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Here we report one of the smallest real-time polymerase chain reaction (PCR) systems to date with an
approximate size of 100 mm x 60 mm x 33 mm. The system is an autonomous unit requiring an external
12 V power supply. Four simultaneous reactions are performed in the form of virtual reaction chambers
(VRCs) where a =200 nL sample is covered with mineral oil and placed on a glass cover slip. Fast, 40 cycle
amplification of an amplicon from the H7/N9 gene was used to demonstrate the PCR performance. The
standard curve slope was -3.02 + 0.16 cycles at threshold per decade (mean * standard deviation) corre-
sponding to an amplification efficiency of 0.91 + 0.05 per cycle (mean * standard deviation). The PCR de-
vice was capable of detecting a single deoxyribonucleic acid (DNA) copy. These results further suggest that
our handheld PCR device may have broad, technologically-relevant applications extending to rapid detec-
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The invention of polymerase chain reaction (PCR) 32 years
ago is considered to be one of the greatest inventions of the
last century." Over the years, many variants of the original
system have been developed. One of the most important
advancements is the real-time PCR analysis system.” The ap-
proach enables real-time PCR amplification, monitoring, and
quantification of the number of deoxyribonucleic acid (DNA)
copies in the sample under consideration. This method is
commonly referred to as quantitative PCR (qPCR).> The main
advantage of real-time PCR is the elimination of any post-pro-
cessing, such as electrophoresis or hybridization to detect the
PCR product.

The PCR reaction is performed by thermal cycling in the
presence of specific oligonucleotides, the enzyme polymerase,
free nucleic acids and bivalent salts such as MgSO, or MgCl,.
This cocktail is commonly referred to as the PCR master mix.
The detection of PCR product amplification is conducted by
monitoring the fluorescence amplitude during the PCR. In
the presence of an intercalating dye, such as SYBR Green I,
the fluorescence amplitude is proportional to the concentra-
tion of the DNA amplicon, the product of the PCR. In order

“ KIST-Europe, Microfluidics Group, Campus E7.1, 66111 Saarbriicken, Germany.
E-mail: pavel.neuzil@gmail.com

b National Institute of Standard and Technology (NIST), Center for Nanoscale
Science and Technology, 100 Bureau Drive, MS 6201, Gaithersburg, MD 20899-
6201, USA

¢ Brno University of Technology (BUT), Central European Institute of Technology
(CEITEC), Technickd 3058/10, CZ-616 00 Brno, Czech Republic

 Northwestern Polytechnical University (NPU), School of Mechanical Engineering,
Department of Microsystem Engineering, 127 West Youyi Road, Xi'an Shaanxi,
710072, PR China

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
c51c01415h

586 | Lab Chip, 2016, 16, 586-592

tion of infectious diseases in small clinics.

to verify amplification specificity, upon PCR completion, em-
ployment of an intercalating dye enables performing melting
curve analysis (MCA). Another improvement of the PCR is the
addition of the reverse transcriptase enzyme to the PCR cock-
tail, forming reverse transcription PCR (RT-PCR).

PCR has become the method of choice for the detection of
DNA and RT-PCR to detect RNA. These two reactions have
revolutionized genetics. Furthermore, PCR has many diverse
applications in infectious disease diagnostics for detection of
viruses or bacteria,® in forensic science,”” paternity tests,’
security applications’” and myriad other commercial applica-
tions.® Commercial systems are typically rather large table-
top tools used for high throughput mass screenings and are
impractical for use in point-of-care applications (POC), where
the most important system parameters are portability and
power consumption. The quest for a miniaturized PCR ver-
sion suitable for POC diagnostics was initiated at Lawrence
Livermore Laboratories”'® more than two decades ago.
Agrawal et al. have developed a pocket-sized conventional
PCR system'' that requires extensive sample post-processing
to identify the presence of an amplicon. In contrast, real-time
PCR eliminates the need for sample processing once PCR is
completed.

Real-time PCR systems consist of a heater, temperature
sensor, and fluorescence excitation and detection unit. Tem-
perature cycling is performed by heating and cooling of sam-
ples. Within the PCR process, the cooling rate is one of the
primary limiting factors. Bulky commercial systems have large
heat capacities, hence heat removal is challenging, and is typi-
cally accomplished by using a thermoelectric cooler (TEC),
commonly known as the Peltier element. Since these bulky
systems consume a considerable amount of power, they are
generally unsuitable for field testing POC applications.

This journal is © The Royal Society of Chemistry 2016
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Small PCR instruments are often based on microfluidic
devices, so-called “lab-on-a-chip” devices."”” These systems
comprise two major groups, spatial-domain and time-domain
PCRs. On the one hand, time-domain PCRs have a single
heater with samples placed in direct contact. Here, tempera-
ture cycling is carried out by changing the heater element
temperature. On the opposite end of the spectrum, the
spatial-domain PCR has several heaters, each held at a differ-
ent temperature. In this scenario, temperature cycling is
accomplished by moving samples between heaters.

A typical representative of a spatial-domain system is the
continuous PCR-on-a-chip."® Within this system, the sample
flow in the microfluidic chip is positioned over the heaters,
each kept at a different temperature. The sample flows
through tubes, thereby achieving thermal cycling. Here, PCR
duration is only limited by the flow rate and the heat transfer
between the sample and the side walls, for both heating and
cooling. The two major drawbacks of a flow-through PCR are
system complexity and a high likelihood of sample-to-sample
cross-contamination.

An alternative version was introduced a few years ago
where the sample was in the form of a virtual reaction cham-
ber (VRC).'*™® The VRC self-assembly system consists of a
water droplet covered with mineral oil, preventing water evap-
oration from the sample. In this scenario, the water droplet
contained the PCR master mix with a pre-determined num-
ber of DNA copies. Here, the VRC with DNA was separated
from the micromachined silicon heaters by a disposable,
hydrophobically-coated microscope cover slip. To eliminate
sample-to-sample contamination, the glass cover slip was a
disposable part of the system, and therefore each cover slip
was a single use component. The sample contained magnetic
particles which facilitated sample motion between heaters."”
A pocket-size real-time PCR system capable of processing a
single sample was introduced a few years later.'® The system
had an integrated miniaturized optical detection unit, LCD
display and control electronics. One of the key features was
the implementation of lock-in amplification for optical signal
processing.”” The lock-in amplification feature allowed for
ambient system operation without light protection, thereby
rendering the system robust and user-friendly. One of the sys-
tem drawbacks was processing a single sample at a time and
furthermore, the device was bulky.

A practical system to conduct PCR for POC applications re-
quires simultaneous processing of 4 or more samples. Diag-
noses of clinical samples should be concurrently conducted
with positive and negative control samples, thereby eliminat-
ing false negative or positive events.

In our work, we introduce a new portable PCR system
(Fig. 1) capable of concurrently analyzing four =200 nL vol-
ume samples. The system speed is determined by the heating
and cooling rates. The heating rate collectively arises from
the VRC thermal capacitance (H) and the dissipated Joule
heat. The rate of passive cooling applied within our system is
given by the thermal time constant (z) of the system, which is
given by H/G, where G is the thermal conductance. Since the

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (A) CAD design drawing of the handheld PCR. The illustration
shows a display with a compartment accommodating 4 samples in the
VRC form. (B) Fabricated and assembled complete real-time PCR de-
vice packaged within a 3D printed casing.

specific heat of water is exceptionally large, the thermal prop-
erties of our system are strongly dependent on the sample
water volume. Consequently, a smaller sample size results in
a faster system."®

System samples consist of a negative control, also called
no template control (NTC), a positive control, and two sam-
ples of interest. The four sample system architecture repre-
sents the minimal number of samples required for practical
applications. Our system conducts 40 PCR cycles in less than
~35 min, while simultaneously processing the results. Fur-
thermore, our portable real-time PCR is capable of detecting
a single DNA copy.

The PCR performance was evaluated by detecting a com-
plementary DNA from the avian influenza virus (H7N9) as
well as two  human  transcripts,  hypoxanthine
phosphoribosyltransferase (HPRT) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). To the best of our
knowledge, our system platform represents the smallest real-
time PCR system.

Our PCR instrument has two key features:

1. The four samples are in the VRC form and are placed
on a disposable glass cover slip over micromachined silicon
heaters. Upon PCR completion, the single-use, disposable
glass element is removed and a new glass cover slip is placed
on top of the silicon heater.

2. The fluorescence excitation/detection system is based
on a lock-in amplifier, thereby rendering the system immune
to ambient light. The PCR instrument is equipped with a
graphical 84 x 48 pixel liquid crystal display (LCD) with a di-
agonal size of ~38.1 mm to show the reaction progress and

Lab Chip, 2016, 16, 586-592 | 587
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final results. The captured data is stored in an internal mem-
ory and can be uploaded for external processing via a univer-
sal serial bus (USB). The system is powered by an external 12
V battery.

System setup

Our current system has two new key features: an integrated
optical head and simplified control electronics.

1. Integrated optical head

A fluorescence detection system for a single spot requires a
light source, three filters (excitation, dichroic mirror and
emission) and a detector. We redesigned the original
head®®?" with 5 filters for the four units (see Fig. 2). Each
measurement spot is illuminated with a light emitting diode
(LED) with a principal emission wavelength of 470 nm and a
luminous intensity in the range of 7.2 c¢d to 12 cd. Light
passes through an excitation band pass filter with a center
wavelength of ~470 nm and a band pass of ~40 nm,
blocking light from the LED with wavelengths longer than
~490 nm. Light is then reflected off of a long pass dichroic
mirror with a cut-off wavelength of ~495 nm, and focused by
a lens with a focal length of ~3.1 mm, a numerical aperture
of ~0.68 and an antireflective coating in the range of =350
nm to ~700 nm. The emitted fluorescence (F) is collimated
by the same lens, passing through the dichroic mirror. The
residual blue light is suppressed by a long pass emission fil-
ter with a cut-off wavelength of ~510 nm, and fluorescence is
captured by the conventional silicon photodiode with a radi-
ant sensitive area of ~7.5 mm.? The cross section schematic
of the handheld PCR system illustrating the optical path is
shown in Fig. S1 (ESIf). The resulting photocurrent is
converted into voltage using an ultra-low bias current

&-«

twe-excitation filters
emission filter

two LEDs
<

Fig. 2 Schematic illustration of the integrated optical head. Blue
arrows show the optical path from one LED with filters to the VRC.
The green arrow shows the optical path of excited fluorescence to the
photodiode. Light emitted from a blue LED passes through the blue
filter in order to remove the green portion of emitted light, then
reflects off of the dichroic mirror through a donut-shaped heater and
is focused on the sample by an aspherical lens. Excited fluorescence is
collimated by the same lens, passing through the dichroic mirror with
the blue portion filtered out by a green filter. Residual green light in-
teracts with a photodiode and induces a photocurrent, which is further
processed.
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operational amplifier with dielectrically-isolated field effect
transistor inputs (diFET) as a transconductance amplifier. In
this configuration, the four sample systems share optical fil-
ters. Four LEDs are mounted in two pairs. Within each pair,
the LEDs were parallel, thus requiring only two excitation
and two dichroic filters for all 4 LEDs. Finally, there is only a
single emission filter for all photodiodes. A potential expan-
sion to eight systems would require additional LEDs and
photodiodes with amplifiers.

2. Control electronics

A previously published system'® had one lock-in amplifier for
a single fluorescence detection system and a second one for
temperature measurement. This scenario was very inefficient
since fluorescence was monitored for =2 s during each PCR
cycle. The second lock-in amplifier for temperature measure-
ment was used during the entire PCR operation. Our current
system employs a single lock-in amplifier to monitor the sam-
ple temperature and capture fluorescence from all four spots.

The system heaters were connected in a serial-parallel
combination, wherein the system controlled the average tem-
perature of all four heaters. We used a similar AC biased
Wheatstone bridge to convert the resistance of the resistance
temperature detector (RTD) into a DC voltage as previously
described."®

The control electronics for the optical system was a simpli-
fied version of our previous work.'® Here, each PCR system
(spot) had its own LED, collimating lens and a photodiode
with a respective transconductance amplifier while the opti-
cal filters are shared. We activated one LED at a time, thereby
feeding the signal to a single, corresponding trans-
conductance amplifier. Outputs of the four amplifiers were
connected together and processed as one signal. The com-
plete schematic of the PCR system is shown in Fig. S2 (ESIT).

The incident photocurrents from the photodiodes were
converted into voltage using four dedicated operational am-
plifiers. The amplifier outputs were connected together and a
single composite signal was further processed. The cross talk
between four measured spots was minimized since one LED
was activated at a time; therefore the resulting total ampli-
tude of the processed photocurrent originated from a single
dedicated PCR reaction. All important devices are listed in
Table S1 (ESIT).

Experimental

A typical real-time PCR protocol with an intercalating dye
such as SYBR-Green I initiates with a hot start to activate the
polymerase. PCR cycles consist of denaturation, annealing
and extension steps. The fluorescence amplitude is measured
at the end of the extension step for a period of ~2 s. We con-
trolled the heater temperature using the proportional
integrative-derivative (PID) closed feedback loop method. The
amount of heat delivered through dissipated Joule heating
was controlled using a pulse-width modulation (PWM) tech-
nique. The last =2 s of the amplification cycle were used for

This journal is © The Royal Society of Chemistry 2016
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fluorescence monitoring (see Fig. 3). In this step, following
temperature stabilization, we monitored the duty cycle of the
PWM and calculated its average. During the last =2 s, the
feedback loop was disconnected, the temperature was not
monitored and the average value of the PWM was employed.
During the system development phase, we monitored the
heater temperature and found that the method described
above gives us a temperature variation of less than +0.5 °C
over a =2 s time interval. The sample temperature follows
the heater temperature with a ~1.5 s delay,”* therefore a +0.5
°C temperature variation at the heater does not affect the
PCR performance. The measured temperature profile from
~6 PCR steps is shown within the system liquid crystal dis-
play (LCD) in Fig. 4A.

During the last two seconds of the extension step, the
fluorescence measurement system was activated. Sequen-
tially, each LED was individually powered for ~0.5 s and the
emitted fluorescence was captured by the respective photodi-
ode and lock-in amplifier. At the completion of an amplifica-
tion cycle, the system was switched back into the temperature
measurement mode, initiating the start of a new cycle. The
PCR amplification curves were plotted for each spot and the
captured amplitude of fluorescence was displayed on the
LCD display. The typical PCR amplification curve is shown in
Fig. 4B. Directly following the PCR process, melting curve
analysis (MCA) was performed. Since temperature measure-
ment during the MCA is time consuming, we performed this
step without a feedback loop. In the course of the PCR, we
monitored and recorded the PWM duty cycle of three fixed
temperature points: denaturation, annealing and extension
temperatures. These three points were used to calculate the
required duty cycle for temperature scans ranging from

denaturation annealing extension
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Fig. 3 PCR thermal profile of a single amplification step. The heater
temperature (red part) is linearly proportional to the built-in lock-in
amplification output, which was captured with an oscilloscope. While
performing denaturation at =93 °C, annealing at =56 °C and most of
the extension step at =72 °C, the built-in lock-in amplifier is utilized to
measure the average temperature of all four heaters. In the last two
seconds of the extension step, the lock-in amplifier is used to sequen-
tially process the fluorescence signal (green part) from the 4 measure-
ment spots (circled area). These data are stored in their original format
in analog-to-digital converter units (ADC units) within the memory of a
microcontroller. Once fluorescence is measured, the heater is
powered by the average value of pulse width modulation obtained
during the extension phase.
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Fig. 4 (A) An assembled PCR system with four VRCs, each consisting
of a =0.5 uL sized sample covered with =1.5 uL of M5904 mineral oil,
showing the PCR temperature profile (protocol) within the LCD
display. The device size is 82 mm x 45 mm x 20 mm (length, width and
height). Scale bar is 40 mm. The protocol started by a “hot start” to
activate the polymerase enzyme for =10 min at =95 °C, followed by
40 cycles of PCR amplification. Each amplification cycle consisted of 3
steps. First, denaturation for ~10 s at =95 °C, then annealing for ~10 s
at =50 °C and the last step was extension for =15 s at ~68 °C (instead
of typical =72 °C), during which fluorescence was measured. The LCD
display shows 6 cycles. At the completion of each PCR amplification
cycle, fluorescence amplitude at each spot was calculated and
amplification curves were plotted in (B). We placed NTC at position 1, a
low concentration of complementary DNA (cDNA) from H7N9 HA
gene at position 3, a medium concentration at position 2 and the
highest concentration (positive control) at position 4. The results show
that the PCR reaction was successfully accomplished without PCR
amplification of the NTC sample. Furthermore, the results prove that
the samples were not cross contaminated, thereby eliminating false
positive outcomes. Positive control results at position 4 indicate the
absence of false negative results, thereby showing a successful PCR
amplification process.

~68 °C to ~94 °C without a closed feedback loop. The system
was stabilized at =68 °C. The temperature of each heater was
then gradually increased to =95 °C while the fluorescence in
each of the four spots was sequentially measured. The mea-
surement of each spot required a duration of =0.5 s, hence
~2 s was required to measure all 4 VRCs. This measurement
setup allowed for fluorescence measurement from each spot
with an offset of ~0.25 °C between adjacent VRCs. Once the
MCA was completed, we stabilized the sample at the as-
sumed temperature of ~95 °C and then measured the actual
temperature. Directly following this, the system's central pro-
cessing unit (CPU) performed two corrections. First, the MCA
was recalculated based on the actual final temperature. Sec-
ond, the correction accounts for the temperature offset be-
tween individual VRCs. Consequently, the MCAs for each
spot were recalculated accordingly. Finally, a negative deriva-
tive value of fluorescence with respect to temperature (-dF/
dT) was calculated.

Lab Chip, 2016, 16, 586-592 | 589
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The device performance was evaluated using synthetic
complementary DNA (cDNA) for the hemagglutinin of the
H7N9 avian influenza virus. Forward and reverse primers
were chosen as suggested earlier:>® forward primer:
TACAGGGAAGAGGCAATGCA, reverse primer:
AACATGATGCCCCGAAGCTA, giving a total amplicon length
of 104 base pairs with a melting temperature of ~81.1 °C, as
measured using a commercial real time PCR system.

The PCR master mix was prepared by mixing ~2 pL of
FastStart DNA Master SYBR Green I, ~2 uL of MgCl, solution,
~2 uL of sample HA (5 x 10™> ng uL™'), ~0.3 uL of ~400 mg
mL™" BSA solution and primers in a final concentration of
~1.8 X 10"° mol L™". We added deionized (DI) water with a re-
sistivity higher than 18 MQ cm at 25 °C to create the final
volume of ~20 pL. The NTC sample had =2 uL HA gene vol-
ume replaced with DI water.

First, we performed basic real-time PCR with different
contents of cDNA per pL as shown in Table 1 with NTC at po-
sition 1 and different contents at positions 2 to 4. The ampli-
fication curves are shown in Fig. 5A. Once the PCR process
was completed, we also conducted a MCA (not shown here).
The MCA shape is not suitable for performing high-
resolution analysis;** nevertheless, it does show that a spe-
cific DNA was amplified with the melting temperature of
83.36 + 0.63 °C (mean * standard deviation), in close proxim-
ity to the measured value of Ty, = 81.1 °C. The marginal dif-
ference in the T\ values is due to the uncertainty of calibra-
tion precision of the commercial PCR system used as a
benchmark tool. The T, resolution is sufficient to verify spe-
cific DNA amplification; however, it may not be suitable for
performing high-resolution melting curve analysis.>

We then performed a series of four identical measure-
ments using an HA content of ~5 x 10™> ng in a pL of cDNA
(see data in Table 2 and a graphical representation in
Fig. 5B). Different PCR locations resulted in performance var-
iation, consequently producing mean Cr values in the range
of ~8 to ~9.6 with a standard deviation ranging between
~0.8 and ~1.5. The difference in Cr values at positions 2 to 4
might be caused by imperfections due to manual VRC place-
ment. The VRC at position 1 appears to have a lower heat
transfer rate than VRCs at other positions. We attribute the
variation to a slower transition from amplification to satura-
tion of the DNA amplification curve (Fig. 5B). We further pre-
sume that heater defects at position 1 could give rise to a
temperature that is different in comparison with the other
three positions, consequently leading to a differing PCR

Table 1 Typical results with NTC (position one) serving as negative con-
trol and three different sample concentrations at positions 2 to 4. The
sample at position 4 serves as positive control

Position Mean Cr Standard deviation Concentration HA (ng pL™")

1 N — —

2 28.7 1.5 ~5.0x10°®
3 27.0 1.0 ~7.5x10°8
4 20.0 1.0 ~5.0x10°°

590 | Lab Chip, 2016, 16, 586-592
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efficiency. Additionally, this discrepancy could be attributed
to the stress induced during chip-to-PCB soldering, giving
rise to bending of the chip. The silicon chip deformations
could cause both variations in the intermediate oil layer
thickness and a differing heat rate.

Finally, we obtained standard PCR curves. The samples
were prepared by the following procedure. We mixed a sam-
ple with ¢cDNA corresponding to 12500 copies per 200 nL vol-
ume. This sample was diluted 10x, yielding 1250 copies per
200 nL volume; the next dilution yielded 125 copies per 200
nL volume. The last two dilutions had a statistical number of
12.5 copies per 200 nL and 1.25 copy per 200 nL volume, re-
spectively. The PCR results as well as the normalized data are
shown in Fig. 5C and D, demonstrating that our portable
real-time PCR is able to detect a single DNA copy with an ex-
cellent efficiency of 0.91 + 0.05 per cycle (mean + standard
deviation), which is well within the required range of PCR ef-
ficiency between 0.8 and 1.0.

Discussion

The PCR protocol consisted of a ~10 min hot start at ~95
°C, followed by 40 cycles of =10 s at =95 °C, =10 s at =50 °C
and =15 s at =68 °C. Once the PCR amplification was com-
pleted, we conducted an MCA with a scan rate of ~0.2 °C s .
This protocol required a total time for amplification of less
than 35 minutes with an additional =150 s for the MCA. The
ultimate speed of the PCR was not the primary target of this
work. Nevertheless, the time required for DNA amplification
can be shortened by using different types of hot starts,
Tagman chemistry (or both)' or even not using the hot start
at all.*®

Here we used the same heater as in our previous work. The
dissipated Joule heat P depends on the square of voltage V:
P = V*|R, where R is the heater resistance. The Joule heat dissi-
pation and the consequent heating rate were enhanced with
either an increased voltage bias or by lowering the heater resis-
tance. In a previous work,”> we increased the bias voltage up
to 20 V using an external power supply. Here, the heater is
powered using a 12 V external power supply in either an
AC/DC converter or a battery type configuration. A change in
this voltage would require additional space for a step up volt-
age converter. The additional feature would further require
either a redesign of the heater on a micromachine, requiring a
new mask for the metal lithography level, or the use of a
thicker metal layer with a lower sheet resistance. Both cases
would require the fabrication of new PCR chip architectures."*
The current PCR chip layout is shown in Fig. S3 (ESIT) and the
chip fabrication process in section 5 (ESI).

In principle, the fundamental limitation in the speed of
the device is determined by the heat transfer between the
heater and the sample, which is ~1.5 s for each temperature
step. Nevertheless, the device can still run as fast as its prede-
cessor achieving ~9.5 s per PCR cycle, still being considered
as one of the fastest real-time PCRs demonstrated at that
point in time."’

This journal is © The Royal Society of Chemistry 2016
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(A) Single PCR run as it appears in the PCR display. These PCR amplification curves show results from the 4 positions of the PCR device.

We used complementary DNA (cDNA) from the H7N9 HA gene for testing purposes. AU stands for arbitrary units. Once the PCR was completed,
the MCAs were performed with a melting temperature value of 83.36 + 0.63 °C (mean * standard deviation). Measurement uncertainties emanate
from the manual placement of the droplet. Slight droplet misalignments at the heater cause temperature variations between various experimental
runs, thereby affecting the overall PCR efficiency. Also, due to these temperature variations, we readily observe a slight shift in the measured
melting temperature. (B) Measurements performed at the 4 positions with identical concentration of all samples performed three times to
suppress random error. The corresponding extracted critical thresholds (Cy) are shown in Table 2. A greater value of Ct at position 4 suggests a
lower amplification efficiency at that position. This may be caused by a temperature variation due to a non-optimized bonding process of the sili-
con chip to the PCB. (C) PCR results from position 1 with the calculated number of cDNA copies in the sample from =12 500 down to =1.25. These
numbers are calculated by a 10x dilution starting from ~12500. Since only whole numbers of cDNA copies per sample exist, fractional values imply
the statistically most probable value. Each experiment was performed three times. (D) Extracted standard real-time PCR curve from results in
Fig. 5C showing the Cr value as a function of LOG (cDNA concentration). The slope of -3.02 + 0.16 cycles at threshold per decade (mean + stan-
dard deviation) corresponds to the PCR efficiency of 0.91 + 0.05 per cycle (mean * standard deviation).

Furthermore, we enhance the system robustness by not in-
corporating moving parts. The system light source consists of
4 LEDs with an estimated lifetime of more than 50000
hours. A single 40 cycle PCR run requires each LED to
operate for less than 1 min. The most vulnerable part is the
micromachined silicon chip mounted directly on the

Table 2 Results of critical threshold from 4 measurements at each PCR
location with identical concentration of the HA gene. The graphical out-
put is shown in Fig. 5B. The discrepancy between results from individual
samples was probably caused by sample misalignment with respect to
the heater as they were placed manually

Position Mean Cr Standard deviation Concentration HA (ng pL™")

1 9.6 1.5 ~5.0 x 107°
2 9.0 1.2 ~5.0 X 107
3 9.5 0.6 ~5.0 x 107°
4 8.0 0.8 ~5.0x107°

This journal is © The Royal Society of Chemistry 2016

main PCB. We envision a new version of our system, cur-
rently under development, with the brittle silicon chip
mounted on a dedicated PCB. Therefore, if the fragile part is
damaged, a replacement silicon chip can be easily ex-
changed. In order to limit interference between PWM pulses
and temperature sensing signals, the layout of the micro-
machined silicon chip will incorporate electrical shielding
between integrated heaters and sensors. In this scenario, the
chip size will increase to ~18 mm x 18 mm. Also, this
configuration provides additional space in order to further
modify the optical housing and facilitate the removal of
the PCB from the optical path. The current version of the
system exhibited a large self-induced fluorescence due to the
PCB being illuminated by the blue LEDs. Finally, we plan to
reduce the complexity of the optical housing by reducing
the number of parts. This would also allow us to replace
the silicon chip once variations in PCR efficiency are
discovered.
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Furthermore, in future experiments, we plan to use either
microscope glass cover slips with upfront lyophilized PCR or
a single step RT-PCR master mix. In this configuration, the
pipetted =200 nL volume sample will be entirely composed
of DNA (RNA).

Conclusions

We designed and tested one of the smallest real-time PCR de-
vices. It has a length of =100 mm, a width of 60 mm and a
height of ~33 mm and weighs only =90 g. The device mea-
sured 4 PCRs simultaneously in less than ~35 min, including
MCA. The sample was processed in the form of a virtual reac-
tion chamber (VRC) where 200 nL of a sample was placed on
a disposable glass cover slip covered with mineral oil to pre-
vent water evaporation from the sample. The sample only in-
teracts with the glass cover slip to eliminate possibilities of
sample-to-sample cross-contamination; the glass element was
a single-use, disposable system component. Our negative con-
trol tests further demonstrate the lack of cross contamination
between samples. The system depicted in Fig. 4 was success-
fully utilized for at least 100 distinct PCR runs. We have dem-
onstrated its performance by amplifying the cDNA of an HA
gene of the H7N9 avian influenza virus and displayed the re-
sults on an integrated LCD display. We demonstrated the ca-
pability of simultaneously running 4 samples at a time with
good reproducibility. The PCR efficiency was demonstrated
by obtaining a PCR standard curve in the range of 12500 to
1.25 copies with an achieved slope of -3.02 + 0.16 cycles at
threshold per decade (mean + standard deviation). The value
corresponds to a PCR efficiency of 0.91 + 0.05 per cycle (mean
+ standard deviation). The system was also capable of
detecting a single DNA copy within the sample.

The captured data was subsequently transferred to a per-
sonal computer (PC) via a USB interface for further process-
ing. This tiny real-time PCR device is a promising diagnostic
system for remote clinics as well as a tool for educational in-
stitutions demonstrating the power of a real-time PCR as
“seeing is believing”. The system throughput can be doubled
using a single channel multiplexing method as demonstrated
earlier.””
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