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Abstract

The design and fabrication of a continuous flow pPCR device with very short amplification time and low power
consumption is presented. Commercially available, 4-layer printed circuit board (PCB) substrates are employed, with in-
house designed yet industrially manufactured embedded Cu micro-resistive heaters lying at very close distance from the
microfluidic network, where DNA amplification takes place. The 1.9 m-long microchannel in combination with desirably
high flow velocities (for fast amplification) challenged the robustness of the sealing, that was overcome with the
development of a novel bonding method rendering the microdevice robust even at extreme pressure drops (12 bars). The
proposed fabrication methods are PCB compatible, allowing for mass and reliable production of the uPCR device in the
established PCB industry. The pPCR chip was successfully validated during the amplification of two different DNA
fragments (and with different target DNA copies) corresponding to the exon 20 of the BRCAL gene, and to the plasmid

pBR322, a commonly used cloning vector in E. coli. Successful DNA amplification was demonstrated at total reaction
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times down to 2 min, with a power consumption of 2.7 W, rendering the presented uPCR one of the fastest and lowest
power consuming devices, suitable for implementation in low-resource settings. Detailed numerical calculations of the
DNA residence time distributions; within an acceptable temperature range for denaturation, annealing and extension,
performed for the first time in the literature, provide useful information regarding the actual on-chip PCR protocol and
justify the maximum volumetric flow rate for successful DNA amplification. The calculations indicate that the shortest

amplification time is achieved when the device is operated at its enzyme Kinetic limit (i.e., extension rate).

Keywords MicroPCR; continuous-flow; PCB substrates, computational fluid dynamics; heat transport; residence time

distribution;

1. Introduction

During the last two decades, miniaturization processes possess a crucial role for innovations in life sciences,
analytical sciences, diagnostics and bio/chemistry, and have led to the development of the so-called micro total analysis
systems (uTAS) or lab-on-a-chip (LOC) [1-3]. The implementation of such devices enables the development of fast,
easy-to-use and portable systems with a high level of automation and functional integration for applications such as
point-of-care (POC) diagnostics for health [4], point-of-need (PON) systems for environmental monitoring [5] and food
analysis [6-9], forensics [10], and drug development [11].

Polymerase chain reaction (PCR) is the most established nucleic acid amplification method, developed by Kary
Mullis in 1983 [12]. PCR mimics the natural DNA replication process. It is a temperature mediated enzyme catalyzed
reaction allowing for exponential amplification of very small amounts of DNA or RNA rendering it an extremely
powerful tool for reliable and rapid nucleic acid detection. Many analytical microdevices performing the PCR (micro-
PCR or puPCR devices) have been extensively reported due to the gravity of this processing step in various bio-
analytical assays [13-16].

The majority of uPCR devices [4, 17] can be categorized in two well-defined types: static chamber (SC) uPCR
devices [18, 19] —mimicking in their operation the conventional thermocycler— and continuous flow (CF) [20-23]
uPCR devices. In static chamber uPCR devices, the injected mixture along with the whole chip undergoes thermal
cycling following a specific temperature protocol. Consequently, SC uPCR devices are usually characterized by larger
thermal inertia compared to the CF devices, leading to longer PCR duration and higher energy consumption. In fact, a

significant reduction in the PCR duration (from hours to minutes) was observed due to the shift from external heaters to
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integrated ones [4, 24] (due to significant reduction in thermal mass). Total amplification times ranging from 5 to 30
min have been reported in static chamber pPCR devices integrated with microheaters. On the contrary, in CF pPCR
devices only the injected PCR mixture undergoes thermal cycling (smaller thermal inertia), as it flows across the
distinct heated zones corresponding to the (2 or 3) temperature steps needed for PCR. In addition, thermal equilibration
between the substrate and the sample is faster in CF than in SC uPCR devices, due to their higher surface to volume
ratio. Thus, in CF uPCR devices, rapid nucleic acid amplification has been achieved (between 90 s and 15 min) and
thus the energy requirement is reduced [25], allowing for more energy-efficient devices amenable to portable
POC/PON systems.

Despite the roaring interest in POC diagnostics, stemming from their development in recent years, very few POC
devices have reached the market [26, 27]. The main challenge for successful commercialization of microfluidic devices
is scaling-up, i.e. the translation of prototype miniaturized devices into industrial mass production [9, 28, 29], where
fabrication technologies play a crucial role.

During the last decade, there is a growing interest in employing printed circuit boards (PCB) as (rigid or flexible)
substrates for developing microfluidic devices [30-33]. The industrial availability of the well-established PCB technology
for the mass production of consumer electronics and electronic circuits, in combination with the low cost of the substrates,
renders it tremendously appealing. Furthermore, the integration possibilities for sensors, actuators, electronics and
microfluidics offered by the employment of PCBs are remarkable.

Numerous implementations of PCB technology to microfluidic applications have been presented up to now in the
literature [33]. Very early work on fabrication of PCB-based microfluidics suggested the use of copper (Cu) as a structural
material for the microfluidic network [30, 34]. However, Cu is not biocompatible due to its known cytotoxicity [35] and
inhibition of biological processes (e.g. DNA amplification) [36]. Therefore, different materials such as polymeric ones were
sought as structural materials and respective processes were developed for PCB-based microfluidic devices implemented in
(bio)chemical analysis.

Fabrication of microfluidic networks has been presented on polyimide films, photosensitive (e.g. PI12732, DuPont) or
non-photosensitive ones (e.g. PI2611, Pyralux™, from DuPont) [22, 37, 38]. In many cases, a broadly used epoxy resist,
namely SU-8, has been employed as a structural material to form microfluidic structures on PCB [32, 39]. In addition, dry
film photoresists (DFR) such as 1002F (also known as TMMF) and TMMR S2000 (also known as TMMF S2000) have
been employed for encapsulation, planarization, formation and sealing of microfluidic structures on PCB [39-41].

To promote and ease the mass production of microfluidic devices, the research community has proposed materials with
which the PCB industry is particularly familiar. One example is double-sided tapes enclosed by PCBs [42] to form
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microfluidic structures where electrochemical sensors were incorporated for on-chip detection of biomarkers. Our team has
pioneered polyimide-based laminated DFRs recently implemented for the formation of microfluidics such as micromixers
[43, 44] and an isothermal DNA amplification microdevice [45] on commercial PCBs.

In microfluidics fabrication, sealing processes are also of high importance, and indeed sealing is weighed by experts as
one of the crucial practical challenges [46, 47] and a main hindrance for microfluidics commercialization, in addition to
standardization and integration [26]. The microfluidics community lacks suitable materials for sealing massively, easily,
inexpensively; robustly and irreversibly devices where high pressure drops are anticipated.

Herein a CF pPCR device is designed, fabricated and validated for the amplification of different in length and number
of copies DNA fragments: 157 bp DNA fragments corresponding to the exon 20 of the BRCAL gene, as well as 198 bp and
395 bp DNA fragments of the plasmid pBR322 (at 20-fold lower target DNA copies), a commonly used cloning vector in E.
coli. For the device sealing, we propose the introduction of suitable materials, already established and employed in the PCB
industry, nevertheless for a completely different purpose, i.e. for the robust sealing of microfluidic devices where both high
temperatures (nearly 100 °C) are required and high pressures drops (in long microchannels) are developed during their
operation. These materials are routinely implemented in the PCB industry as standard for electrical insulation and
environmental protection of the Cu structures on PCBSs, but it is the first time that they are implemented for the sealing of
extremely long microchannels that are demonstrated robust for pressure drops up to 12 bars. The introduction of these
materials, in combination with the previously described [45, 48] formation of embedded resistive microheaters within the
PCB substrate, renders the herein described integrated microfluidic device for DNA amplification perfectly suitable and
easy to manufacture in large scale and low cost by PCB manufacturers, thus facilitating the commercialization of such
DNA-based bioanalytical microdevices. Therefore, the uPCR device introduced herein combines many advantages: it is one
of the fastest CF devices reported in the literature (amplification at the enzyme kinetic limit), operating well at high flow
rates (15 ul/min) thanks to the robustness of the sealing process, completely manufacturable in the established PCB industry
thus paving the way to complete fabrication of such uPCR devices in a widespread industry, and at the same time of low
power consumption. Therefore, the presented device combines unique advantages never met before in a single device.

Besides the realization and the validation of the pPCR device, the actual PCR protocol held on the device is
investigated through a computational study. The actual PCR protocol, differs from the nominal one (obtained from the
ratios of the volume of each zone over the volumetric flow rate) due to the velocity and the temperature distribution of the
sample within the uPCR device. The aim is to explain the results of the validation of the device and investigate the potential
for further improvement of the design. The actual PCR protocol can be estimated by the calculation of the residence time of
DNA molecules in a short or acceptable range around the temperatures of denaturation, annealing, and extension. The
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protocol is calculated as a function of the volumetric flow rate and is used to justify the dependence of DNA amplification
(obtained from standard agarose gel electrophoresis) on the implemented flow rates.

The residence time in each one of the three temperature ranges is calculated by the combination of a detailed 3D
modeling framework [22, 25] for the calculation of the velocity and the temperature field with a Lagrangian model for the
calculation of molecule trajectories. It is pointed out that the use of Lagrangian models is rare in the literature of uPCR
devices [49] and that the residence time distributions of the DNA molecules within the acceptable temperature ranges (for

denaturation, annealing and extension) are calculated for the first time in a CF uPCR device.

2. Materials and methods

2.1. Chip design

The uPCR device comprising both a microfluidic network and embedded resistive microheaters implements by design
30 thermal cycles in total for the efficient amplification of DNA. Since each PCR cycle comprises three thermal steps in the
implemented protocol, three discrete thermal zones are designed. Each thermal zone is defined by an individual resistive
microheater lying at a small distance beneath a part of the meandering microfluidic channel (Fig. S1, see Electronic
Supplementary Material, ESM). The total length of ‘the meandering microchannel is 1.9 m. As the PCR sample flows
continuously across the three PCR temperature zones, it is thermocycled.

The embedded resistive microheaters were designed for realization in the inner Cu layer (thickness of 18 um) of the
commercially available PCB substrate. The total thickness of the PCB substrate is 1.5 mm. The microheaters were designed
using Kicad, an open source software suitable for electronic design automation (EDA), to exhibit an electrical resistance of
approximately 44, 37 and 58 Ohm, for the denaturation, annealing and extension zone, respectively. The designs were sent

to a PCB manufacturer (Eurocircuits N.V., Belgium) for the realization of devices in large numbers.

2.2 Fabrication Process

A 4-Cu layer PCB [with a 710 um flame-retardant (FR4) core] is used for the fabrication (at the PCB industry) of the
resistive microheaters, which extend over two (inner) Cu layers [50]. For the formation of the microchannel on the PCB
substrates with already embedded microheaters, a commercially available, PCB compatible photoimageable dry film, the
Pyralux® PC1015 was used. The Pyralux® PC1000 materials (from Dupont™) are flexible photoimageable coverlays and

solder masks used at the PCB industry to encapsulate flexible printed circuitry. Composed of a specially developed
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combination of acrylic, urethane, and imide-based material, they are negative-tone, aqueous processable resists, offering a
patterning resolution of < 100 um. They exhibit robust chemical resistance and can withstand high temperatures and
humidity. They are thus suitable as structural materials of microreactors performing biological reactions that require high
temperatures, such as PCR (denaturation step performed at 95 °C), and are implemented as such in this work, according to
the method described in detail in ESM. Fig. S1b (see ESM) depicts the process flow for the seamless fabrication of the
DNA amplification microdevice on commercially available PCB substrates.

After patterning of the microchannel on the PCB with embedded Cu microheaters, manufactured at the PCB industry,
sealing of the microchannel followed with the DuPont™ Pyralux® LF coverlay, a thermally assisted pressure sensitive
sealing film. It consists of DuPont Kapton® polyimide film, coated on one side with a proprietary B-staged modified acrylic
adhesive. The total thickness of the coverlay is 152 pm (25 um and 127 pum for the adhesive and the Kapton backing,
respectively). The long length of the microfluidic channel, in combination with the high flow rates and temperatures (95 °C)
employed during operation, renders the sealing process of the uPCR device extremely demanding. However, the process
developed (patent application [51], [52]) offers a simple method for irreversible and robust sealing for microfluidic devices
even with high pressure drops during operation. The compatibility of the materials used as well as of the implemented
patterning and sealing processes with the established PCB industry allows for the manufacturing of the described uPCR at
the PCB industry, at a low cost. The total volume of the fabricated pPCR devices is 30 ul, comparable to typical bench-top
reaction volumes. Fig. 1 shows a) a PCB substrate with three embedded microheaters and b) a fabricated continuous flow
uPCR device before its sealing. The 30 PCR cycles are accommodated by the 30 meanders of the 1.9 m long microchannel
and the three microheaters (corresponding to denaturation, annealing and extension) viewed beneath the microchannel as

dark zones in the PCB.

2.3 Microheater characterization and temperature control

For the characterization of the resistive microheaters, a probe station was employed with a heated base (Signatone S-
1041-D3 Hot chuck) and a Keithley 2400 source-meter controlled by Labview, for sourcing current I and measuring
electrical resistance R. The heaters were vacuum attached onto a hot plate of controlled temperature. The electrical
resistance for various temperatures within the range of interest (25-100 °C) were recorded and the temperature coefficient of

resistance (TCR), associating the microheater resistance to their temperature, was determined;

R = R + RexTCRX(T — To) 1)
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where R is the microheater resistance at temperature T, Rq is the microheater resistance at reference temperature (i.e. 20 °C),
T is the microheater temperature, and Ty is the reference temperature at which the microheater resistance is measured.

The microheaters have a dual role; they are used as heating elements as well as temperature sensors to provide feed-
back for temperature control of the uPCR thermal zones. To adjust the temperatures appropriate for the PCR protocol to be
performed, a custom-made temperature control unit was developed. It was built based on a microcontroller capable of
controlling and reading the onboard Digital to Analog and Analog to Digital Converters (DACs and ADCs) and
communicate with a personal computer. The temperature controller is capable of controlling independently up to three
resistive microheaters corresponding to the three different thermal zones necessary for a PCR protocol. Temperature control
is obtained by controlling the voltage across each resistive microheater, while a small sensing resistor is used to measure the

current flowing through them.

2.4 PCR sample preparation and evaluation of amplification

For the evaluation of the amplification efficiency of the fabricated LPCR devices, a 250 bp fragment from the exon 20
of the BRCAL gene was used. For its amplification, a set of primers (Forward: 5'- TCC TGA TGG GTT GTG TTT GG-3’
and Reverse: 5'-TGG TGG GGT GAG ATT TTT GTC-3') [53] were employed which produce a 157 bp amplicon. In
addition, the plasmid pBR322 with a size of 4361 bp, which is a commonly used cloning vector in E. coli containing the
genes for resistance to ampicillin and tetracycline, was used as a DNA template. For its amplification, two sets of primers
[(Forward: 5° - CCA CCA AAC GTT TCG GCG AG-3' and Reverse 198: 5'-GCT GTC CC T GAT GGT CGT CA -3') and
(Forward: 5° - CCA CCA AAC GTT TCG GCG AG-3’ and Reverse 395 5'-GCCGGCTTCCATTCAGGTCG -3')] were

employed producing a 198 bp and a 395 bp amplicon, respectively.

PCR amplification was performed according to the manufacturer’s instructions (KAPA Biosystems, KAPA 2G Fast
Hot Start readymix) [54]. 5 pmoles of each primer were mixed for short human DNA fragment with KAPA 2G Fast DNA
polymerase (KAPA Biosystems) according to the manufacturer protocol. Each PCR reaction was supplemented with MgCl,
and Bovine Serum Albumin (BSA) to a final concentration of 2.5 mM and 100 pg/ml, respectively. BSA was added as
blocking agent, to prevent adsorption of biological sample on microchannel walls during the actual ptPCR experiments. 1 pl
of DNA template with a concentration of 0.5 ng/ul was used per 30 ul of reaction. 0.5 ng of the DNA template correspond
to 2x10° copies for the short human DNA template and 10® copies for the plasmid DNA template, thus the efficiency of the

uPCR device was evaluated at two different DNA target copies. For on-chip PCR, first, the temperature of the resistive
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microheaters was set to 95 °C, 55 °C and 72°C for the denaturation, annealing and extension step, respectively. After
temperature equilibration of the microheaters (evidenced through their resistance measurement), 30 pl of reaction mix were
introduced in the pPCR device, flowing through the microchannel at 6 different volumetric flow rates: 2.5, 5, 7.5, 10, 15
and 20 pl/min. The amplification protocol used in the conventional thermocycler consisted of 1 min initial denaturation at
95 °C, 30 cycles of 10 s denaturation at 95 °C — 10 s annealing at 55 °C — 10 s extension at 72 °C and a final 1 min
extension at 72 °C. PCR products were loaded on a 2% agarose gel stained with ethidium bromide (more information in

Section S3 of the ESM) and visualized with an ultraviolet (UV) transilluminator.

Semi-quantified results can be obtained from the agarose gel images, analyzed by means of imageJ software. The
intensity of each amplicon band obtained at different flow rates was normalized to the ladder’s band intensity corresponding

to 200 bp, and finally relative intensities were obtained with respect to the band intensity at-2.5 pl/min.

2.5 Numerical calculations

Critical for the efficiency of the DNA amplification is the residence time of DNA molecules in each one of the three
temperatures of the PCR. A simple rule to implement a PCR protocol in a continuous flow uPCR device is to combine the
volume of each thermal zone with the volumetric flow rate so as to achieve the desired protocol. The ratio of the volume of
a zone over the volumetric flow rate is an estimation of the time duration that the PCR mixture remains in the thermal zone.
However, given that the velocity profile is not uniform inside the microchannel and that the temperature uniformity is not
ideal within each thermal zone, the calculation of the residence time of the DNA molecules in a small temperature range
around the set points of PCR 'is not straightforward. For this reason, the velocity profile as well as the temperature
distribution inside the microchannel are required. If we consider that a DNA molecule remains on the same streamline
during its “journey” in the microchannel (massless particles with neutral buoyancy), the temperature that the molecule
“feels” is the temperature along this streamline. A video demonstrating the temperature that a molecule “feels” is provided
as a video in ESM. The time interval that the DNA molecule remains in a temperature range is the residence time of the
molecule in this range. The residence times of a large number of DNA molecules in the denaturation (or annealing or
extension) range traveling along different streamlines compose the residence time distribution (RTD) for the denaturation
(or annealing or extension) range. The residence time of DNA molecules in a temperature range is the mean value of the

pertinent RTD.
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The velocity profile and the temperature distribution inside the microchannel is calculated by a detailed 3D modeling
framework [25] consisting of the heat transfer equation in the solid layers of the device and the fluid (PCR mixture), the
momentum conservation and continuity equations, and the current density conservation equation, the latter describing the
Joule heating phenomenon in the heaters. The modeling framework is complemented with the equations for the calculation
of the streamlines. All calculations are performed in a unit cell of the device (Fig. 2), i.e. in the part of the device where one

thermal cycle takes place. Details of the procedure followed are included in Section S4 of the ESM.

3. Results and Discussion

3.1 Experimental results

i. Characterization of microheaters and their power consumption

Fig. 1a shows a PCB substrate with three embedded Cu microheaters fabricated in a major PCB manufacturer
following the specifications set by our CAD file. For the characterization of these microheaters, their electrical resistance
for various temperatures within the range 25-100 °C were recorded. These measurements were repeated for various resistive
microheaters in order to determine an average value of the TCR which is an inherent property of the material (i.e., Cu). An
average TCR of 0.0036 °C * + 0.0002 °C * was estimated which is in agreement (within less than 10%) with values
reported in the literature [55, 56]. A representative resistance versus temperature curve for a microheater can be found in

Section S2 of the ESM (Fig. S3).

As the temperature values achieved on the resistive microheaters are essential for successful and highly efficient PCR
reactions, the temperature was independently measured directly on the sealing layer of the device, which is the material in
closest contact with the heated DNA sample. Thus, the temperature of each of the three thermal zones above each resistive
microheater was measured independently using an external platinum (Pt) thermometer. The temperatures measured with the
Pt thermometer were in excellent agreement with the temperatures set on the resistive microheaters by means of the

temperature controller (through the measured TCR value).

The characterization of the PCB microheaters was followed by the evaluation of their power consumption for achieving
the desirable temperatures for denaturation (95 °C), annealing (55 °C), and extension (72 °C). This involved the use of the
custom-made temperature controller unit which records the current, the voltage, and the resulting power consumption for

each resistive microheater. For a uPCR device with a set of PCB microheaters (with resistances Rq;, R, and Ros equal to
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44.2 Ohm, 57.2 Ohm and 37 Ohm respectively, R, measured at 25°C), the current, the voltage and thus the power
consumption were recorded during device operation. Table 1 illustrates the power consumption measured for each heater

after temperature stabilization at the indicated set points.

Table 1 Power requirements of the microheaters for achieving PCR-relevant temperatures

Zone R, (Ohm) | ToC) | Ty | Power (W)

denaturation

442 25 95 1.627

extension 57.2 25 72 0.792
-

anneating 37 25 55 0.246

Therefore, the total power consumption during operation of the uPCR device is 2.7 W, comparable to the power
consumption of energy efficient uPCR devices [24, 57]. The measured total power consumption is in good agreement with
the calculated one (2.3W) through numerical calculations (data not shown) with a deviation less than 15%. This very low
power consumption combined with the short total reaction time (as will be shown below) renders it a very efficient uPCR
device with respect to energy requirements. It is estimated that with regular lithium batteries (2000mAh) found in power
banks for laptops (14.8V cell voltage) more than 300 PCR reactions can run with the present pPCR (1 reaction consumes
324 J). Up to date, only very few continuous-flow, fast and at the same time low power consuming (up to a few W) uPCR
devices have been presented in the literature [Wheeler et al (444 J) [58], Moschou et al (690 J) [22], Jiang et al. (48 J) [59]]
including the present one (324 J), which'position themselves at the forefront for implementation in POC systems in resource

limited settings.

ii. Robustness of sealing

Before using the pPCR devices for biological experiments, sealed devices were tested in terms of robustness of their
sealing. With the aid of a custom made chip holder (enabling the fluidic interface), the uPCR device was connected to a
syringe pump and it was tested for flow rates ranging from 1-100 pl/min, at room temperature, without observing any
delamination of the sealing layer and subsequent leakage. The pressure drop across the microchannel at the flow rate of 100
ul/min is 12.4 bars, demonstrating that the sealed microdevices were capable of withstanding pressures higher than 12 bars

at room temperature. The same tests were performed at elevated temperatures. In more detail, the heaters were set at 95 °C,
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55 °C and 72 °C for the denaturation, annealing and extension zones, respectively, and flow rates up to 100 pl/min were

used, without any delamination of the sealing layer.

iii. Evaluation of the amplification efficiency

Once the temperature equilibration of the microheaters was achieved, 30 pl of reaction mix were introduced in the
WPCR device. Fig. 3 shows two agarose gel electrophoresis images depicting bands of DNA amplicons obtained at different
flow rates, i.e. 5, 7.5 and 10 pl/min (gel images for the rest of the flow rates through the uPCR are provided in Figs. S3a and
S3b of the ESM). For comparison, each gel image contains also the DNA ladder (on the left of-all images). By comparing
the bands of amplified products and the DNA ladder, we verified amplification of the correct DNA product at 157 bp, at
flow rates as high as 15 ul/min (2 min total reaction time, shown in ESM Figs. S3a:and S3b), while no amplification was
observed at 20 pl/min. Although the amplified product is 157 bp, the gel images (of the product on the cycler and the
UPCR) depict the amplicons closer to the 200 bp ladder band. This can be attributed to the higher viscosity of the samples
loaded on the gels (containing BSA for microchannel wall passivation), since no DNA purification step was carried out
after the DNA amplification. The results support successful DNA amplification in the fabricated devices flowing through
the microchannel at 5 different volumetric flow rates: 2.5, 5, 7.5, 10, and 15 pl/min. The total amplification time for 30 PCR
cycles was 12, 6, 4, 3 and 2 min, respectively. These amplification times correspond to approximately 21.6, 10.8, 7.2, 5.4
and 3.6 s per PCR cycle. Conventional benchtop thermocyclers are impossible to achieve such fast cycles, due to limitations
in the temperature ramping rates. Typically, more than 30 min are required to perform a 30 cycle PCR reaction depending
on the thermocycler’s specifications. Indeed, when the same temperature protocol described above was used to perform a
PCR reaction in a conventional thermocycler (iCycler™, BIO-RAD), with a residence time of 10 s in each
zone/temperature (as recommended for the commercial kit), a 30 cycle PCR was completed in 45 min. The amplicon band
intensity obtained with the thermocycler was 4.5% more intense than with the uPCR at a volumetric flow rate of 2.5 ul/min.
Therefore, the DNA amplification efficiency of the uPCR (at 2.5 pl/min) is very comparable to that of the thermocycler, at a
total reaction time reduced by a factor of 3.75. The PCR reaction can be performed in the present microdevice even 22
times faster (at 15 pl/min, data shown in ESM Fig. S3a), nevertheless at the expense of amplification efficiency. Semi-
quantified results obtained from the agarose gel images are presented in Table 2 and indicate a reduction of the band
intensity with the increase of the volumetric flow rate, due to reduction of the nominal residence time of the PCR cocktail in
each thermal zone. Despite the intensity reduction by almost an order of magnitude (to 19%) at the very high flow rates (15

ul/min), we demonstrate amplification of the DNA (signal above the noise level) at an impressive PCR duration of 2 min.
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This constitutes the continuous flow uPCR device reported herein one of the fastest ones reported so far in the literature (90

s [20]).

The pPCR was also validated during the amplification of much longer (4361 bp) DNA templates, and of 20-fold lower
target DNA copies. Fig. 4 shows two agarose gel electrophoresis images depicting bands of DNA amplicons with a size of
198 bp (a) and 395 bp (b) stemming from the amplification of the plasmid DNA obtained at a flow rate of 7.5 pl/min. The
images indicate very efficient amplification for the 198 bp amplicon, and weaker amplification for the 395 bp amplicon, as
expected by the longer (by a factor of 2) extension time required. Despite the fact that the validation with plasmid DNA was
performed only at a single flow rate (7.5 pl/min), the high fluorescence signal of the amplicon band indicates that
amplification would be possible at even higher flow rates (or amplification times less than 3.6 min). Inall cases, the results
demonstrate the applicability of this CF pPCR device in the efficient amplification of various DNA templates, different
products and target DNA copies, at a reaction time at least one order of magnitude smaller than that of a conventional
cycler. The target copies of plasmid DNA (10°) for which efficient amplification was obtained in the present uPCR device
are comparable to those in similar devices; the same as in Kopp et al.(10) [20], comparable to or little higher than those in
Hashimoto et al. (2x10"-2x10°) [60], and lower than those in Moschou et al. (7x10%-7x10°%) [22]. Therefore, the present
device exhibits comparable sensitivity to reported equally fast uPCR devices. Of paramount importance is the fact that this
UPCR is industrially manufacturable at low cost and thus can facilitate the way for standardization and commercialization

of microfluidic devices implemented in molecular POC diagnostics.

Table 2 Total PCR time, one-cycle duration, and relative band intensity versus the volumetric flow rate through the uPCR

device
Volumetric flow rate Total reaction time Cycle duration Band intensity
(nl/min) (min) (s) (%)
2.5 12 21.6 100
5.0 6 10.8 57
7.5 4 7.2 43
10.0 3 5.4 29
15.0 2 3.6 19

3.2 Simulation results

In Fig. 5, the mean residence time of DNA molecules in the denaturation (Fig. 5a), annealing (Fig. 5b), and

extension (Fig. 5¢) zones is compared to the nominal residence time. The mean residence time for each zone comes from
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the pertinent RTD (cf. Section S4, Fig. S4 in ESM). The temperature range for the calculation of RTDs is [T, —AT,, T, +AT,]

(x=denaturation, annealing, extension, cf. Section S5, Fig. S5a in ESM) with AT, equal to 1 and 2 K. The nominal residence

time is obtained from the volume of each zone over the corresponding heater divided by the volumetric flow rate (V/Q).

The mean residence time in the zones (denaturation, annealing, extension) decreases with the volumetric flow rate,
resembling the decrease of the nominal residence time which is inversely proportional to the flow rate (e« Q). However, it
is shown that the mean residence times for both the extension and denaturation zones are lower compared to the nominal
ones, depending on the flow rate and the acceptable temperature variation (AT,). In particular, for the denaturation zone, the
mean residence time is ~48% of the nominal for AT,=1 K at 2.5 pl/min (~86% for AT}=2 K) and decreases monotonically to
~33% of the nominal value for AT,=1 K at 20 pl/min (~83% for AT\=2 K). The deviation of the mean residence time from
the nominal one is higher for the extension zone, where the mean residence time is ~38% of the nominal for AT,=1 K at 2.5
wl/min (~78% for AT,=2 K), and decreases monotonically to ~22% of the nominal value at 20 pl/min (~44% for AT,=2 K).
Regarding the annealing zone, the mean residence time for AT,=1 K _is 97% of the nominal value at 2.5 pl/min and
decreases monotonically to ~67% of the nominal value at 20 pl/min. For AT,=2 K, good agreement (within 10%) is
observed between the mean residence time and the nominal one, nearly at all flow rates. The better agreement with the
nominal values in the case of annealing originates from the better temperature uniformity in the annealing zone compared to

the other two zones.

The actual PCR protocols (denaturation : annealing : extension residence times) together with the nominal protocols
for 2.5, 5, 7.5, 10, 15, and 20 pl/min are shown in Table 3. Table 3 as well as Fig. 5 clearly demonstrate the effect of the
temperature and velocity distributions in each zone on the PCR protocol. Indeed, the actual PCR protocol is shown to be
shorter compared to the nominal one. In Table 3, it is also shown that the relative residence times (ratio of the residence
time over the residence time in denaturation) of the actual protocols are disturbed (compared to the nominal one), with the
relative residence time in extension approaching 1 (instead of 1.5, according to the chip geometry) at flow rates higher than
7.5 ul/min.

The actual PCR protocol for 15 ul/min, i.e. the maximum volumetric flow rate for which DNA amplification occurs
(see Section 3.1.iii), i50.7s:0.8s:0.6 s for AT,=2 K (0.3s:0.7s:0.3s for AT, = 1 K). The latter is proved by the
experimental measurements to be the shortest effective PCR protocol. Such very short mean residence times resulting in an
effective PCR protocol are justified by independent biochemical evidence concerning the PCR reaction. Indeed, the

extension step, which is considered the slowest step in PCR amplification [60], is performed with an enzyme engineered to
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copy DNA at a rate of 1000 bp/s [54]. According to the latter specification, ~0.2 s (for a 157 bp amplicon) is the lowest
limit of the extension time for effective DNA amplification, in agreement with the actual duration of the extension step, as
calculated at a flow rate of 20 pl/min (cf. Table 3). This actual duration of the extension step was made possible at these
high flow rates thanks to the intentional increase of the microchannel width (by 1.5) at the extension zone. Further decrease
of the residence times in the extension or the denaturation or the annealing zones does not allow for successful DNA

amplification in the microdevice reported herein, as demonstrated by gel electrophoresis.

Table 3 Actual and nominal PCR protocols for volumetric flow rates of 2.5, 5, 7.5, 10, 15,;and 20 pl/min. The relative
ratios of the residence times (ratios of the residence times over the residence time in denaturation) are also shown in

parentheses. In all cases, one decimal digit is kept.

Volumetric PCR protocols
flow rate denaturation : annealing : extension (in s)
(ul/min)
nominal actual, AT, =2 K actual, AT, =1K
25 48:48:7.1 42:54:56 23:4.7:2.7
(1.0:1.0:1.5) (1.0:1.3:1.3) (1.0:2.0:1.2)
5.0 24:24:3.6 21:26:26 10:23:12
(1.0:1.0:1.5) (1.0:1.3:1.2) (1.0:24:1.2)
7.5 16:16:24 14:17:16 06:15:08
(2.0:1.0:1.5) (1.0:1.3:1.1) (1.0:25:1.3)
10.0 12:12:18 1.0:13:11 05:1.1:05
(1.0:1.0:1.5) (1.0:1.3:1.1) (1.0:2.4:1.0)
15.0 08:08:1.2 0.7:0.8:0.6 0.3:0.7:0.3
(1.0:1.0:1.5) (1.0:1.2:0.9) (1.0:25:1.0)
20.0 0.6:0.6:0.9 05:06:04 02:04:0.2
(1.0:1.0:1.5) (1.0:1.2:0.8) (1.0:2.0:1.0)

4. Conclusions

In this study we present the design and fabrication of a fast, continuous-flow uPCR device with integrated resistive
microheaters, manufactured in the PCB industry, all seamlessly realized, for the first time, on the same PCB substrate with
PCB-compatible, industrial materials and processes (patterning and sealing). The commercially available materials for the

fabrication of the proposed uPCR chip are already in use in industrial PCB manufacturing (but for different purposes), thus
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facilitating the mass production of our chip using established and widely spread commercial manufacturing. The high
integrability of microfluidics with other electronic components (such as sensors) offered by the PCB substrate, coupled with
the potential of reliable and low cost mass production in the PCB industry, and the low power consumption of the
introduced pPCR are the main advantages of the proposed chip, thus rendering it an outstanding component for LOC
diagnostic systems. Furthermore, the extremely reduced total reaction times (down to 2 min) combined with the reduced
power consumption during its operation (2.7 W) suggest that this chip is also suitable for implementation in low-resource

settings. Therefore, the presented device combines unique advantages never met before in a single device.

The investigation of the PCR efficiency, by calculating the residence time distribution (RTDs) of the DNA molecules
within acceptable temperature limits, provides useful results regarding the actual PCR protocol that is held on the device.
The temperature and velocity distributions within the PCR mixture in the device are shown to disturb the PCR protocol: Not
only the actual protocol is shorter, but the ratio of the times in each zone is different compared to the nominal one. Such
deviations from nominal PCR protocol design should be taken into account to result in an improved uPCR chip design from
a thermal distribution point of view. In addition, the latter may allow increase in DNA product yield for the same volumetric
flow rate, or even the realization of an effective PCR protocol 'subjected to higher flow rates, further decreasing the total

reaction time and leading to even faster diagnosis results.
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Figure Captions

Fig. 1 a) Image of 3 PCB-embedded Cu microheaters, custom-designed and fabricated at PCB vendor b) Image of a
continuous flow uPCR device (non-sealed for clearly viewing the microchannel), employing 30 cycles, fabricated on a PCB

substrate with embedded microheaters

Fig. 2 Schematic of the unit cell where the calculations take place

Fig. 3 Images of agarose gels depicting DNA ladder (on the left of each image) and 157 bp DNA amplicons (on the right of
each image) from the pPCR device (a, b), operating at different flow rates a) 5 pl/min, b) 7.5 pl/min and 10 ul/min, and c)
conventional thermocycler with 10 sec residence time at each temperature

Fig. 4 Images of agarose gels depicting a) 198 bp DNA amplicons (on the left) from the uPCR device, operating at a flow
rate of 7.5 ul/min, and the DNA ladder (on the right), b) 395 bp amplicons (on the right) from the uPCR device, operating at

a flow rate of 7.5 ul/min, and the DNA ladder (on the left)

Fig. 5 Mean residence time at the (a) denaturation, (b) annealing, and (c) extension temperatures when AT, equals 1 and 2

K, compared to the nominal residence time
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