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Tomáš Lednický,a Marie Korabečnád and Pavel Neužil *b

A microfluidic-based digital polymerase chain reaction (dPCR) chip requires precise temperature control as

well as uniform temperature distribution to ensure PCR efficiency. However, measuring local temperature

and its distribution over thousands of mL/nL-volume samples with minimum disturbance is challenging.

Here, we present a method of non-contact localized temperature measurement for determination of the

non-uniformity of temperature distribution over a dPCR chip. We filled the dPCR chip with a PCR

solution containing amplified DNA fragments with a known melting temperature (TM). We then captured

fluorescent images of the chip when it was heated from 70 to 99 �C, plotted the fluorescence intensity

of each partition as a function of temperature, and calculated measured TM values from each partition.

Finally, we created a 3-D map of the dPCR chip with the measured TM as the parameter. Even when the

actual TM of the PCR solution was constant, the measured TM value varied between locations due to

temperature non-uniformity in the dPCR chip. The method described here thereby characterized the

distribution of temperature non-uniformity using a PCR solution with known TM as a temperature sensor.

Among the non-contact temperature measurement methods, the proposed TM-based method can

determine the temperature distribution within the chip, instead of only at the chip surface. The method

also does not suffer from the undesirable photobleaching effect of fluorescein-based temperature

measurement method. Temperature determination over the dPCR chip based on TM allowed us to

calibrate the temperature sensor and improve the dPCR configuration and precision. This method is also

suitable for determining the temperature uniformity of other microarray systems where there is no

physical access to the system and thus direct temperature measurement is not possible.
Introduction

Over the past few decades, the development of microuidics1

has enabled new technologies such as digital polymerase chain
reaction (dPCR).2 dPCR was originally developed to perform
absolute deoxyribonucleic acid (DNA) quantication of
a sample.3,4 dPCR can also detect rare DNA sequences among
a background of abundant ones.5 The PCR master mix,
combined with target DNA molecules, is compartmentalized
into thousands of micro/nano partitions. The target DNA
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molecules are distributed into those partitions such that,
statistically, either none or one DNA copy is present in each
partition. Thermal cycling is then performed to amplify the
number of targets to a uorescently detectable level.6

Temperature uniformity between partitions is critical as the
temperature during thermal cycling affects PCR efficiency.7 The
thermal uniformity of the dPCR device depends on its heating/
cooling elements and the thermal conductance between the
elements.8 The most commonly used heating/cooling tech-
niques are based on thermoelectric coolers (TEC).9 Other tech-
niques, based on different principles, can also be used such as
photonic heating with airow cooling.10 Additional problems
arise from non-uniform temperature distribution11 due to
insufficient heat transfer or non-uniform cooling in open
systems such as those using air convection.12 This is a signi-
cant problem as the relative PCR efficiency between partitions is
strongly affected by poor temperature uniformity during
thermal cycling.13

Therefore, each dPCR assay must be optimized carefully and
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
RSC Adv., 2022, 12, 2375–2382 | 2375
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to volume ratio of partitions, which potentially inhibit PCR
process, or on pre-analytical steps associated with the prepa-
ration of the DNA template.14 When optimizing dPCR on a chip,
thermal non-uniformity is usually not considered as measure-
ment of sample temperature (TS) inside partitions with a sample
volume of pico-/nano-liters is a challenging job.15,16 An accurate
system to calibrate a temperature sensor with respect to the
uid inside the partitions, and enable determination of the
temperature distribution over the dPCR chip, or even between
the partitions, would benet the optimization of temperature
uniformity,17 thus improving PCR efficiency.

TS can be measured by contact or non-contact methods.
Contact methods primarily use temperature sensors10,18,19 such
as resistive temperature detectors (RTD),20 thermistors19 or
thermocouples21 for point measurement. However, it is impos-
sible to determine TS within a single micro/nano partition using
those sensors due to the size limitations.22,23 The most popular
non-contact temperature measurement method is based on an
emitted infrared (IR) power determination.10,19 This only deter-
mines 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.24 Unfortunately the glass is not
transparent at IR wavelengths, making it impossible to deter-
mine the temperature (T) of the master mix, which is the most
critical information for optimal PCR operation. The measure-
ment precision can also be affected by surface contamination.

Other non-contact temperature measurement methods use
the uid in the partitions as a sensing element, via the inclusion
of thermochromic dyes, such as organic leuco dyes, with
specic temperature-dependent optical properties.25 However,
these methods are restricted to temperatures up to z50 �C,
insufficient for dPCR applications. An obvious alternative would
seem to be uorescein, as its amplitude of uorescence (F) is
a function of T,26 and uorescence measurements are compat-
ible with the instrumentation used for dPCR quantication.
Unfortunately, this technique is susceptible to photobleaching
and thus the system cannot be calibrated for precise tempera-
ture determination.

An alternative uorescence measurement technique, based
on melting curve analysis (MCA) of DNA, has been utilized.27 At
the melting temperature (TM) of DNA, z50% of the double-
stranded DNA is denatured, leading to a drop in the emitted F
value.28 The TM depends 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 rst derivation of the melting curves with respect to
TS provides the constant value of TM with minimal deviation.27

This MCA-based non-contact temperature measurement tech-
nique was previously applied to determine the temperature
uniformity inside of the microuidic channel of a microcalo-
rimeter, and the device was subsequently calibrated
accordingly.22,29

Here we proposed a non-contact temperature sensing tech-
nique based on MCA to determine the temperature non-
uniformity of the uid within the micro partitions of a dPCR
chip. We also used this technique to calibrate temperature
2376 | RSC Adv., 2022, 12, 2375–2382
sensor using two points calibration. The proposed method is
non-contact thus it does not affect the temperature of the device
such as contact methods do. It measures temperature of the
uid, which is the temperature of interest instead of infrared
technique measuring only radiation from the surface. Finally
the MCA-based technique is not suffering from undesirable
photobleaching effect such as earlier used uorescein-based
temperature measurement method.

This method provided information about T inside the
partitions where precision is required. We loaded the dPCR
chip with the PCR master mix aer amplication and then
captured uorescence images of the chip in the temperature
range from 70 to 99 �C. We subsequently performed image
processing to extract and plot the F values of each partition as
a function of T. We then performed MCA and extracted TM
values from each partition. We nally plotted the TM values as
a function of partition location, determining the temperature
distribution over the dPCR chip. Our method of determining
temperature uniformity is particularly suitable for microuidic
systems where access for even a miniaturized temperature
sensor is challenging or impossible. Once the temperature
distribution of the device has been determined, should there be
any undesirable variation or other non-uniformity, researchers
can check the heat transfer system and improve it to ensure that
the system functions properly.
Materials and methods
dPCR chip design

We used a (9 � 9) mm2 dPCR chip with 26 448 partitions, each
with a target diameter of 50 mm, split into 6 blocks. The chip was
designed using script-based Nanolithography Toolbox24,30 and
manufactured from a Si wafer using a single lithography step
followed by deep reactive ion etching with a target depth of 30
mm (Fig. 1A).24
dPCR conguration

We designed two dPCR congurations with different interfaces
between the chip and the TEC. Conguration A had a brass
interface between the TEC and the dPCR chip, while congu-
ration B used a silicon wafer. The Si wafer also helped to remove
an undesirable high background signal, as the original white
surface of the TEC was dispersing light which then penetrated
through the optical lters. Both congurations were consisted
of a uorescence imaging system (Fig. 1B) using a uorescein
isothiocyanate (FITC) cube to process a uorescence image
obtained from a dPCR chip lled with uorescein (Fig. 1C). The
cube was mounted on an X–Y stage with a light-emitting diode
(LED) with a nominal principal wavelength and maximum
power of 470 nm and 30 W, respectively. The optical power was
controlled by an LED controller using pulse-width modulation
(PWM). The image was captured by a commercial complemen-
tary metal oxide semiconductor single-lens reex (SLR) camera,
with a full-frame image size of (35 � 24) mm2 and 26 mega-
pixels capable of 16-bit resolution. The camera was attached to
the cube via a 1.4� image extender, a macro lens with a focal
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The dPCR testing configuration. (A) Images from scanning electronmicroscope showing small portion of a chip with designed diameter of
50 mm and target depth of 30 mm. (B) Photograph of dPCR hardware consisting of Z-stage for the sample, including TEC and RTD. The sample is
illuminated via the fluorescent cube by an LED. A fluorescent image of the chip is captured by an SLR camera via a spacer tube, macro lens and
a 1.4� extension. (C) Fluorescent image at 25 �C of a chip filled with fluorescein. (D) Photograph of dPCR chip placed in a brass holder on top of
TEC (dPCR configuration A) and (E) dPCR chip placed on a silicon wafer instead of the brass interface (dPCR configuration B).
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length of 180mm, aminimum aperture of 3.5, and an extension
tube with a length of 150 mm. The standard uorescence
microscope equipped with FITC lter set can be used instead of
our system. The problem is smaller eld of view which is given
by the optics. The objective lenses with largest eld of view are
typically 1.3� or similar and they provide 13� magnication
with a eld of view of a few mm. As a result, the entire chip
cannot be observed.

The TEC was powered by electrical current pulses using an
H-bridge system. The temperatures of the brass plate (Fig. 1D)
and the TEC itself (Fig. 1E) were monitored with an RTD-type
Pt100 temperature sensor. Temperature was controlled via
PWM from a personal computer using soware based on
proportional integral derivative regulation. The dPCR chip,
with a TEC, was placed on another brass plate equipped with
a fan for cooling. The bottom part of the TEC was mounted on
a Z-stage located on two sliders, allowing convenient dPCR
chip lling and replacements. The dPCR chip was placed
either in a brass holder on top of the TEC (conguration A) or
directly on the TEC surface with silicon wafer interface
(conguration B), yielding different chip temperature unifor-
mity. We assembled two systems with different congurations
just to demonstrate the different temperature distribution
between two different types of system using the proposed
method.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Data acquisition and processing

The entire data acquisition process (Fig. 2A) started with real-
time PCR (qPCR) sample preparation by mixing PCR master
mix with the DNA template, amplication, and performingMCA
(Fig. 2B) to determine TM of the sample. Then the dPCR chip
was lled with this solution (Fig. 1C) and uorescent images of
the chip at various temperatures were captured. Further details
of these steps are described below.
PCR master mix and the PCR protocol

The PCR master mix consisted of z0.3 mL Taq polymerase, z2
mL of PCR buffer with deoxyribonucleotides, z0.1 mL of bovine
serum albumin solution, z0.5 mL of EvaGreen, and z0.4 mL of
each of the forward and reverse primers (Table 1). Synthetic
DNA of HBV and chromosome 21 (Chr21) were used as the
target DNAs. The HBV target belonged to the C section of the
gene and the target location was from 1469 to 1570. The Chr21
target location was from 14 099 141 to 14 099 218 in the human
genomic DNA. Finally, we adjusted the nal volume of the PCR
master mix to z10 mL by adding sterilized water.

We performed the following PCR protocol using a commer-
cial qPCR instrument: a hot start for 120 s at 95 �C, followed by
40 cycles of three-step PCR amplication consisting of dena-
turation for 15 s at 95 �C, annealing for 15 s at 56 �C, and
RSC Adv., 2022, 12, 2375–2382 | 2377
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Fig. 2 (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) The hepatitis B virus (HBV) gene melting curve and its derivative
after amplification from a commercial qPCR thermal cycler. (C) Five fluorescent images of the dPCR chip, at different values of T, loaded with the
PCR amplicons and covered with mineral oil and a cover glass as an example.
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extension for 30 s at 72 �C, followed byMCA from 65 to 95 �C.We
then plotted F as a function of T (Fig. 2B for HBV as an example),
thereby obtaining the melting temperature of HBV (TMB) equal to
(87.17 � 0.04) �C (mean � standard deviation [s] from 7
measurements), as shown in an inset of Fig. 2B. We also per-
formed the same experiment for the Chr21 gene target, obtaining
its melting temperature (TMC) equal to (83.69� 0.20) �C (mean�
s from 16 measurements) as described in ESI Section A.†

We pipettedz4 mL of the amplied sample onto the edge of
the dPCR chip, and the sample was then spread by the glass to
ll each partition of the chip. Then z10 mL of mineral oil was
pipetted on the edge of the cover glass, coated with parylene and
polydimethylsiloxane,24 and placed on top of the dPCR chip to
cover the sample in the micro partitions and prevent the
sample's evaporation. The Chr21 and HBV genes were tested
with dPCR conguration A and dPCR conguration B,
respectively.
Table 1 Primers used in this assay

Target gene Primer type Primer sequence (50–30)

HBV28 Forward GTCGCTTGGGACTCTCT
Reverse GCAGATGAGAAGGCACA

Chr21 32 Forward CTAGGAGACTGTCCCTG
Reverse AGGGGGAACATAGAGGC

2378 | RSC Adv., 2022, 12, 2375–2382
dPCR MCA measurement

The loaded dPCR chip, with the amplicons covered with
mineral oil and cover glass, was placed under the dPCR
conguration to perform MCA. We set the lens aperture to 8.0
and the camera exposure time to 15 s, with sensitivity set to the
international organization for standardization (known as ISO)
of 200. Then we captured the F images of the dPCR chip at
different values of TS, starting at 25 �C and then in the range
from 70 to 99 �C with examples shown in Fig. 2C and details in
ESI Section B.†
Results and discussion

We used a MATLAB-based script to process the F values aer
taking a series of images at various temperatures below and
above TM (Fig. 3) for both targets and the MATLAB scripts are in
ESI Section C.† We rst extracted the average F values of each
Amplicon length (bp) Amplicon TM (�C)

C 102 87.17 � 0.04
GA
AGCTT 78 83.69 � 0.20
TTG

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Block diagram showing the data processing MATLAB script used to obtain the distribution of T*
M: The script evaluated simultaneous MCA

at each partition over the whole dPCR chip.
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partition (Fi) at given T from all images and saved them into
a le set. We subsequently performed a piecewise cubic inter-
polation at an interval set to 0.01 �C on the le set and obtained
the Fi values of each partition as a function of assumed T,
extracting MCAs from all partitions of the chip. Then we
Fig. 4 Temperature distribution maps of T*
M (A) with Chr21 target gene ba

after parabolic fitting. (C) Original 3Dmap and (D) fittedmap of HBV targe
configuration B over configuration A.

© 2022 The Author(s). Published by the Royal Society of Chemistry
performed the �dF/dT and acquired the measured TM values
ðT*

MÞ of each partition.
We assumed that the T*

M values deviated from the mean
value of TM in surrounding partitions by more than 1 �C were
due to defects such as empty partitions, aws in the cover glass
or chip damage. These out-of-range T*

M values were not
sed on dPCR configuration A showing the original 3Dmap and (B) map
t gene based on dPCR configuration B, demonstrating the superiority of

RSC Adv., 2022, 12, 2375–2382 | 2379
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Table 2 Results of TMs from two different gene targets

Conguration
Target
gene

Room T
(�C)

Sensor
(�C)

TM by qPCR
(�C)

T*
M by dPCR

(�C)

�
�T*

M � TM
�
�

(�C)
Min T*

M by dPCR
(�C)

Max T*
M by dPCR

(�C)

A Chr21 22.4 22.6 83.69 � 0.20 86.97 � 1.14 3.28 82.00 90.98
B HBV 19.0 14.6 87.17 � 0.04 86.49 � 0.08 0.68 86.30 86.52
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considered in calculations. Damaged chip or glass could also be
replaced to remove the out-of-range T*

M values. A few melting
curves from partitions for both targets (HBV, Chr21) were
shown in the ESI Section D.†

Subsequently, we built a discrete 3D T*
M distribution map as

a function of partition positions, followed by a median ltering
algorithm to smooth the map (Fig. 4A and C) for both targets.
Then we performed 3D parabolic function tting on the 3Dmap
and constructed the tted 3D T*

M distribution map (Fig. 4B and
D) of the dPCR chip. The tted 3D map with continuity here
showed a trend in dPCR chip temperature distribution more
clearly than the original data, which is particularly clear in
Fig. 4B with a distinguishable temperature gradient across the
dPCR chip.

The mean T*
M value and deviation were estimated from the

T*
M values (Fig. 4A and C) through tting to a Gauss distribution

function. The T*
M of Chr21 (T*

MC) was equal to (86.97 � 1.14) �C
using conguration A and the difference between TMC and T*

MC

was z 3.28 �C. Conguration B yielded T*
MB equal to (86.49 �

0.08) �C and the difference between TMB and T*
MB was only

z0.68 �C. This shows a better temperature homogeneity across
the dPCR chip from conguration B (Fig. 4C and D) extending
over the whole conguration, including the RTD sensor.
Conguration A exhibits a temperature difference of z9 �C
between the coldest and the warmest parts of the chip. Such
a large temperature variance is clearly unsuitable for feasible
dPCR.

The major difference between congurations was the size of
TEC elements, (12 � 12) mm2 (A) vs. (30 � 30) mm2 (B), in
respect to the (9 � 9) mm2 dPCR chip and the chip substrate.
Conguration A used a brass block while conguration B
utilized a piece of Si wafer as interface between the TEC and the
Fig. 5 Two-point calibration of the temperature sensor for configuratio
their �dF/dT values (inset), again with qPCR data in red. (B) Calibration c

2380 | RSC Adv., 2022, 12, 2375–2382
dPCR chip. The contributing effects to the large dPCR chip
temperature nonuniformity were presumably insufficient heat
transfer, non-uniform thermal conductance, the heat capacity
of the substrate, and the cooling of chip and substrate edges by
the surrounding air.

We created an equivalent 3D temperature map of the chip
(Fig. 4C and D) from conguration B. This conguration, with
a (30 � 30) mm2 TEC and a piece of Si wafer as an interface
between the TEC and the dPCR chip, has a superior perfor-
mance compared to conguration A. Its s value of tting error
was only 0.08 �C and the temperature difference between the
cold and hot parts of the dPCR chip was only z0.22 �C. It
demonstrated that the temperature uctuation across the chip
was either z0.22 �C or smaller. These data demonstrated that
the heat transfer between the TEC and the dPCR chip was
signicantly better with the Si interface compared to the brass
interface. All temperature data are summarized in Table 2.

The difference in T*
M and TM values between these congu-

rations shows the importance of sensor calibration. This was
also demonstrated earlier, when the readout of the RTD sensor
calibrated traditionally differed from the actual uid T by
almost 10 �C.22 We used T*

M relative to TM as the rst calibration
point (Fig. 5A). The second calibration point was obtained by
comparison of the integrated RTD sensor value with an external
thermometer with, the conguration being measured having
the power for the TEC off, thus assuring the temperature of the
dPCR chip had equalized with the ambient environment
(Fig. 5B).

The prevention of temperature non-uniformity on a dPCR
chip is extremely important during assay optimization. It can
contribute to the elimination of false negative partitions and to
the removal of the so-called rain caused by inaccurate annealing
ns A and B. (A) MCA from qPCR (red) and MCAs from dPCR (black) and
urves for configurations A (red) and B (black).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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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 uorescence threshold
between positive and negative partitions.31 Our proposed MCA-
based non-contact temperature measurement method provided
an option to determine the temperature non-uniformity on
a dPCR chip and it helped for the subsequent temperature non-
uniformity optimization.

In principle we might measure both systems using both, HBV
as well as Chr21, but the temperature distribution of the chip
only depends on the system congurations and not the target
thus single target measurement is sufficient.
Conclusion

This proposed MCA-based temperature determination at the
dPCR chip surface offers a specic, precise, and photobleaching-
independent method of TM measurement to calibrate the
system temperature sensor with respect to the liquid inside the
dPCR chip partitions. It is not affected by the heat capacitance of
the temperature probe or the small sample size as with traditional
temperature sensors. The proposed technique allowed us to
generate 3-D temperature maps showing temperature distribution
in a dPCR chip with micro-partitions, each with a diameter of 50
mm. The presented method also allowed us to digitally dene the
temperature uctuation of each partition at the dPCR chip surface
and obtain the overall distribution of the temperature prole. This
provides the ability to calibrate the temperature sensor based on
MCA and determine the temperature homogeneity of the dPCR
chip. 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.
The proposed method can also be applied to various microuidic
platforms and microarray systems to calibrate their temperature
sensors and improve their temperature uniformity.
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6 M. Gaňová, H. Zhang, H. Zhu, M. Korabečná and P. Neužil,
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and P. Neuzil, Sens. Actuators, B, 2019, 283, 677–684.

25 M. W. Khalid, C. Whitehouse, R. Ahmed, M. U. Hassan and
H. Butt, Adv. Opt. Mater., 2019, 7, 1801013.

26 P. Neuzil, W. Sun, T. Karasek and A. Manz, Appl. Phys. Lett.,
2015, 106, 024104.

27 P. Neuzil, F. Cheng, J. B. W. Soon, L. L. Qian and J. Reboud,
Lab Chip, 2010, 10, 2818–2821.
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