration of target NA in clinical samples is typically low, which is usually undetectable by
most existing detection methods, hence necessitating the amplification process. Here, is proposed a
PCR technique for NA detection; droplet gPCR to perform continuous fluorescence monitoring (CFM)
method, providing qualitative and quantitative sample information. The technique was also applied for
multiplex detection of hepatitis B virus (HBV), human immunodeficiency virus (HIV), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) genes in different concentration ratios.

The master mix with the target DNA molecules was emulsified into the mineral oil droplet. The
thermal cycling was performed in the oil droplet, which served as a virtual reaction chamber (VRC)
(Figure 1A, B). The results demonstrate the design, assembly, and testing with optimization of the
droplet gPCR platform. The PCR running in a droplet was performed to test the hardware parts of the
device together with the temperature control system. The technique was developed as a preliminary
platform to overcome unexpected drawbacks during dPCR development, and it was a crucial platform
for further improvement of the dPCR technique.

1.1 Results and discussion

The PCR technology consists of a software part controlled by the LabView program and a hardware
part consisting of a temperature control system and a fluorescence imaging system (Figure 1C, D). The
droplet qPCR was conducted in 0.3 uL of the master mix droplet containing the target gene
encapsulated with 2 uL of mineral oil. The droplets were pipetted on the hydrophobic cover glass placed
on the TEC under the fluorescence microscope to conduct thermal cycling.

C
Lock-in
amplifier

Filter

Oscilloscope Obijective

lens

Droplet on

glass
[RTD | > T

P
TECLLLLLLLLLEELERL L] |e—— control module

Figure 1 (A) Photograph of a VRC on a TEC with a droplet of fluorescein covered with mineral oil. (B) Schematic
representation of the LED illuminated through an objective microscope lens. (C) Diagram of the testing setup. (D)
Photograph of the droplet dPCR hardware. Figures A-C were reproduced from [18].

1.1.1 Droplet qPCR applications and multiplexing

The PCR has become a well-established method for detecting and amplifying DNA with a specific
sequence. Incorporating fluorescent probes, known as TagMan probes, or DNA intercalating dyes, such
as SYBR Green, into the PCR mixture allows real-time monitoring of the reaction progress and
extraction of quantitative information. Previously reported real-time PCR product detection using
intercalating dyes required melting curve analysis (MCA) to be performed following thermal cycling.

10
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Here, a technique is presented to perform dynamic MCA during each thermal cycle determining the PCR
product specificity in real-time instead of waiting until the end of the PCR. The following parts 1.1.1.1 -
1.2 are reproduced from our publication [18].

1.1.1.1 Single gene gPCR amplification

The PCR master mix of HBV, HIV, and GAPDH was prepared and initially verified using a commercial
PCR cycler to identify the respective values of critical threshold (Cr) and melting temperature (Twm) of
amplicons; Tw for HIV, HBV, and GAPDH was =83.0, 87.5, and 79.0°C, respectively (data not shown).
The same PCR protocol was then performed in a droplet on the TEC with a set temperature scan rate
(v) of 0.8 K-s'1 from elongation to denaturation. The temperature (T) and fluorescence (F) signals were

recorded for further processing.
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Figure 2 Droplet gPCR amplification of HIV gene. (A) Continuous fluorescence intensity (green) and heater
temperature (red) from 40 cycles and MCA at the end of the PCR protocol. (B) The F values as a function of cycle
number (N) and extracted Cr value. The F values were extracted at the end of the elongation step in each cycle
from figure A, resulting in the amplification curve. (C) The detail of fluorescence intensity (green) and heater
temperature (red) from 1 cycle. (D) MCA curve (black) recorded at the end of the PCR protocol and its derivative
—dF/dT (blue) as a function of T. Reproduced and modified from [18].

The PCR protocol was performed based on a CFM method to monitor F (Figure 2A) as a function of
time (t), concurrently recording the heater T (Figure 2A) [19]. The PCR experiment was performed with
the HIV gene. The amplification curve was extracted (black squares in Figure 2B) from the PCR (Figure

11
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2A) using the conventional approach of registering the F amplitude at the end of the extension phase in
each PCR amplification cycle. The following way determined the Cr. The amplification curve was first
fitted using nonlinear curve fitting and the function:

Y =a+b-N°, Q)
where Y is the extracted signal data, either F or —dF/dT, and a, b, and c are fitting parameters. Then,
we determined the Cr values by solving Equation (2) using the formula:

YT-a

b
C;=10 ¢ )

lo

where YT is the F value at the set value of Ct defined as 10% of the signal increase, either F or —dF/dT.
The Cr value was =16.4. The analysis of the fluorescence intensity (green) and heater temperature (red)
from one cycle is shown in Figure 2C, and the cycle number is 23. The cycle consisted of three steps:
denaturation, primers annealing, and elongation. The transition from the elongation to the denaturation
step (from 72 up to 95°C) represents the MCA temperature range. Thus, it could serve for product
specificity determination [18, 20]. At the end of thermal cycling, the MCA was performed (Figure 2A),
and the details of the curve are shown in Figure 2D (black curve) with its derivative —dF/dT as functions
of T (blue curve), determining the specificity and Tm of amplified products.

1.1.1.2 PCR multiplexing based on a single fluorescent channel using dynamic MCA
(published in [18])

The following sections 1.1.1.2 - 1.2 are reproduced from [18]. Patients with acquired
immunodeficiency syndrome are infected by HIV, thus weakening the human immune system in its fight
against other diseases such as hepatitis B and tuberculosis. In HIV infected patients, HIV exacerbates
the symptoms of HBV virus infection and accelerates the progression of the liver disease leading to
cirrhosis as well as hepatocellular carcinoma. Disease progression to cirrhosis in HIV-positive patients
is almost 3 times faster than in HIV-negative patients, and the interaction of HIV and HBV remains the
leading cause of death [21-23]. Growing globalization and human migration have accelerated the spread
of these diseases, and no country has been immune from them [24-26]. Therefore, it is essential to have
early diagnosis and treatment of these diseases to lower death rates.

Here is presented the PCR experiment on the HIV gene only as an example of data extraction. The
PCR protocol was performed based on a CFM method to monitor F (Figure 3A) as a function of t,
concurrently recording the heater T (Figure 3A). The fluorescence signal F(t) and temperature T(t)
registered during the transition from elongation to denaturation step (from 72 up to 95°C) were split in
successive PCR cycles and plotted as a function of t with the PCR cycle number (N) as a parameter
(Figure 3B). Then, the MCA was performed by eliminating t from F(t) and T(t), giving F and its derivative
—dF/dT as functions of T (Figure 3C). Finally, the amplification curves (black squares in Figure 3D) were
extracted from the PCR (Figure 3A) using the conventional approach of registering the F amplitude at
the end of the extension phase in each PCR amplification cycle. Then, the peak value of -dF/dT as a
function of N (red circles in Figure 3D) was plotted, resulting in a second amplification curve determined
from MCA. Here, the Cr values determined from the PCR curve and MCA were =16.4 and 16.3 cycles,

12
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respectively (Table 1), differing only by =0.12 cycle, suggesting that these two methods of Ct extraction
are equivalent.
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Figure 3 Principle of PCR data processing and extraction of PCR amplification curves. (A) Continuous fluorescence
intensity (green) and heater temperature (red) from 40 PCR cycles. (B) Extracted F values from 72 up to 95°C (left
Y axis) and T (right Y axis) as a function of t with N as a parameter. (C) MCAs (left Y axis) and its derivative ~dF/dT
(right Y axis) as a function of T with N as a parameter. The blue curve represents the static MCA recorded at the
end of the PCR protocol. (D) Two amplification curves: the first (black squares) is the conventional extraction from
figure A as the F value at the end of the elongation step; the second (red circles) is the peak values of —dF/dT at
each cycle extracted from figure C. The extracted Cr values are shown. Reproduced from [18]

Subsequently, the combination of HIV, GAPDH, and HBV genes was amplified to demonstrate the
multiplexing capability of the method. The combination of HIV with GAPDH was chosen in three different
ratios; for the combination of all three, the GAPDH content was kept constant while the other two were
varied (Table 1). Details of all processed data are published in the publication [18]. Here, the results for
genes with a volume ratio of 5:5:5 are presented to demonstrate the multiplexing method. First, the PCR
was performed with v set to 0.8 K-s™1 while recording both T and F as a function of t, followed by MCA
with v set to 0.1 K-s™* (Figure 4A). The data were recorded by an oscilloscope and then registered and
processed with a MATLAB script, as described in the paragraph above. The F and T data from all cycles
were split into individual cycles and plotted as a function of t (Figure 4B). Then, t was eliminated, and
we plotted F and —dF/dT as a function of T, including the static MCA, extracted directly from Figure 4A
(Figure 4C). There are three peaks corresponding to HIV, GAPDH, and HBV amplicons with respective
Twm values compared to those extracted from static MCA. The difference between Tw of GAPDH and HIV
is only =2.72°C, and the results are clearly differentiated, showing that their Tw difference could perhaps
be significantly smaller. Then, it was plotted a composite PCR amplification curve using the F values at
the end of the elongation steps (Figure 4A) and individual PCR amplification curves (Figure 4D) as peak
values of respective genes from —dF/dT in Figure 4C. Finally, the Cr values were calculated by the
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method described above. The experiments showed that the different DNA molecules during multiplex
PCRs influenced each other as they competed for the same limited pool of component supplies,
especially enzymes and nucleotides. The outcome was that the more efficiently amplified gene
negatively affected the yield of other amplicons [27], changing their PCR amplification efficiency. The
presented data processing method dynamically provided qualitative and quantitative information about
the target genes in the sample and was confirmed for every volume ratio.
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Figure 4 Dynamic MCA results from amplification of three genes. (A) Continuous fluorescence intensity (green)
and heater temperature (red) from 40 PCR cycles. (B) Extracted data of T and fluorescence signal change from
each cycle during the transition from the annealing to the denaturation temperature with a scan rate vsetto 0.8 K-s™
as a function of time. (C) Split MCA curves F (T) and its derivative —dF/dT (T) of each cycle as a function of
temperature. The blue curves represent the result of static MCA recorded at the end of PCR amplification, and the
static MCA reproduces the shape of the dynamic MCA. (D) Demultiplexed quantitative data represented by three
amplification curves extracted from the peak values correspond to the three individual genes (red for GAPDH, green
for HIV, and blue for HBV). The fourth amplification curve (black) is extracted from the PCR amplification (from
figure A). The blue line is a baseline to extract a threshold cycle for every gene contained in the sample. Reproduced
from [18].

gPCR multiplexing was developed to detect two or more specific nucleic acids in a single reaction
primarily using TagMan probes specific to each amplicon and having different color fluorophores [28]; it
has been used to detect the presence of viruses [29] and pathogens [30], for species authentication
[31], and for food safety [32]. This method requires hardware with multiple optical fluorescence channels
and wide optical spectrum photodetectors using either photodiodes or photomultiplier tubes or a single-
channel system utilizing a spectrum analyzer. A single fluorescent channel with a PMT has been used
with a combination of a 6-carboxyfluorescein probe (FAM probe) and an intercalating dye [33] to extract
the F amplitude in each PCR cycle twice, before and after DNA denaturation, resulting in two PCR
amplification curves, effectively doubling the PCR throughput. Later, the experiments were extended
and updated to determine the advantages and limitations of gPCR duplexing in a single fluorescent
channel [34]. Intercalating dye-based end-point PCR multiplexing has also been shown to detect specific
serotypes of Vibrio cholerae [35] or dengue fever viruses [36].
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Table 1 Extracted values of Ct from standard PCR as well as from dynamic amplification curves. Reproduced from
[18].

ot ?g‘:l'(‘)‘me HIV(C)  HBV(C) GAPDH(Cr)  PCR(Cy)
1 10:0:0 16.29 N.A. N.A. 16.41
2 0:10:0 N.A. 16.17 N.A. 14.60
3 0:0:10 N.A. N.A. 15.81 14.45
4 1:0:1 19.91 N.A. 16.14 14.98
5 1:0:2 21.96 N.A. 16.13 14.95
6 2:0:1 18.65 N.A. 16.48 16.06
7 5:5:5 18.67 20.61 17.78 16.93
8 5:4:5 17.41 19.97 17.14 16.49
9 5:2.5:5 17.49 21.62 17.39 16.46
10 25255 18.90 21.70 1751 16.48

Alternatively, utilization of the CFM method [37] to capture hundreds of data points in each cycle
allows the observation of PCR progress, including reaction kinetics, while providing both F and T as
functions of time. Eliminating t during the transition from elongation to denaturation during PCR gives F
as a function of T, i.e., MCA. This method was utilized to multiplex hemagglutinin and neuraminidase
genes in avian influenza RNA virus, as well as to determine the original number of copies, using the
intercalating EvaGreen dye [20] with an assumption that the Twm difference between two amplicons was
at least 5°C. Unfortunately, the experimental data and the results of the multiplex qPCR processing
method could not clearly differentiate peaks due to the high scanning rate of 20 K-s™* or more. The same
technique of PCR multiplexing was used later for digital PCR [38]. Recently, a new method for
multiplexing using intercalating dyes was proposed based on multidimensional standard curves [39, 40].
The data obtained by this novel method were achieved by commercial gPCR instruments, thus
extending the use of these devices. Here the presented PCR multiplexing method is based on data
extracted from MCA performed during each thermal cycle. The PCR uses the CFM method with one,
two, and three genes in different volume ratios, demonstrating that 2°C difference in Tm of amplicons is
sufficient to subsequently demultiplex gquantitative data for individual genes. The proposed method
allows researchers to detect multiple genes in real time and to decide whether to stop or optimize the
experiment based on the real-time results. As a result, the process can be shortened and become more
efficient.

1.2 Summary

A method of quantitative PCR multiplexing is based on performing melting curve analysis during
each PCR cycle by controlling the ramping rate in the transition phase from elongation to denaturation.
A single fluorescent channel with an optical wide-band detector, an intercalating dye, and different
values of Twm for individual amplicons were used to verify the proposed method. The capability of this
method was demonstrated by multiplexing up to three genes. PCR amplification curves for each gene
were constructed, which can serve for the determination of the initial DNA concentration in the sample.
Additionally, the lower transition rate set to 0.8 K-s™1 from elongation to denaturation provides data used
for multiplexing assay, which could also be used in genotyping. These advantages of simple single
fluorescent channel multiplexing could inspire developers of new gPCR systems to enhance their
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hardware and software capability to enable it. It would be a rather simple task for newly developed
portable devices for rapid detection of infectious diseases outside of laboratories, in the field, and at the
point of care. So they could contribute to help early diagnosis and treatment of HIV, HBV, and other viral
diseases. These new multiplexed systems could also be connected to a global health system as part of
the Internet of Things [9].

The developed droplet qPCR technique was verified by measurement, the drawbacks of hardware
and software parts were eliminated, the methods and protocols were optimized. The achieved results
present the utilization of the platform. This preliminary platform fulfilled its main purpose. Thus, the
platform was further developed to the dPCR technique.

2 Development and validation of a cdPCR

Over the past few decades, the development of microfluidics has enabled new technologies such as
dPCR. dPCR was originally developed to perform absolute DNA quantification of a sample. dPCR can
also detect rare DNA sequences among a background of abundant ones. Here is introduced a chip
dPCR technique to perform qualitative and quantitative sample analysis. The technique was also applied
for multiplex detection of Chr21 and Chr18 genes.

The following section presents the designed dPCR configuration for NA detection; cdPCR with
microwell sample dispersion. The master mix with the target DNA molecules was loaded to the small
independent partitions. The partitions were covered by mineral oil and modified cover glass. The thermal
cycling was performed in the silicon microchip. The dPCR amplification was accomplished to test the
system's precision by amplifying target DNA with different copy numbers. Moreover, the multiplex assay
was performed to determine the capability of the newly developed platform. Thus, the achieved results
demonstrate the design, assembly, and testing with optimization of the dPCR platform.

2.1 Results and discussion

The dPCR technology consists of a software part controlled by the LabView program and a hardware
part (Figure 5A) consisting of a temperature control system and a fluorescence imaging system (Figure
5B). The dPCR technology is similar to the droplet gPCR platform with few crucial differences. The
cdPCR was conducted in microwell of volume 59 pL with a total number of microwells 26 448. The whole
surface of the silicon chip was covered by 10 pyL of mineral oil and modified cover glass. The loaded
chip with the sample was placed on the TEC under the objective camera lens to conduct thermal cycling
(Figure 5C, D).
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Figure 5 The dPCR testing configuration. (A) Photograph of dPCR hardware consisting of X-stage for the sample,
including TEC and temperature sensor Pt100. The sample is illuminated via the fluorescent cube by a light-emitting
diode (LED). A camera captures a fluorescent image of the chip via a spacer tube, macro lens, and a 1.4x extension.
(B) Diagram of the testing setup. (C) Photograph of the LED connected to a fluorescein isothiocyanate filter set
(FITC) cube and extension tube. (D) Photograph of dPCR chip placed on a silicon wafer [41].

2.1.1 Design and fabrication of microfluidic silicon chip for dPCR

The silicon (9 x 9) mm?2 dPCR chip was fabricated. The core of the dPCR chip forms six blocks, each
containing a defined number of wells. Additionally, it also contains cross alignment marks to simplify the
dPCR image processing. The microwells have a different diameter from 50 ym down to 5 ym, and the
total number of wells is from 26 448 to 1 656 000 (Table 2). The experiments presented here utilized
the chips with 26 448 wells with a target diameter of 50 um and a target depth of 30 ym. The chips with
different well diameters were not tested due to their parameters below the camera's resolution. The
optical system has to be improved to increase its resolution, and next, the chips with different well
diameters can be tested.

Table 2 Parameters of four different dPCR chips. Reproduces from [42].

Well diameter Total number of Number of wells in Total volume The volume of a
[um] wells one segment [pL] single well [pL]
50 26 448 4 408 1.56 59
20 139 896 23 316 0.84 6
10 475 272 79 212 0.37 0.78
5 1656 000 276 000 0.17 0.1

A representative commercial product of cdPCR is the QuantStudio 3D chip, having 20 000 =60 uym
hexagonal microreaction chambers etched into the silicon chip [43]. The silicon-based dPCR chip is
convenient for batch processing and system automation. The price of one chip for QuantStudio 3D is
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=278 K&; compared with the price of our fabricated chip after introduction into mass production, the price
would be lower 10x, approximately =20 K&/chip and on the top of that, these silicon chips are reusable

making the dPCR experiment much cheaper.

The detailed microwell design of the dPCR chip is shown in Figure 6 - 7. Figure 6 shows the small
portion of the round microwells. The photograph of the central part of the chip represents the area of the
chip divided into four separated blocks. The photograph of the lower right corner represents the area of
the chip with cross alignment mark to simplify the dPCR image processing, the microscale to check the
microfabrication process, and the acceptable range of well diameters. The inset images were captured
by microscope (Zeiss, Axio Imager.M2m) at a magnification of 5x and 10x, respectively. The entire
dPCR chip was a photograph from a camera, part of the dPCR platform.
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Figure 6 The photograph of the entire dPCR chip with a designed diameter of a microwell =50 ym showing details
of the central part of the chip (blue inset) and lower right corner with the cross alignment mark on the edge of the
chip (red inset).

The photographs of the dPCR chip and its cross section from the scanning electron microscope
(SEM) (Tescan Lyra3) are shown in Figure 7. The actual parameters of the microwells were slightly
different from the design, resulting in microwells with a diameter of =51.3 um (Figure 7A) and a depth
=24.94 ym (Figure 7B). The deviations were caused during the fabrication process of microwells.
Moreover, the DRIE method of microwell fabrication is a cyclic process that forms small scallops at the
inner walls of the etched structures. These defects of DRIE etching are visible in the images (Figure 7A,
B) and can influence the target amplification resulting in the defects during thermal cycling [44]. Two
more SEM images captured the different views of microwells cross section (Figure 7C) and microwell
depth (Figure 7D).

18



Digital PCR development

24.94um

Figure 7 Images from SEM showing a chip of microwells with (A) designed diameter of =50 ym and (B) targeted

depth of =30 ym. (C-D) Different views of a small portion of microwells.

2.1.2 Parylene C deposition protocol of cover glass for dPCR

The loaded chip with the sample was covered with a glass microscope coverslip =(10 x 10) mm?2 in
size and coated with PDMS and Parylene C to suppress PCR master mix evaporation and limit well-to-
well cross-contamination during the thermal cycling [42]. The chip packaging structure was insufficient,
and the sample was evaporated at high temperatures. Thus, the hydrophobic and soft nature of the
glass coverslip coated with Parylene C over the PDMS layer was enhanced by pipetting the mineral oil
layer to prevent the solution from one well contaminating the solution in the neighboring wells and its
evaporation. The utilization of mineral oil for cdPCR is well known. The PCR-grade oil has to be
deposited onto the loaded chip of QuantStudio 3D [38]. The experimental silicon microwell-based dPCR
chips were sealed by mineral oil [45].

Glass coverslip
PDMS
Parylene-C
dPCR chip

Figure 8 Schematic of the layered chip packaging structure. The non-volatile cover is formed by the bonding of
glass and the PDMS and then coated with a layer of Parylene C. Reproduced and modified [42].
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2.1.3 cdPCR applications and multiplexing

PCR has become one of the most widely used techniques in molecular biology. The fundamentals
of the method are the same for all evolution variants of PCR. They differ mainly in the detection of
amplification products and the method of sample loading. dPCR is the end-point detection method. Here
is presented a dPCR platform using the same PCR chemistry for the master mix as for the droplet gPCR.
The developed platform employed a single fluorescent channel and intercalating dye EvaGreen to
determine the PCR product specificity based on MCA. The same method is applied for duplex detection
of two target genes, chromosome 21 (Chr21), and chromosome (Chr18).

2.1.3.1 The microwell chip sample loading optimization

After microwell chip and cover glass fabrication, the next step was to find a suitable sampling method
to improve the loading efficiency, thus ensuring precise amplification. The dPCR chip was loaded with
a master mix covered with the glass, and thermal cycling was performed to test the amplification. The
images of the amplified chip at the end of the dPCR contained defects due to sampling. Incorrect sample
loading method gave rise to the defects, and the quantification of amplified area of dPCR chip was
useless. The various methods were tested. The most common flaws during dPCR are shown in Figure
9. The dPCR chip without amplified area (Figure 9A, C) results from increased pressure and clamp
application during thermal cycling, respectively. Evaporation of the sample (Figure 9B, C) was caused
by a wrong manipulation with the chip. It is important not to touch and not move the cover glass after
sampling. As soon as the glass was only pressed by tweezer to make the seal between the chip and
the glass stronger or with the clamp, it resulted in sample evaporation. The damage by cluster formation
was caused by an excess of a sample on the chip (Figure 9B) or by bubbles formation (Figure 9D). The
sample volume was optimized for 4 uL, and the second unfilled dPCR chip was placed behind the tested
chip during the sample spreading to drain the sample in excess. The bubbles were created at high
temperatures of denaturation steps. The reason could be the scallops at the microwells' inner wall, which
can act as nucleation sites for bubbles [44]. Thus the quality of fabricated dPCR chips influenced the
amplification results. The problems with the bubbles generated at high temperatures in PCR oil were
also mentioned for the commercial dPCR chips [38].

The final sample loading protocol was as follows, dPCR chip was treated in Oz plasma, the volume
=4 uL of sample master mix was pipetted on the edge of the dPCR chip, and the sample was then
spread by the glass, the excess of the sample was drained into the second chip. Then =10 uL of mineral
oil was pipetted on the edge of the cover glass, coated with Parylene C and PDMS, and placed on top
of the dPCR chip to cover the sample in the micro partitions. Optimized protocol improved the
amplification results, and the images were processed by MATLAB to quantify them.
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Figure 9 Results of incorrect sample loading resulting in amplification defects. (A) dPCR chip with the sample at
the end of PCR without amplification. (B) An amplified area on chip damaged with cluster (created from a master
mix in excess) and evaporation. (C) dPCR chip with the sample at the end of PCR without amplification and
damaged with evaporation. This chip was pressed with a clamp during the thermal cycling. (D) An amplified area
on the chip was damaged with the clusters created from bubbles.

2.1.3.2 Temperature non-uniformity detection on dPCR chips (published in [41])

The following section 2.1.3.2 is reproduced from publication [41].Temperature uniformity between
partitions is critical as the temperature during thermal cycling affects PCR efficiency [46]. The thermal
uniformity of the dPCR device depends on its heating/cooling elements and the thermal conductance
between the elements [47]. The most commonly used heating/cooling techniques are based on TEC
[48]. Other techniques, based on different principles, can also be used, such as photonic heating with
airflow cooling [49]. Additional problems arise from non-uniform temperature distribution due to
insufficient heat transfer or non-uniform cooling in open systems such as air convection [50]. This is a
significant problem as the relative PCR efficiency between partitions is strongly affected by poor
temperature uniformity during thermal cycling [51]. Therefore, each dPCR assay must be optimized
carefully, and the reasons causing false positive signals are more easily detectable than the causes of
false negative partitions. Attempts to prevent false negative dropouts mainly focus on optimizing the
surface to volume ratio of partitions, which potentially inhibit the PCR process, or on pre-analytical steps
associated with preparing the DNA template [52]. When optimizing dPCR on a chip, thermal non-
uniformity is usually not considered as a measurement of sample temperature (Ts) inside partitions with
a sample volume of pico-/nano-liters is a challenging job [53, 54]. An accurate system to calibrate a
temperature sensor with respect to the fluid inside the partitions and enable determination of the
temperature distribution over the dPCR chip, or even between the partitions, would benefit the
optimization of temperature uniformity [55], thus improving PCR efficiency.

The method presented the way of non-contact localized temperature measurement for the
determination of the non-uniformity of temperature distribution over a dPCR chip. Among the non-
contact temperature measurement methods, the proposed Twm based method can determine the
temperature distribution into the chip instead of only the chip surface. Besides, it removed the negative
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photobleaching effect of the fluorescein-based temperature measurement method. Temperature
determination over the dPCR chip, based on Tw, allowed calibrating the temperature sensor and
improving the dPCR configuration and precision. The method described here thereby characterized the
distribution of temperature non-uniformity using a PCR solution with known Tw as a temperature sensor.
This method is also suitable for determining the temperature uniformity of other microarray systems
where there is no physical access to the system. Thus direct temperature measurement is not possible.

The entire data acquisition process (Figure 10A, B) started with gPCR sample preparation by mixing
the PCR master mix with the synthetic HBV template, amplification, and performing MCA to determine
Twm (Figure 10C, red curves) the sample using a commercial thermal cycler. Then the dPCR chip was
filled with the amplicons covered with mineral oil and cover glass was placed under the dPCR
configuration to perform MCA. The F images of the dPCR chip were captured at different values of Ts,
starting at 25°C and then in the range from 70°C to 94°C (Figure 11). A MATLAB-based script was used
to process the F signal after taking a series of images at various temperatures below and above Twm.
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Figure 10 (A) Schematic diagram of data acquisition. The diamonds represent the output results of measurement
or data processing, and the rectangles represent the measurement method or data processing method. (B) Block
diagram showing the data processing with MATLAB script used to obtain the distribution of melting temperature of
dPCR chip partitions (Tw*). The scrip evaluated simultaneous MCA at each partition over the whole dPCR chip. (C)
MCA from gPCR (red) and MCAs from dPCR (black) and their —dF/dT values (inset), again with gPCR data in red.
Reproduced from [41]

First average fluorescent intensity (Fi) values were extracted of each partition at given T from all
images and were saved into a file set. Subsequently, a piecewise cubic interpolation was performed at
an interval set to 0.01°C on the file set and obtained the Fi values of each partition as a function of
assumed T, extracting MCAs from all partitions of the chip. Then was performed the —dF/dT and the
measured values of Tw* were acquired. Due to defects such as empty partitions, flaws in the cover glass,
or chip damage, some Tw* values deviated from the mean value by more than 1°C. These out-of-range
Twm* values were not considered in calculations. A few melting curves from partitions for HBV target are

shown in Figure 10C, black curves.
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Subsequently, we built a discrete two-dimensional (2D) (Figure 12A) and three-dimensional (3D)
(Figure 12B) Twm* distribution map as a function of partition positions, followed by a median filtering
algorithm to smooth the maps. Then we performed parabolic function fitting on the 2D and 3D map and
constructed the fitted Tm* distribution maps (Figure 12C, D) of the dPCR chip. The fitted 2D and 3D map
with continuity showed a trend in dPCR chip temperature distribution more clearly than the original data,
with a distinguishable temperature gradient across the dPCR chip.

Figure 11 Eighteen fluorescent images of the dPCR chip, at different T, showing the measurement of MCA. The
chip was loaded with the PCR amplicons and covered with mineral oil and a cover glass. Reproduced from [41]
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Figure 12 Temperature distribution maps of Tu". (A) Original 2D and (B) 3D map and (C) parabolic fitted 2D and
(D) 3D map of HBV target gene. Reproduced and modified from [41].
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The mean Tw* value and deviation were estimated from the Tw* values through fitting to a Gauss
distribution function. The dPCR configuration yielded Tw* equal to (86.49 £ 0.08)°C, and the difference
between Tm and Tm* was only =0.68°C (Figure 12A, C). This shows a good temperature homogeneity
across the dPCR chip extending over the whole configuration, including the Pt100 temperature sensor.
An equivalent 3D temperature map of the chip was created (Figure 12B, D). The configuration, with a
(30 x 30) mm? TEC and a piece of Si wafer as an interface between the TEC and the dPCR chip, has a
superior performance with the temperature difference between the cold and hot parts of the dPCR chip
only =0.22°C. These data demonstrated efficient heat transfer between the TEC and the dPCR chip with
the Si interface. The prevention of temperature non-uniformity on a dPCR chip is critical during assay
optimization. It can contribute to the elimination of false negative partitions and the removal of the so-
called rain caused by inaccurate annealing temperature in the rain-forming partitions. The presence of
this artifact makes it very difficult to interpret the results as it complicates the correct setting of the
fluorescence threshold between positive and negative partitions [56]. Moreover, the proposed method
is not affected by the heat capacitance of the temperature probe or the small sample size as with
traditional temperature sensors. Knowing that there is a problem with either the temperature or its
inhomogeneity gives engineers a guide to redesign the system to correct these values and thus improve
dPCR accuracy. All temperature data are summarized in Table 3.

Table 3 Results of Tm. Reproduced from [41].

Target Room T Sensor T Twm by gPCR Twm* by dPCR [ Tw*-Twl Min Ty* by dPCR Max Ty* by dPCR
gene [°C] [°C] [°C] [°C] [°C] [°C] [°C]

HBV 19.0 14.6 87.17 £ 0.04 86.49 £ 0.08 0.68 86.30 86.52

The difference in Tw* and Twm values shows the importance of sensor calibration. This was also
demonstrated earlier when the readout of the resistive temperature detector (RTD) sensor calibrated
traditionally differed from the actual fluid T by almost 10°C [57]. We used Twm* relative to Twm as the first
calibration point. The second calibration point was obtained by comparing the integrated Pt100 sensor
value with an external thermometer. The configuration being measured having the power for the TEC
off, thus assuring the temperature of the dPCR chip had equalized with the ambient environment (Figure
13).
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Figure 13 Two-point calibration of the temperature sensor. Reproduced from [41].
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A similar fluorescence measurement technique, based on MCA of DNA, has been utilized early
[58]. The Tmdepends only on the composition of the DNA template and the PCR master mix, making it
independent of photobleaching. The F value decreases with exposure time; however, the first derivation
of the melting curves with respect to Ts provides the constant value of Tm with minimal deviation
[58]. This MCA-based non-contact temperature measurement technique was previously applied to
determine the temperature uniformity inside the microfluidic channel of a microcalorimeter. The device
was subsequently calibrated accordingly [57, 59].

There are alternative methods to measure Ts utilizing contact or non-contact methods. Contact
methods primarily use temperature sensors [16, 49, 60] such as RTD [61], thermistors [16], or
thermocouples [62] for point measurement. However, it is impossible to determine Ts within a single
micro/nano partition using those sensors due to the size limitations [57, 63]. The most popular non-
contact temperature measurement method is based on an emitted infrared (IR) power determination
[16, 49]. This only determines the power of the IR radiation emitted from the surface, which for these
chips is typically that of a glass covering the partitions inside the chip, meant to prevent water
evaporation from the PCR master mix [42]. Unfortunately, the glass is not transparent at IR wavelengths,
making it impossible to determine the T of the master mix, which is the most critical information for
optimal PCR operation. The measurement precision can also be affected by surface contamination.
Other non-contact temperature measurement methods use the fluid in the partitions as a sensing
element, via the inclusion of thermochromic dyes, such as organic leuco dyes, with specific temperature-
dependent optical properties [64]. However, these methods are restricted to temperatures up to =50°C,
insufficient for dPCR applications. An obvious alternative would seem to be fluorescein, as its amplitude
of F is a function of T [65], and fluorescence measurements are compatible with the instrumentation
used for dPCR quantification. Unfortunately, this technique is susceptible to photobleaching, and thus
the system cannot be calibrated for precise temperature determination.

2.1.3.3 Single gene dPCR amplification

The PCR master mix of synthetic HBV gene was prepared and initially verified using a commercial
PCR cycler to identify Tm of amplicons; Tw for HBV was =87.2°C (data not shown). The same PCR
protocol was then performed in a dPCR chip on the TEC, and the F images of the dPCR chip were
captured at each thermal cycle (Figure 14) at the end of the elongation step. The detail of positive wells
(PW) and negative wells (NW) is shown in Figure 15. The MCA was captured at the end of thermal
cycling, ranging from 70°C to 95°C (Figure 16).
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Figure 14 Fluorescent photographs of dPCR amplification progress captured at the end of elongation step showing
each fifth thermal cycle.

The dPCR chip was loaded using a solution with copy number (cn) of 11 232, corresponding to the
average copy number in each partition (A) value of 0.42 copies-partition-t. The F signal exceeded the
baseline, and the target HBV gene started to be amplified between the 25" and 30™ cycles. The 40t
cycle was the last one, and the F signal reached its plateau phase. The area of an amplified chip (Figure
15) with its PW and NW contain the contaminants (defects) with the higher Fi. The contaminants could
result from the fabrication defects of the chip or the glass or contaminants in the master mix (dust,
precipitated particles). Measuring the MCA, the Fi of contaminants does not change, and the recognition
of amplified wells and contaminants is clear. The Fi of PW wells was slightly different. Some of the wells
could contain two or more DNA copies, having the higher F [66]. Therefore, the results are processed
statistically, Poisson statistic is used to evaluate the dPCR experiment. Some of the wells could be
amplified with lower PCR efficiency; however, the experiments proved homogeneous temperature
distribution at the dPCR chip. Thus, some of the wells could be more likely influenced by the neighboring
wells, for example, the well to well cross contamination. The well-designed, optimized assays are also
crucial for absolute quantification and the specificity of the reaction [67, 68]. Primers must be designed
specifically for a particular DNA segment to avoid highly homologous sequences and ensure even
amplification of all targeted DNA fragments. Poor design or optimization may lead to overestimation due
to nonspecific amplification, which means positive signals in the absence of a target sequence [67, 69].
These false positives reduce specificity. On the other hand, inhibitors or non-optimized time and
temperature programs may fail to reach the fluorescence threshold while still containing at least one
initial target copy [69].
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Figure 15 The detail of dPCR chip amplified area with PW and NW with contaminants on dPCR chip.

Figure 16 The MCA of amplified dPCR chip after 40 cycles of thermal cycling.

The MCA results were processed by MATLAB-based script. A MATLAB script was used to process
the F signal after taking a series of images at various temperatures (Figure 16) below and above Tm. A
few melting curves from four partitions for the HBV target are shown in Figure 17A and its —dF/dT in
Figure 17B. The dPCR yielded Tw* =86.4°C, and the difference between gPCR Twm (=87.2°C) and Tw*
was only =0.8°C. The temperatures deviations between the two PCR platforms are similar to the
previous experiments. The assay yielded good PCR sensitivity and efficiency. The subsequent step was
dPCR amplification of the HBV target gene of various A values.
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Figure 17 Melting curves from four microwells for HBV gene after dPCR and their —dF/dT values.

The following results (Figure 18 - 19 and Table 4) are reproduced [70]. The dPCR chips were loaded
by a master mix solution containing synthetic HBV with a A value in the range of 0.8 - 0.1 copies-partition-
1, corresponding to cn of 22 464 — 2 808. Then, temperature cycling was performed using the above
protocol. Once the PCR was completed, a fluorescence image at 25°C was acquired. Here, is showed
dPCR amplification of the chip’s image before light-nonuniformity correction (Figure 18). Subsequently,
the F values were extracted from each partition using the proposed algorithm. The histogram (Figure
19) of occurrence as a function of F value was built for different HBV dilutions. The number of PW and
NW (Table 4) was determined based on the histogram, and a derived Poisson distribution was used to
obtain the A values to validate the experiments. The values difference between the input A and calculated
A was due to the imperfect sample loading to the chip and defects caused during the amplification
process, such as some evaporation or bubbles formation during thermal cycling.
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Figure 18 A photographs of amplified dPCR chip with different A values of synthetic HBV target gene at 25°C.

Reproduced from [70].
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Figure 19 Extracted histograms of occurrence as a function of fluorescent intensity for different A values of synthetic
HBV gene. Reproduced from [70].
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The partitions with higher F values were PW, and those with lower F values were identified as NW.
The number of amplified wells is decreased with the decreasing A as well, as the histogram peaks of
PW are decreased.

Table 4 Processed results of amplified dPCR chip with different A values of synthetic HBV target gene. Reproduced
from [70].

Input DNA cn Calculate DNA cn
cn A [copies-partition] PW NW PW number of wells A [copies-partition] cn
22 464 0.85 15137 | 14433 12004 26 437 0.61 16 008
18 720 0.71 13416 | 15634 10784 26 418 0.52 13 875
11 232 0.42 9152 | 19526 6908 26 434 0.30 8011
8 022 0.30 6 920 21 062 5369 26 431 0.23 6 005
5616 0.21 5060 | 22608 3833 26 441 0.16 4142
2 808 0.11 2 664 23725 2691 26 416 0.11 2842

The experimental results showed that our algorithm obtained quantitative data corresponding to the
expected values. However, the imperfect loading of the sample to the chip and some evaporation during
thermal cycling led to a significant error between the input and calculated A values, primarily due to
concentrated sample filling of the chip [42]. However, the input and calculation results of the most dilute
sample (with A = 0.11 copies-partition-!) are similar with a small deviation. The imperfect loading and the
heating appeared even with the amplification using commercial dPCR chips. The discrepancies in the
number of loaded partitions and the number of amplified partitions with commercial QuantStudio 3D
digital PCR chip were published [71].

The proposed algorithm is designed independently of dPCR chip structure damage and light intensity
non-uniformity. Therefore, it also provides a reliable alternative when analyzing the results of chip-based
dPCR systems. Furthermore, compared with a conventional image processing algorithm, this algorithm
is designed to process dPCR images with known defects, such as a damaged chip structure, incomplete
chip filling, assembly error, and light non-uniformity. This characteristic might be beneficial for realizing
a versatile dPCR platform, especially for future chip-based platforms. Additionally, the details of image
processing algorithms in commercial dPCR systems are not available to users; thus, it is to elaborate
on their merits or demerits. Only a few papers describe the chip-based image processing methods based
on deep learning [72]. However, it requires a high requirement of computer configuration level and an
extensive training dataset, making the detection complex and time-consuming. Previous research
proposes a random background transfer-based image processing algorithm to simplify the training
dataset significantly, as it only requires three experimental images [73]. However, it was used for
augmenting images to lower the effect of uneven illumination rather than remove it.

The similar dPCR amplifications to the previous experiments were measured to test the highly diluted
samples with A values 4-104, 4-105, 4-10 copies-partition™! corresponding to cn of 12.48,1.24 and 0.12
respectively. The last sample was negative control (NC) which did not contain the template DNA. The
dPCR chips were loaded by master mix solution containing isolated full-length HBV genomic DNA to
test the dPCR chip for the real samples. Then, temperature cycling was performed. Once the PCR was
completed, a fluorescence image was acquired at 25°C. Here, is showed dPCR amplification of the
chip’s image before light-nonuniformity correction (Figure 20). Subsequently, the F values were
extracted from each partition using the proposed algorithm. The number of PW and NW (Table 5) was
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determined based on the histogram (data not shown), and a derived Poisson distribution was used to
obtain the A values to validate the experiments.

Figure 20 A photographs of amplified dPCR chip with different A values of isolated HBV target gene at 25°C. The
red circle indicated a single amplified well for A = 4-10° copies-partition.

The error between the input and calculation results with the large sample dilution achieved the
smallest deviation, shown in the previous experiments. Thus, the samples with the small cn were tested.
The isolated HBV template was amplified efficiently, such as the synthetic HBV gene. The difference
between the input A and calculated A values here was not affected by imperfect sample loading. The
defects caused during the amplification process, such as some evaporation or bubbles formation during
thermal cycling as well as contaminants on the dPCR chip, occurred. Due to the small copy number of
the sample, the defects did not influence the amplification. The defects could be clearly separate from
the amplified wells.

Table 5 Processed results of amplified dPCR chip with different A values of isolated HBV target gene.

Input DNA cn Calculate DNA cn
cn A [copies-partition™!] PW NW PW number of wells A [copies-partition’!] cn
12.48 4-10* 10.58 | 26 330 79 26 409 3-10°% 79
1.24 4-10° 1.06 26 434 1 26 435 4-10° 1
0.12 4-10° 0.11 | 26429 0 26 429 0 0

The sample with cn 12.48 yielded more PW than expected. The calculated number of PW was 79.
The sample with cn 1.24 was truly amplified only in the single dPCR chip microwell, circled in red (Figure
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20). After a detailed zoom, the rest of the fluorescent artefacts were only contaminants on the dPCR
chip. The third sample with cn 0.12 was without amplification as well as the negative control. Quantitative
data corresponding to the expected values was obtained; however, determining the limit of the detection
and the sensitivity of the dPCR will require more measurements.

The sensitivity or lower limit of detection corresponds to the detection of a single molecule in a single
partition. Hence, the lowest detectable concentration depends on the total sample volume or the number
of partitions and their volume. The larger the total volume (due to an increase in partition size), the
smaller, the lower limit of detection [52, 74]. Due to the restricted total reaction volume of various dPCR
resulted in different analytical sensitivity between different platforms [6].

The amplification of the sample with the dPCR chip with different parameters is shown in Figure 21
(reproduced from [70]). The chip with partition diameters of 20 ym was filled with a master mix of A value
0.1 copies-partition'l. Here the volume of the Taq polymerase was adjusted to 0.9 uL due to the high
surface-to-volume ratio [75]. A fluorescent image of the chip was captured and processed. The
calculated A value was 0.08 copies-partition resulting from the histograms based on extracted data.
The processing details are mentioned in [70]. The image processing was challenging due to each
partition's limited pixel numbers. Thus, the microwells were not well distinguished. These results could
be improved by using an image with more pixels. Therefore, the rest of the dPCR chips with 10 ym and

5 um were not tested for dPCR measurement.

Figure 21 A fluorescence image of an amplified dPCR chip with a partition diameter of 20 ym. Reproduced from
[70].

2.1.3.4 PCR multiplexing based on a single fluorescent channel

Multiplexing is an extension of any PCR-based method. It improves the diagnostic efficiency and
detection capability due to the simultaneous amplification of more genes [76], thus widely applied in
molecular diagnostics [77]. Several dPCR multiplexing techniques were developed based on complex
optical imaging or image processing. Here is shown dPCR duplexing method by capturing a fluorescent
image of the dPCR chip at various temperatures using a single fluorescent channel. The method is
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demonstrated using a combination of a sequence from Chr21 and a sequence from Chrl8, both in the
presence of a nonspecific intercalating dye EvaGreen.

The most common aneuploidy is trisomy of chromosome 21 (T21), which causes Down syndrome
[78]. The disomy instead of monosomy of this chromosome was also detected in remarkable
percentages of human ovarian cells in healthy female fetuses and in sperms of healthy men [79]. All the
above mentioned results were obtained by the time-consuming techniques of fluorescent in situ
hybridization by counting fluorescent signals in nuclei of thousands of cells. The results are of great
importance for family planning in families of individuals suspected to be somatic mosaics for T21, where
the dPCR could be a perspective method of prenatal diagnostics.

Figure 22 A photographs of amplified dPCR chip loaded with the master mix of female genomic DNA, containing
target genes Chr21 (blue circles) and Chr18 (red circles) in the ratio 1:1 and its MCA.

The PCR master mix of female genomic DNA was prepared and initially verified using a commercial
PCR cycler to identify Tm of amplicons. Two template sequences were contained, Chr21 and Chr18, in
the ratio 1:1. The Twm for Ch21 was =83.7°C and for Ch18 was =80.4°C (data not shown). The same PCR
protocol was then performed in a dPCR chip on the TEC, and the F images of the dPCR chip were
captured at the end of the thermal cycling. Subsequently, the MCA was captured in the range from 70°C
to 95°C (Figure 22).

The dPCR chip was loaded using a solution with cn of 1 872, corresponding to the A value of 0.07
copies-partition-t. The results of duplex amplification were not quantified due to the amplification defects
on the dPCR chip. However, the MATLAB algorithm for image analysis of dPCR duplexing method by
capturing a fluorescent image of the dPCR chip at various temperatures is optimized and prepared for
multiplex quantification. The quantification is based on histogram building as shown above, with the
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difference that the histograms of occurrence as a function of fluorescent intensity are extracted at
different temperatures [80].

The MCA results were processed by MATLAB-based script introduced above. A few melting curves
from six partitions (marked in Figure 22) for female genomic DNA are shown in Figure 23A and its —
dF/dT in Figure 23B. The Tm* of Ch21 was determined at =83.3°C and =80.2°C for Chr18. Therefore,
the fluorescent signal from the red microwells could not be identified at 81°C and higher, as it was over
the Twm of the Chr18. The blue microwells exhibited an adequate fluorescence signal at a temperature of
83°C. However, with the increased temperature, its fluorescence dropped, and over 85°C, neither of the
two amplicons could be identified as dsSDNA molecules melted into the ssDNA. The difference between
gPCR Tm and Twm* was only =0.4°C for Ch21 and =0.2°C for Chrl8. The temperatures deviations
between the two PCR platforms are in a good relationship with previous experiments. The assay yielded
good PCR efficiency.
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Figure 23 (A) Melting curves from six microwells for female genomic DNA, containing target genes Chr21 (blue
curves) and Chrl8 (red curves) in the ratio 1:1 after dPCR and (B) their —dF/dT values.

A single fluorescent channel-based PCR multiplexing method was proposed to qualitatively detect
dengue fever serotype [36] or Vibrio cholerae [35] at the end of thermal cycling. It was either based on
different lengths of amplicons distinguished by electrophoresis or MCA of an amplicon after the PCR,
with each target having a different Tm. The single channel multiplex PCR was then extended using CFM
from qualitative to quantitative by performing MCA during each PCR cycle to detect concurrently two
[20] or three [18] amplicons (chapter 1.1.1.2). Then simplified technique capable of detecting two
amplicons by a combination of FAM probe specific to the one amplicon in the presence of a nonspecific
EvaGreen intercalating dye was introduced [33] and later further analyzed [34].

A few techniques use single fluorescent channel-based dPCR multiplexing, such as amplicon-size
multiplexing [81]. The amplicons are distinguished from each other using their different fluorescence
amplitude caused by their different length with image capturing of a cdPCR chip at room temperature.
The simultaneous dPCR amplification of two targets detected in a single fluorescence channel using the
combination of a FAM labeled probe specific to one target and nonspecific dye EvaGreen, which was
intercalated to both target genes, was tested by our group. The method results will be published soon.
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More complex multiplexing is based on capturing images of the cdPCR chip at different temperatures
and then analyzing MCAs from individual wells using digital high-resolution MCA. This method was
utilized for Kirsten rat sarcoma virus genotyping [17] and Listeria monocytogenes detection [38]. One of
the main advantages of single fluorescent channel-based multiplexing in dPCR is that it greatly simplifies
optical detection compared to the probe-based method, as only a single-color optical channel is
required. However, fluorescence from non-specific products, such as primer dimers, affects the
accuracy of end-point quantification.

2.2 Summary

The key chip dPCR technology was developed. The silicon chips with 26 448 microwells with the
volume of one microwell 59 pL were tested for a suitable sampling method. The optimized protocol of
sample loading was developed with respect to eliminating amplification defects. The dPCR chip was
filled with the 4 pL of PCR master mix, covered with 10 pL of mineral oil, and the modified covered glass.
The loaded dPCR chips with various target DNAs were amplified and subsequently quantified. The
proposed image-to-answer algorithm for dPCR image processing automatically locates the partitions,
extracts a fluorescent signal, and analyzes it. It includes two major parts: extraction of partition locations
and subsequent fluorescent signal analysis. The dPCR chips proved their potential to amplify synthetic
DNA and isolated HBV and female genomic DNA. The experimental results of quantification reported
significant error between the input and calculated A values. Imperfect loading of the sample to the chip
and some evaporation during thermal cycling led to deviations of quantification.

However, the very uniform temperature distribution on the dPCR chip was obtained by MCA-based
temperature determination at the dPCR chip surface [41]. The method offered a specific, precise, and
photobleaching independent method of Tw measurement to calibrate the system temperature sensor
with respect to the liquid inside the dPCR chip partitions. It was not affected by the heat capacitance of
the temperature probe or the small sample size as with traditional temperature sensors. The presented
method digitally defined the temperature fluctuation of each partition at the dPCR chip surface and
obtained the overall distribution of the temperature profile.

Finally, the duplex dPCR method capturing a fluorescent image of the dPCR chip at various
temperatures using a single fluorescent channel was demonstrated. The target genes Chr21 and Ch18
in the presence of EvaGreen intercalating dye were distinguished from each other based on their
extracted melting temperatures. The capabilities of the cdPCR platform were presented with notable
results. The improvement of some features is required and will be implemented in the future.
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3 Conclusion and future outlooks

dPCR has the potential not only to replace the ,gold standard“ gPCR but also significantly help in the
field of point-of-care analysis. Hence, researchers are trying to improve the dPCR technique and bring
it closer to most biomolecular laboratories. The amplification of all target DNA fragments by dPCR relies
on many factors such as stability and biocompatibility of PCR reagents with microfluidics, method of
partitioning and detection, concentration, and combination of fluorescent detection chemistry or PCR
conditions. Thus, higher integration of sampling, thermocycling, and readout is needed to simplify these
requirements. Novel dPCR technologies should be able to do an automated analysis by removing the
need for postreaction manipulation. Complete laboratory workflow has to provide precise control of
sampling, resulting in reducing reagent consumption as well as increasing the number of partitions. After
partitioning, the thermal cycling of a sample without liquid transfer step is necessary, eliminating material
loss or cross-contamination, following automatic fluorescence readout and analysis of target of interest
in a background of a different gene. In laboratories with limited infrastructures and resources,
multiplexing using dPCR systems with these features will be appreciated.

The goal of the doctoral thesis was to demonstrate the accessible dPCR technology that implements
the simple operation of the device with new architecture, a surface treatment method, and a new sample
loading method than currently available dPCR systems. The development was divided into two main
parts: (1) development and validation of a droplet gPCR with its detection system and (2) dPCR system.
The individual tasks starting with the droplet gPCR development following dPCR chip fabrication with
instrumentation, capturing the fluorescent image and its processing, and optimizing the dPCR method
for applications were achieved.

One of the purposes was to propose dPCR technology that will expand to the miniaturized and
portable platform, thus enlarging its use in local clinics. The following tasks for future work will be aimed
to achieve this goal. Future outlooks will focus on performing more measurements with different DNA
sample dilutions to determine the limit of detection and the sensitivity of the developed dPCR platform.
Then, the platform could be compared with the other experimental or commercial ones. More duplex or
even multiplexing with three genes employing dPCR will be performed. The MATLAB algorithm will be
applied for multiplex quantification based on analyzing the MCA from each microwell. Moreover, imaging
at higher magnification would make the image processing more precise. There is certainly room for an
improvement to utilize more pixels, such as a 2x optical magnifier or smaller CMOS imager. The higher
magnification could allow to analyze the chips with a higher number of micopartitions, owning smaller
partitions diameters. Once these challenging tasks will be completed, the developed dPCR technology
could be transformed into the miniaturized and portable dPCR. The purpose would be achieved by
employing the smartphone to control the thermal cycling together with the analysis of the results. The
simple microfabricated portable technology will offer a low cost, robust and user-friendly detection
system. The miniaturized dPCR platform will meet the requirements for POC applications.
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