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Abstract

A novel integrated detection system that introduces a paper-chip-based molecular detection strategy into a polydimethylsi-
loxane (PDMS) microchip and temperature control system was developed for on-site colorimetric detection of DNA. For
the paper chip-based detection strategy, a padlock probe DNA (PLP)-mediated rolling circle amplification (RCA) reaction
for signal amplification and a radial flow assay according to the Au-probe labeling strategy for visualization were optimized
and applied for DNA detection. In the PDMS chip, the reactions for ligation of target-dependent PLP, RCA, and labeling
were performed one-step under isothermal temperature in a single chamber, and one drop of the final reaction solution
was loaded onto the paper chip to form a radial colorimetric signal. To create an optimal analysis environment, not only
the optimization of molecular reactions for DNA detection but also the chamber shape of the PDMS chip and temperature
control system were successfully verified. Our results indicate that a detection limit of 14.7 nM of DNA was achieved, and
non-specific DNAs with a single-base mismatch at the target DNA were selectively discriminated. This integrated detection
system can be applied not only for single nucleotide polymorphism identification, but also for pathogen gene detection. The
adoption of inexpensive paper and PDMS chips allows the fabrication of cost-effective detection systems. Moreover, it is
very suitable for operation in various resource-limited locations by adopting a highly portable and user-friendly detection
method that minimizes the use of large and expensive equipment.
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1 Introduction 5]. The standard method for laboratory DNA detection is

polymerase chain reaction (PCR), which selectively ampli-

Sensitive nucleic acid detection is crucial in disease diag-
nosis, gene therapy, forensic and biomedical research, and
food safety [1-3]. Particularly, with the recent COVID-19
pandemic, DNA detection technology is drawing attention
in fields that require investigation of viruses and bacteria [4,
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fies a desired gene site using a DNA polymerase and a pair
of target-specific primers with high thermal stability, high
sensitivity, and reliability [6-8]. However, PCR requires
large and expensive thermal cyclers and optical analysis
equipment, along with skilled personnel because detailed
experimental designs and controls are required to obtain sat-
isfactory results [9, 10]. Hence, the application of PCR for
DNA detection in a resource-limited environment is difficult,
thereby limiting its application to laboratories with appropri-
ate facilities and personnel. To overcome the limitations of
conventional PCR-based detection methods, various biosen-
sors to which gene isothermal amplification technology is
applied have been developed [11].

Representative gene isothermal amplification methods
include nucleic acid sequence-based amplification [12],
loop-mediated isothermal amplification [13-15], recom-
binase polymerase amplification [16], strand displacement
amplification [17], and rolling circle amplification (RCA)
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[18]. RCA is a method of amplifying tandemly linked cop-
ies of a complementary sequence of a circular template
using circularizable oligonucleotides (for example, padlock
probe DNA) and linear single-stranded DNA (for example,
primers) capable of annealing [19, 20]. Direct binding and
stringent ligation of the padlock probe DNA (PLP) toward
the target DNA is useful for the selective detection of gene
sequences and variants, and displacement of the synthesized
long DNA strand during replication can be used to bind the
sensing probes to generate an amplified signal [21, 22].

Typically, an isothermal amplification method, such as
RCA, does not include a complicated temperature control
step; therefore, it has the advantage of avoiding the use of
more complex equipment than the PCR-based detection
method, and the analysis procedure is simple [23-25]. Fur-
thermore, research is being actively conducted to integrate
biosensors into a detection platform with excellent portabil-
ity and economy in various applications requiring on-site
detection for the diagnosis of diseases or rapid detection
of hazardous substances [26—-30]. Among them, paper has
been successfully used as a platform for various types of
point-of-care testing (POCT), such as lateral flow assays
[31], microfluidic paper-based analytical devices [32], and
dipstick assays [33] based on advantages, such as high port-
ability, low cost, and easy operation [34]. Polydimethylsi-
loxane (PDMS) is an elastomer with excellent biocompat-
ibility, mechanical properties, high optical transparency,
and chemical stability [35, 36]. Particularly, the ability to
easily fabricate a desired size and shape has led to the use
of PDMS in microelectromechanical and microfluidic sys-
tems for POCT [37-39]. The visual analysis strategy suitable
for POCT does not require expensive equipment for signal
analysis, and the results can be analyzed intuitively, so it
can be introduced into a portable detection chip to ease on-
site analysis. Several researches have shown that additional
strategies are required to regulate complex external envi-
ronmental factors, including natural light, for consistent and
accurate colorimetric signal processing [40, 41].

In this study, we demonstrate a novel integrated detec-
tion system by introducing a paper-chip-based molecular
detection strategy for the colorimetric detection of DNA
into a PDMS microchip and temperature control system.
For paper-chip-based DNA detection, a PLP-mediated
RCA reaction for signal amplification and a radial flow
assay according to the Au-probe labeling strategy for visu-
alization were applied. These molecular reactions for DNA
detection occur in one-step at uniform temperature and can
be successfully implemented in a portable PDMS microchip-
based detection platform, providing user-friendly and easy
operation. In addition, colorimetric images of the paper-
chips were acquired using a conventional digital scanner
to achieve consistent colorimetric signal analysis without
interference from complex external environments.
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2 Results and Discussion

2.1 Design and Fabrication of Microchip-Based
Detection Platform

The microchip was manufactured by pouring and cur-
ing polydimethylsiloxane (PDMS) prepolymer into a
master mold manufactured using high-resolution stereo-
lithography (SLA) 3D printing (Fig. 1A). The microchip
comprises two PDMS layers, and is manufactured at
11.5% 3.9 cm dimensions. The length from the inlet to the
outlet was 2.6 cm, the microchannel width was 0.6 mm,
and the chamber was manufactured to a depth of 1 mm
and a volume of 68.3 + 1.3 pL. The RCA microchip was
fabricated using PDMS to have the flexibility to facilitate
the release of the final products after the reaction. After
the RCA reaction, 23.88 + 1.73 pL of the product (1 drop)
was released through the outlet of the chip when pressure
was manually applied vertically to the chamber (Table S1,
Supplementary Material).

Power was supplied to the temperature controller and
heater through a 12 V DC power supplier (Fig. 1B). Three
ceramic heaters, each measuring 5 X5 cm in size, were
connected to cover all the microchips (Fig. 1C). A copper
plate with a high thermal conductivity (15X 4.5 cm) was
placed on it to transfer the heat of the heater to the micro-
chip with minimal loss. The upper microchip case was
printed with a size of 15X 8 x4 mm using an FDM (Fused
Deposition Modeling; M16, Moment, Seoul, Korea) 3D
printer. This case was designed to have a space in the mid-
dle, such that the microchip was placed in a fixed position
on the heater and fabricated to package the entire heater.

2.2 Description of Paper-Based Colorimetric
Detection Strategy

The detailed process of the paper-based colorimetric
detection strategy is illustrated in Fig. 2. A padlock probe
designed for target DNA detection forms a partial double
helix complex containing a nick when in the presence of
the target DNA. The nick is linked by a catalytic reac-
tion of T4 ligase to produce single-stranded circular DNA,
which is used as a template for the RCA reaction. Further-
more, because the target DNA hybridized with the circular
DNA can serve as a primer for the RCA reaction by pro-
viding a 3-terminal OH group, additional primers are not
required for the RCA reaction. The RCA reaction catalyzed
by Phi29 DNA polymerase under isothermal conditions
produces a highly repetitive long single stranded DNA
(ssDNA) sequence complementary to the PLP sequence,
which is hybridized with a gold nanoparticle-conjugated
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Fig. 1 Design and fabrication of the microchip and temperature con-
trol system. A Schematic diagram (left) and an optical image (right)
of the RCA microchip. B Schematic diagram of the heater of the tem-

DNA probe (Au-probe) to form a large complex. Thus,
the series of reactions of ligation, RCA, and labeling in
the microchip chamber are performed in one-step under
30 °C incubation condition. The final reaction solution
in the microchip chamber was loaded with one drop on
the nitrocellulose paper chip (Fig. S1, Supplementary
Material) by hand pressure and dried to form a red cir-
cular colorimetric pattern (see Supplementary Material,
Video Clip). The paper chip is imaged using a scanner
and converted into an 8-bit black and white image; the
colorimetric intensity of the circular area (diameter 6 mm,
70 x 70 pixels) in the center of the colorimetric pattern
is quantified “gray value” representing the brightness of
pixels using ImagelJ software (version 1.53e). The circular
area for signal analysis included all the inner spot areas
formed when the reaction solution was dropped, and the
gray value of the spot increased as the concentration of the
target DNA increased. It is a phenomenon in which the dif-
fusion distance in the paper chip is shortened because the
Au-probes hybridize to the RCA product to form a large
complex [22]. As a result, the color intensities of the RCA
reaction solutions with different target DNA concentra-
tions in the PDMS chip were indistinguishable with the
naked eye, but concentric spots of different patterns that
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perature control system. C Optical image of the temperature control
system consisting of a power supplier, RCA microchip, heater, and
temperature controller. Scale bar is 5 cm

could be visually recognized after introducing the solution
into the paper chip.

2.3 Optimizing Condition of the Temperature
Controller

When the temperature of the temperature controller was
increased from 25 to 80 °C over 5 °C intervals, the chamber
temperature was measured (Fig. 3A). As the input tempera-
ture of the controller increased, the output temperature of
the chamber increased linearly, showing a relationship of
y=0.86x+4.98 (R*=0.996). Therefore, we confirmed that
the chamber temperature can be sufficiently controlled using
a temperature controller.

To determine whether the temperature was transmitted
evenly to the entire microchip, the temperatures of the
eight chambers were measured and compared under the
same temperature conditions (Table 1). The microcham-
ber temperature was designated as 30 °C, which is the
isothermal amplification condition for RCA, and the con-
troller temperature was measured. A minute temperature
difference was measured between the chambers, and the
temperature difference increased toward the edge. How-
ever, the temperature of the eight chambers did not show
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Fig. 3 Temperature optimization of the PDMS microchip by the tem-
perature control system. A The measured output temperature of the
microchip chamber according to the input temperature controlled by

statistically significant variation (one-way analysis of vari-
ance [ANOVA], p-value =0.56 > 0.05). When the control-
ler temperature averaged 30.5 +0.4 °C, the chamber was
maintained at 30 °C. Therefore, it was decided to input
30.5 °C to the temperature controller for on-chip RCA.
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the temperature controller. B Temperature maintenance performance
test in the microchip chamber during one-step isothermal reaction for
ligation and RCA

The one-step isothermal reaction lasted 80 min at 30 °C,
when probe ligation and RCA proceeded, and 10 min at
65 °C, when enzyme inactivation progressed. During the
entire reaction time, we checked whether the temperature
system operated stably, and the temperature was maintained
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Table 1 Temperature reproducibility test in the eight chambers of the microchip (n=3)

Camber 1 2 3 4 5 6 7 8 Mean + SD*
n=1 31.5 31.0 31.0 30.5 30.5 31.0 31.0 315 31.0+0.4
n=2 31.0 30.5 30.0 30.0 30.0 30.0 30.5 30.5 30.3+0.4
n=3 30.5 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.1+0.2
Mean + SD? 31.0+04  30.5+04  303+05 302+02 302+02 303+05 305+04 307+06  30.5+04

4Standard deviation

uniformly at 5 min intervals (Fig. 3B). In the 30 °C setting
section, the chamber temperature was stably maintained
within the range of 29.8-30.5 °C. When the temperature
increased from the 30 to 65 °C section, it took 5 min to
stabilize the temperature change. Furthermore, in the 65 °C
setting section, the chamber temperature was maintained at
64.8-65.6 °C. Therefore, it was verified that an accurate and
rapid RCA reaction is possible in the microchip by opti-
mizing the temperature conditions of the controller and
microchamber.

2.4 Padlock Probe Verification and Optimization
of One-Step Enzymatic Reaction Parameters

Circularization of the padlock probe designed for target
DNA detection was verified. First, as depicted in the results
of urea-polyacrylamide gel electrophoresis (PAGE), linear
PLP was observed as a single band corresponding to the
40 bp DNA ladder, whereas PLP self-ligated by CircLigase
catalysis was observed as a single band corresponding to the
60 bp DNA ladder (Fig. S2A, Supplementary Material). This
result is consistent with our previous study showing that cir-
cularized ssDNA migrates later than linear ssDNA in urea-
PAGE analysis [22]. Target DNA-dependent circularization
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Fig.4 Optimization of enzymatic reaction parameters. A Au-probe
concentration. B Incubation conditions. Condition A: 30 °C for
40 min for integration of ligation and RCA, condition B: 22 °C for

of PLP by the catalytic reaction of T4 ligase was confirmed.
To this end, a ligation reaction, according to the PLP con-
centration, was performed in the presence of 1 uM target
DNA. As illustrated in the urea-PAGE image (Fig. S2B,
Supplementary Material), it was confirmed that the band
of approximately 60 bp corresponding to circularized PLP
gradually thickened as the amount of PLP increased. This
result shows that linear PLP can be circularized in a target
DNA-dependent manner using T4 ligase catalysis.

The optimal conditions for one-step enzymatic and col-
orimetric reactions were explored for the efficient implemen-
tation of a paper-based colorimetric detection strategy. First,
the appropriate concentration of the Au-probe was investi-
gated for the optimization of colorimetric signal formation
on a paper chip. The Au-probes were prepared in a slightly
modified manner following a previous study [22], introduc-
ing biotin-labeled DNA into streptavidin-coated gold nano-
particles, and the target DNA of 0 or 300 nM was analyzed
in triplicates under conditions of various Au-probe con-
centrations (1, 1.5, 2, and 2.5 optical densities [OD]). The
experimental results showed that the A gray value increased
as the concentration of the Au-probe increased, which then
saturated at a condition of 2 OD (Fig. 4A). The A gray value
was determined by subtracting the gray value obtained in
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10 min for ligation and 30 °C for 30 min for RCA, condition C: 22 °C
for 20 min for ligation and 30 °C for 20 min for RCA
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the absence of target DNA from the gray value obtained
in the presence of 300 nM of target DNA. Measured mean
A gray values were as follows: 55.38+4.96, 62.83 +6.13,
69.38+3.88, and 67.55+2.65, in the 1, 1.5, 2, and 2.5 OD
under Au-probe conditions, respectively. Therefore, 2 OD
with the highest A gray value was determined as the optimal
Au-probe concentration.

For easy and convenient biosensor development, simpli-
fication of the analysis steps is important because complex
and multistep enzymatic reactions are one of the factors that
complicate the detection procedure and increase the time
required. Therefore, we integrated the ligation, RCA, and
labeling reactions into a single step to streamline the analyti-
cal procedure of the proposed detection method. The optimal
incubation temperature for the enzymatic reaction recom-
mended by each manufacturer was 22 °C for T4 ligase and
30 °C for Phi29 DNA polymerase. To integrate both reac-
tions, conditions with a combination of incubation tempera-
tures of 22 °C or 30 °C and various incubation times were
investigated in triplicates under O or 300 nM of target DNA;
the results are shown in Fig. 4B. For a total incubation time
of 40 min, there was no significant difference in A gray value
results under the three different conditions of maintaining
a single temperature of 30 °C for 40 min to integrate the
ligation and RCA (condition A), or separating the ligation
step at 22 °C for 10 min (condition B) or 20 min (condi-
tion C) from RCA step. Measured mean A gray values were
as follows: 70.01 +5.83, 69.55+6.13, and 65.30+6.91, in
condition A, B, and C, respectively. In the graph depicting
the relationship between the incubation condition and mean
A gray value (Fig. 4B), the A gray value was the highest
at 70.01 under condition A. These results indicate that the
target DNA-dependent ligation reaction of PLP works well,
even at a single temperature condition of 30 °C. Moreover,
by integrating the two-step enzymatic reaction into a single
step, the complicated temperature conversion process was
omitted and intact isothermal amplification conditions were
established.

2.5 Selectivity Test of the Proposed Assay

To confirm the selectivity of the proposed detection method
for target DNA, three types of mismatched target DNA with
a single base mismatch (MT1, MT2, and MT?3), and the
target DNA, were tested using a microchip-based detection
platform. As a negative control, a 63-mer length of control
PLP (C-PLP) with no complementary site to the target DNA
was prepared and tested using the target DNA. Furthermore,
samples mixed with MT DNAs and the target DNA were
tested to verify cross-reactivity among the various DNA
samples. All samples were tested in triplicates. The results
of the experiment confirmed that a coffee-ring-like pattern
was generated in the negative control and MT DNA samples,
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whereas a strong colorimetric signal was generated up to the
center of the circular pattern in the target DNA and mixed
samples (Fig. 5A). These differences displayed such a con-
trast that they could be clearly distinguished with the naked
eye. The gray values for each sample (negative control, MT1,
MT2, MT3, target DNA, and mixture) measured through
image analysis are 25.87 +3.54, 63.03 +11.85, 56.13 +5.20,
55.47+3.80, 141.57 £ 16.20, and 146.20 £ 2.65, respectively
(Fig. 5B). The target and mixed samples indicated approxi-
mately seven times greater gray values than the negative
control. In contrast, a slight increase in gray values was
observed in comparison to the negative control in MT DNA
samples. These results are considered acceptable, given that
the MT DNAs showed 95% sequence similarity with the
target DNA only by a single base difference.

2.6 Sensitivity and Recovery Test of the Proposed
Assay

The detection performance of the proposed method for the
quantitative analysis of the target DNA was evaluated. To
this end, nine samples with different target DNA concentra-
tions (0, 1, 10, 50, 100, 200, 300, 400, and 500 nM) were
tested in triplicates (Fig. 6A); the measured gray values
were 26.37+5.20, 64.83+1.42,72.00+10.49, 88.83 +4.37,
114.57+4.17,140.50 +11.23, 160.20 + 6.90, 163.13 +2.63,
and 170.50 + 8.88, respectively. As the concentration of
target DNA increased, the spot signal tended to become
stronger (Fig. 6B). The measured gray values showed lin-
earity between 1 and 300 nM target DNA concentrations.
The linear relationship between the target DNA and the gray
value was y=0.3186x+71.721, and the R? value was 0.9648
(Fig. 6C). The detection limit (LOD) for the target DNA was
14.7 nM according to the following formula:

LOD = 3.3 x (SD/S), where SD is the standard
deviation of y — intercepts and S is the slope

of the calibration curve (n = 3).

In this system, increasing the RCA reaction time (DNA
amplification time) improves sensitivity but reduces the
rapidity of field detection. Therefore, we focused our efforts
on integrating the biosensor into a portable platform for easy
operation in the field where equipment is limited rather than
improving the performance of the biosensor.

To evaluate the accuracy and reproducibility of this detec-
tion method, target DNA samples of arbitrary concentra-
tions (80, 180, and 250 nM) within the concentration range
of the calibration curve were analyzed, and the coefficient
of variation and recovery rate were evaluated. The results
are listed in Table 2. The coefficients of variation for the
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Fig.5 Detection selectiv-

ity of the proposed assay. A A
Digital scanned image of the
spots formed on paper chip. B
Mean gray value of the spots as
measured by ImageJ software
(n=3). The final concentra-
tion of PLP and C-PLP were
500 nM, and target DNA and
MTs were 200 nM each. Scale
bar is 15 mm
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Fig.6 A Gray values of the nine target DNA samples with different
concentration (0, 1, 10, 50, 100, 200, 300, 400, and 500 nM) tested
by the detection platform. B Digital scanned image of the paper chip
after drop-drying of six reaction solutions tested by the detection plat-

form. Scale bar is 15 mm. C Linear correlation between target DNA
concentration (1, 10, 50, 100, 200, and 300 nM) and gray values. The
error bars represent the standard deviations of the mean values from
three individual experiments set (n=3)
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Table 2 Quantification of DNA samples using the proposed detection
platform (n=3)

Sample  Added (nM) Found (nM) CV® (%) Recovery? (%)
No + (Mean®+ SDP)

80 89.3+12.7 14.2 111.6

180 190.2+15.1 8.0 105.7

250 249.5+4.1 1.6 99.8

*Mean value of three determinations

bStandard deviation for three different sets of experiments
“Coefficient of variation = (Standard deviation/mean of found) x 100
dRecovery rate =(Mean of Found/Added) x 100

target DNA concentrations of 80, 180, and 250 nM samples
were 14.2, 8.0, and 1.6%, respectively, and the recovery rates
were 111.6, 105.7, and 99.8, respectively. These results con-
firm that the reproducibility and precision of this detection
method are excellent.

3 Conclusions

In conclusion, a novel integrated detection system was devel-
oped by introducing a paper-chip-based molecular detection
strategy into a PDMS microchip and a temperature control
system for on-site colorimetric detection of DNA. The paper
chip-based detection strategy for the molecular detection of
DNA was optimized, and two enzymatic and labeling reac-
tions were performed one-step under single temperature
conditions to improve the simplicity of the analysis. The
PDMS microchip and temperature control system designed
in this study were also successfully optimized, providing
high economic efficiency, portability, and user convenience
to implement the paper-chip-based detection strategy in a
resource-limited environment. The selectivity of the inte-
grated detection system was demonstrated using a target
DNA sample, a single-base mismatch DNA sample, and
their mixture. Furthermore, a detection limit of 14.7 nM was
achieved and the accuracy and reproducibility of the assay
for DNA detection were evaluated. Although this integrated
detection system did not achieve ultra-high sensitivity, it pro-
vides many advantages for high user convenience and on-site
detection. Therefore, it is a promising platform for POCT
applications requiring nucleic acid detection.

@ Springer KBCS

4 Materials and Methods
4.1 Chemicals and Reagents

All synthetic DNA oligomers used in this study were
obtained from Bioneer (Daejeon, Korea), and are listed in
Table S2 (Supplementary Material). Phi29 DNA polymerase
(10 U/pL) was purchased from Thermo Fisher Scientific,
Inc. (Waltham, MA, USA). T4 DNA ligase (5 U/pL) and
dNTP mixture (10 mM) were purchased from Invitrogen
(Carlsbad, CA, USA). CircLigase (100 U/pL) was purchased
from Epicenter Biotechnologies (Madison, WI, USA).
Streptavidin-coated Au nanoparticle solution (20 nm) was
purchased from Cytodiagnostics (Burlington, ON, Canada).
Urea-polyacrylamide gel (15%) was purchased from Bio-
Rad (Hercules, CA, USA). Exonucleases I and III were pur-
chased from New England Biolabs (Ipswich, MA, USA).
SYBR Green II was purchased from Life Technologies
(Carlsbad, CA, USA). Nitrocellulose membranes (CNPF-
SN12, width 25 mm, pore size 10 pm) were purchased from
MDI Membrane Technologies (Ambala, India). An upper
plastic card (width 25 mm, length 275 mm, 12 holes with a
diameter of 15 mm) and a bottom plastic card (width 25 mm,
length 300 mm) were purchased from Again BS (Hanam,
Korea). Polydimethyl siloxane (PDMS) was purchased from
Dow Corning (Midland, TX, USA). The biopsy punch was
purchased from Kai Medical (Seoul, Korea). Thermometers
and thermocouples were purchased from Omega Engineer-
ing (Seongnam, Korea). Thin-film temperature sensors, tem-
perature controllers, power suppliers, and ceramic heaters
were purchased from SCIPIA (Gwangju, Korea). Copper and
insulation plates were purchased from NAVIMRO (Seoul,
Korea).

4.2 PDMS Microchip Fabrication and Optimizing
Condition of the Temperature Controller

The PDMS microchip comprised two layers, and was
designed to contain eight reaction units (Fig. 1A). Each unit
comprised an inlet, a reaction chamber, and an outlet, and
the reaction chamber was designed with a streamlined top
and side to prevent the formation of bubbles when the solu-
tion is injected. An outlet was placed between the layers to
facilitate the release of solution after the RCA reaction. The
RCA microchip was designed using computer-aided design
(CAD) software (3DS Max, USA), and the master mold was
manufactured using a stereolithography 3D printer (Form 3,
Formlabs Inc., Somerville, MA, USA). The PDMS base and
cross-linker were mixed at a ratio of 10:1, poured onto the
mold, degassed, and cured at 80 °C for 18-24 h. Then, the
PDMS layers were bonded using a plasma device (BD-10A
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high-frequency generator, Electro-Technic Products, Inc.,
Chicago, IL, USA).

A temperature control system consisting of a power sup-
plier, temperature controller, and heater was fabricated to
perform RCA on the microchip (Fig. 1B). The heater com-
prised (1) an upper microchip case to determine the micro-
chip position and to minimize heat dissipation, (2) a copper
plate to provide uniform heat to the microchip, (3) a ceramic
heater to heat the microchip to a specified temperature, (4) a
thin-film temperature sensor to accurately detect the temper-
ature of the heater, and (5) an insulating plate to minimize
the heat dissipation of the heater (Fig. 1C). This system was
designed to set the desired temperature with a temperature
controller, measure the temperature with a thin-film temper-
ature sensor between the copper plate and the microchip, and
then raise the ceramic heater to the desired temperature. If
the temperature rises above the set temperature, the ceramic
heater stops working until it drops to the set temperature.

Because the temperature controller controls the tempera-
ture based on a thin-film temperature sensor attached to the
copper plate, there is a difference from the temperature of
the RCA microchip chamber. Therefore, we optimized the
temperature conditions by measuring the temperature input
values of the temperature controller and microchip chamber.
The temperature of the microchip chamber was measured
using a thermometer (DP32PT, Omega Engineering) con-
nected to a thermocouple (STC-TT-K-30-36, Omega Engi-
neering). First, when the set temperature of the controller
was increased by 5 °C intervals from 25 to 80 °C, the tem-
perature change in the microchamber was measured. Sec-
ond, an experiment was conducted to verify the accuracy of
multiple reactions by comparing the temperature differences
among the eight chambers in a microchip. Third, the micro-
chamber temperature was measured at 5 min intervals to
check whether the temperature was stably maintained during
the entire gene isothermal amplification process. Tempera-
ture measurements was carried out at 30 °C for 80 min (for
ligation and RCA) and at 65 °C for 10 min (for inactiva-
tion). All experiments were conducted at least thrice. The
mean and standard deviation were calculated from the data
obtained with at least three replicates. One-way ANOVA
was used to determine the statistical significance of compar-
ing temperatures among the chambers in a single microchip.
For all data, a p-value <0.05 was considered statistically
significant.

4.3 Optimization of One-Step Enzyme Reaction
Parameters

To determine the optimal Au-probe concentration for col-
orimetric signal formation, four Au-probe concentrations
(1, 1.5, 2, and 2.5 OD) were tested in triplicates. To this
end, 20 pL of reaction solution (1 X RCA reaction buffer,

target DNA, and PLP) in a PCR tube was incubated at 95 °C
for 5 min and then slowly cooled to 30 °C to induce the
hybridization of the PLP with the target DNA. Subsequently,
1 X RCA reaction buffer, 1 mM dNTPs, 20 units of phi29
DNA pol, 5 units of T4 DNA ligase, and various concentra-
tions of Au-probe were added to the reaction solution to
prepare a final 60 pL mixture in a PCR tube. The final con-
centration of PLP was 500 nM, and that of the target DNA
was 0 or 300 nM. This mixture was incubated at 22 °C for
15 min, 30 °C for 30 min, and then inactivated at 65 °C for
10 min. Then, 20 pL of the reaction solution was dropped
onto the paper chip using a pipette. After drying for 20 min,
the paper chip was imaged using a scanner (SL-M2670N,
Samsung, Seoul, Korea; Fig. S3A, Supplementary Mate-
rial). This image was then converted to an 8-bit black and
white image and the gray values of the spot-centered circular
area (diameter 6 mm, 70 X 70 pixels) using ImagelJ software
(National Institutes of Health, Bethesda, MD, USA; version
1.53e, Fig. S3B, Supplementary Material).

Various incubation temperature conditions were investi-
gated in triplicates to effectively induce ligation of the PLP
hybridized with the target DNA and RCA reaction. Incuba-
tion condition A was set to incubate at 30 °C for 40 min to
integrate the ligation and RCA, condition B was set to incu-
bate at 22 °C for 10 min for ligation and 30 °C for 30 min
for RCA, and condition C was set to incubate at 22 °C for
20 min for ligation and at 30 °C for 20 min for RCA. Sixty
microliters of the total reaction mixture containing Au-
probes of 2 OD and target DNA of 0 or 300 nM, identical to
the Au-probe concentration optimization experiment above,
was incubated individually under A, B, and C conditions,
and finally inactivated at 65 °C for 10 min for enzyme inac-
tivation. Then, 20 L of the reaction solution was dropped
onto the paper chip using a pipette and dried for 20 min.
The paper chip was imaged and converted to an 8-bit black
and white image, and the gray values of the spot-centered
circular area were measured using ImagelJ software.

4.4 Selectivity Test of the Proposed Method

To confirm the selectivity of this detection method for the
target DNA, three types of mismatched target DNAs with
a single-base mismatch (MT1, MT2, and MT3) were tested
using a microchip-based platform under optimized condi-
tions. C-PLP, which is non-complementary to the target
gene, was used as a negative control. First, 20 uL of reac-
tion solution (1 X RCA reaction buffer, target DNA or MTs,
and PLP or C-PLP) in a PCR tube was incubated at 95 °C
for 5 min and then slowly cooled to 30 °C. Subsequently,
1 X RCA reaction buffer, 1 mM dNTPs, 20 units of Phi29
DNA pol, 5 units of T4 DNA ligase, and 2 OD of Au-probe
were added to the reaction solution to prepare 60 pL of the
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final mixture in a microchip. The final concentration of PLP
and C-PLP was 500 nM and that of the target DNA and
MTs was 200 nM. The microchip was incubated at 30 °C for
80 min and then inactivated at 65 °C for 10 min using the
portable temperature control system fabricated in this study.
One drop (approximately 24 uL) of the final reaction solu-
tion in the microchip was manually loaded onto the paper
chip and dried for 20 min. Imaging and analysis of paper
chips were performed as previously described.

4.5 Quantitative Analysis for DNA Samples
and Reproducibility Evaluation
of the Developed Method

To confirm the trend of gray values according to the con-
centration of target DNA, various concentrations of target
DNA (0, 1, 10, 50, 100, 200, 300, 400, and 500 nM) were
individually tested thrice under optimal conditions, includ-
ing 500 nM PLP. Finally, to evaluate the performance of
this detection method, target DNA samples prepared at
arbitrary concentrations (80, 180, and 250 nM) within the
concentration range of the standard curve were individu-
ally tested thrice, and the mean and standard deviation of
the quantitative values, coefficients of variation values,
and recovery rates were calculated based on this experi-
ment. All experiments described in this section were per-
formed with the same procedures and methods as those in
the Sect. 4.4.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13206-023-00101-7.
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