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Abstract

pathogens and allowing their visual identification.

gene

A microarray detection method based on on-chip signal amplification using terminal deoxynucleotidyl transferase
(TdT) was developed to visualize pathogenic genes. Cyclic olefin copolymer (COC) substrate for microarrays was
treated with oxygen plasma to induce hydrophilic surface properties. The capture probe DNA was immobilized on
the COC surface by UV irradiation. The 3”end of the capture probe DNA immobilized on the COC surface was modi-
fied with a phosphate group to provide resistance against the TdT reaction. Therefore, the TdT reaction was triggered
only when the capture probe DNA acquired the target gene, and biotin-11-deoxyuridine triphosphate (b-dUTP) was
continuously added to the 3”end of the target gene. Thereafter, streptavidin-conjugated gold nanoparticles (s-AuNPs)
tagged the poly uridine tails by the biotin—streptavidin interaction. The visual signal was amplified by silver enhance-
ment in the presence of the s-AuNPs. The usefulness of this detection method was confirmed by analyzing four
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Introduction

Food poisoning caused by ingesting contaminated water
or food is a ubiquitous problem worldwide [1]. Patho-
genic microorganisms cause high proportion of food poi-
soning cases, and symptoms such as diarrhea, vomiting,
high fever, or even death can occur in severe cases [2].
Therefore, it is essential to accurately and quickly detect
pathogenic microorganisms to improve public health.
Traditional culture-based methods for detecting micro-
organisms are labor-intensive and time-consuming [3].
Although various molecular biological detection meth-
ods, such as enzyme-linked immunosorbent assays, pol-
ymerase chain reaction (PCR), and in situ hybridization
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assays, have been developed, the simultaneous diagnosis
of microorganisms remains challenging [4]. To overcome
this limitation, developing a detection method that can
quickly, sensitively, and simultaneously analyze multiple
microorganisms is necessary.

A DNA microarray is a collection of microscopic dots
in which DNA is arranged and attached to a solid sur-
face or membrane. This technique is widely applied in
gene expression analysis, genotyping, clinical diagnoses,
environmental monitoring, and food safety testing for
pathogen detection because of its high throughput and
economic advantages [5]. Pathogenic genes in test sam-
ples can be captured on array spots through hybridiza-
tion reactions, and this binding event can be converted
into fluorescence, luminescence, or colorimetric signals
[6]. In particular, because colorimetric sensor arrays
do not require expensive analysis equipment for sig-
nal detection, they have the advantage of being simpler
and more economical than fluorescent sensor arrays
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[7]. Small-sized portable microdevices based on various
materials, such as glass [8], paper [9], silicon [10], poly-
dimethylsiloxane [11, 12], and cyclic olefin copolymers
(COCs) [13, 14], have been investigated for simplified on-
site detection. COCs are suitable substrates for microar-
ray chips because of their high chemical resistance, low
water absorption, and high optical transparency [15-18].
They are a good alternative to conventional materials,
such as glass, because fabricating microsystems, such
as the reaction chamber and microfluidic channel, is
easy and economical. The immobilization method of
poly(thymine)10-poly(cytosine)10 tagged (TC tag) DNA
oligonucleotides through UV irradiation on unmodified
COC substrates enabled the simple fabrication of a low-
cost DNA microarray chip [19]. Although a more specific
principle of the binding mechanism between the COC
substrate and the DNA oligonucleotide has not been elu-
cidated, the TC tag DNA oligonucleotides immobilized
on the microarray chip showed stable properties even
at high-temperature conditions (100 °C, 20 min), and its
function as a capture probe for microarray analysis was
confirmed [19, 20]. Terminal deoxynucleotidyl trans-
ferase (TdT) is an enzyme that catalyzes the addition of
nucleotides to the 3’ terminus of single-stranded or dou-
ble-stranded DNA in a template-independent manner
[21]. The sequence of the TdT reaction products depends
on the components of the deoxynucleotide triphosphate
pool added to the reaction. The long single-stranded
DNA structures produced make TdT a powerful tool for
biological analyses [22—-24].

In this study, we fabricated a DNA microarray chip
using a COC substrate through a simple process involv-
ing plasma and UV treatment. We designed a visual
identification method using on-chip signal amplification
technology and gold nanoparticles to check for patho-
genic genes. Optimal conditions for on-chip signal
amplification, colorimetric signal formation, and DNA
microarray fabrication were investigated. In addition,
four actual pathogens were used as detection targets to
demonstrate the usefulness of this detection method.

Materials and methods

Chemicals and reagents

All synthetic DNA oligomers used in this study were
purchased from Bioneer (Daejeon, Korea), and sequence
information for DNA oligomers is listed in Additional
file 1: Table S1. The COC chip (length: 75 mm x width:
25 mm x height: 1.7 mm) was custom-made by MNTEK,
Inc. (Suwon, Korea). The attachable HybriWell cham-
bers (6 well, length: 9.8 mm x width: 20 mm x depth:
0.25 mm) were purchased from Grace Bio-Labs (OR,
USA). TdT and biotin-11-deoxyuridine triphosphate
(b-dUTP) were purchased from Thermo Fisher Scientific
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(Vilnius, Lithuania). A multiplex PCR kit was purchased
from Qiagen (Hilden, Germany). Lambda exonuclease
was purchased from New England Biolabs (MA, USA).
The Streptavidin-conjugated gold nanoparticle (s-AuNP;
10 nm) solution was purchased from Cytodiagnostics
(Burlington, ON, Canada). A silver enhancement kit and
isopropyl alcohol were purchased from Sigma-Aldrich
(MO, USA). Absolute ethanol (HPLC grade) was pur-
chased from Fisher Scientific (NJ, USA). Micro Spotting
Solution Plus (2x) was purchased from Arrayit Corpora-
tion (Sunnyvale, USA). Saline-sodium citrate buffer (20x,
pH 7.0) was purchased from Rockland (ME, USA).

Bacterial strains and culture conditions

Escherichia coli O157:H7 (NCCP 11091) was obtained
from the National Culture Collection for Pathogens
(NCCP, Korea). Listeria monocytogenes (KCTC 3569)
was obtained from the Korean Collection for Type Cul-
tures (KCTC, Korea). Bacillus cereus (ATCC 14579) and
Salmonella enterica Typhimurium (ATCC 14028) were
obtained from the American Type Culture Collection
(ATCC, MD, USA). The four pathogens (E. coli O157:H7,
Listeria monocytogenes, Bacillus cereus, and Salmo-
nella enterica Typhimurium) were cultured in a brain
heart infusion liquid medium at 37 °C with shaking for
12-16 h. The concentrations of the cultured cells were
determined by optical density at 600 nm using a UV-Vis
spectrometer (Thermo Fisher Scientific, MA, USA). The
cells were then diluted in sterile water to a concentration
of 108 cells/mL and stored at — 20 °C until use.

Fabrication of DNA microarray chip

The custom-made COC chip was washed sequentially in
distilled water (DW), ethanol, and isopropyl alcohol for
5 min each before use and then thoroughly dried using
an air gun. Subsequently, for the hydrophilization of the
COC chip surface, the COC chip was exposed to oxy-
gen plasma (CUTE, Femto Science Inc., South Korea) at
30 W for 10 s with a flow rate of 20 sccm. Optimal spot-
ting buffer conditions were investigated to obtain uni-
form microarray spots on the COC chip. For this, the
fluorescent probe DNA had the 5" end modified by cy3
and the 3’ TC tag (poly thymine 10-poly cytosine 10)
diluted in spotting solution A (150 mM sodium phos-
phate buffer with 0.01% tween 20, pH 8.5) or B (1 x micro
spotting solution plus, Arrayit, USA) to a final concentra-
tion of 0.5 uM. Spotting was performed using an XactII
microarrayer (LabNEXT, USA) with an Xtend microar-
ray pin with a diameter of 500 pm and then dried under
70% humid conditions for 10 min. The array spots were
exposed to UV light at 254 nm with a power of 3 mW/
cm? for 30 min using an XL-1000 UV crosslinker (Spec-
tronics Corporation, NY, USA). Subsequently, to remove
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unbonded DNA molecules, the COC chip was washed
using a washing buffer (0.1x SSC buffer with 0.01% SDS,
pH 7) for 10 min and rinsed with DW. The prepared
microarray chip was stored until use in a chamber where
humidity (52%) and temperature (25 °C) were main-
tained and was usually used for subsequent experiments
immediately. Fluorescence images of the array spots
were obtained with a GenePix 4100 microarray scanner
(Molecular Devices, CA, USA).

Optimization of TdT reaction parameters and s-AuNP
concentration

The DNA microarray chip was prepared by fixing 100 uM
of positive probe DNA with the 5" end modified with a
TC tag on the COC chip in the same manner described
in Fabrication of DNA microarray chip section. To
investigate the optimal TdT reaction time, 25 pL of TdT
reaction solution (1x TdT reaction buffer, 200 pM of
b-dUTP, and 60 units of TdT) in a reaction chamber on
a COC chip was incubated at 37 °C for various durations
(0—4 h), and then inactivated at 70 °C for 20 min. Then,
25 pL of the s-AuNP solution at an optical density (OD)
of 0.3 was loaded onto the array spots and hybridized at
37 °C for 1 h. The COC chip was washed with the wash-
ing buffer (0.1x SSC buffer with 0.01% SDS, pH 7) for
10 min before and after the hybridization reaction. The
silver enhancement reaction for augmenting the colori-
metric signal of the array spots was performed using a
cover slide for 4 min at 25 °C and imaged using a Fast-
Gene® GelPic LED Box (Nippon Genetics) after rinsing
with DW. To measure the colorimetric signal of the array
spots, the COC chip images were transformed into black
and white inversion images corrected brightness and
sharpness using Image J software. And then, the inten-
sity of 16 pixels at the array spot center was expressed
as “grey value” representing the brightness of pixels by
Image ] software. The “mean grey value” represented the
average of the grey value obtained from each array spot.
Various concentrations of b-dUTP (0-200 puM) were
investigated for a TdT reaction of 1 h to determine opti-
mal conditions. In addition, the different concentrations
of s-AuNP (0-0.5 OD) were analyzed in the same man-
ner as in the previous experiment, with a TdT reaction of
1 h and a b-dUTP concentration of 120 pM.

Qualitative analysis of real samples

Four pairs of primers capable of specifically hybridizing
with each pathogenic gene were used for PCR (Additional
file 1: Table S1). PCR amplifications were conducted in
a 50 pL mixture containing 0.2 uM of each primer pair,
10° cells of the target pathogen, and 1x PCR master
mix (Qiagen, Hilden, Germany) using a T100 Thermal
Cycler (Bio-Rad, CA, USA). The following PCR program
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was used: 95 °C for 15 min, 35 cycles at 95 °C for 30 s,
56 °C for 90 s, and 72 °C for 1 min. For exonucleolytic
digestion, 50 pL of mixture solution containing the PCR
product with a final 1x lambda exonuclease reaction
buffer and 25 units of lambda exonuclease was incubated
at 37 °C for 15 min and inactivated at 75 °C for 10 min.
This solution was loaded onto a COC chip upon which
each capture probe DNA was immobilized in the same
manner as described in Fabrication of DNA microarray
chip section and incubated at 37 °C for 2 h in the reaction
chamber to induce the hybridization of the target gene
with the capture probe DNA. The TdT reaction solu-
tion (25 pL; 1x TdT reaction buffer, 200 uM b-dUTP, 60
units of TdT) in a reaction chamber on a COC chip was
incubated at 37 °C for 2 h and then inactivated at 70 °C
for 20 min. Next, 25 pL of s-AuNP solution (0.3 OD)
was loaded onto the array spots using a reaction cham-
ber and hybridized at 37 °C for 1 h, and a silver enhance-
ment reaction using a cover slide was conducted at 25 °C
for 4 min. The COC chip was washed with the washing
buffer (0.1x SSC buffer with 0.01% SDS, pH 7) for 10 min
before and after the TdT reaction and hybridization reac-
tion of s-AuNP. Finally, the COC chip was imaged using a
FastGene® GelPic LED Box (Nippon Genetics) after rins-
ing with DW and drying with an air gun.

Results and discussion

Microarray-based assay design for visual identification

of pathogenic genes

A microarray-based detection method using terminal
nucleotide addition reaction for visual identification of
pathogenic genes was developed through the fabrication
of an unmodified COC-based microarray chip and opti-
mization of colorimetric signal formation. As shown in
Fig. 1, the capture probe DNA capable of partially com-
plementarily binding to the target gene was consistently
arranged by a contact microarray spotter and fixed on the
surface of the COC chip. The target gene loaded onto the
microarray chip was hybridized with the capture probe
DNA that had sequence complementarity and b-dUTP
was continuously added to the 3" end with the TdT reac-
tion. The Poly b-dUTP synthesized selectively forms a
complex with s-AuNPs through a biotin-streptavidin
interaction, causing the formation of black spots that can
be observed with the naked eye through an additional sil-
ver enhancement reaction for 4 min. However, in the case
the target gene was absent, the synthesis of poly b-dUTP
in the array spot was inhibited because TdT could not use
a phosphate-protected capture probe at the 3" as a reac-
tion substrate. This microarray-based detection method
saves time, cost, and labor required for multi-target or
multiple samples analysis as it can analyze numerous tar-
gets simultaneously compared to the general real-time



Kim et al. Micro and Nano Systems Letters

(2022) 10:11

Page 4 of 8

Fixation of Reaction with targets Labeling with s-AuNPs
capture probe DNA & ampilification & silver enhancement
> 1. Target AY 1. s-AuNP
COC chip / » \ 2. TdT reaction ! \\ 2. Silver enhancement ¢/ \
/ N / \ / \
/ N / \ // \\
1 =T ==\ 1,77 7~3 R
17 N v \ 4 X
/ \ // \ ’ \

/ \ 3 3’ / \
! v ! “© v .. .Q \
! T P ) ® I
\ 5 5 5 ' \ 5’ ' \ 5 1

\ ¢ \ , \ /

/ \ /
SN _C" sy ML - SN A O
-7 < -
< > ~ - S -’
b -~ = SNS_—- ~ -
5
e 3'-PO ] WUuug,
\\ s 5 3 3-0H % &
COC chip Capture probe DNA Target gene Biotin—poly(U) Streptavidin—
Au@Ag
Fig. 1 Schematic illustration of the microarray-based detection method for visually identifying pathogenic genes

polymerase chain reaction that uses fluorescent probes
within the range where their absorption wavelengths do
not overlap each other. In addition, since the colorimetric
signal formed in the microarray spot minimizes the use
of complex and expensive equipment for signal analysis,
intuitive result analysis is possible, and is cost-effective
compared to the fluorescence signal-based microarray
detection method. In the past, for the detection of a tar-
get gene, a sandwich assay using simple and direct bind-
ing between target DNA and AuNP probes was usually
performed on a colorimetric microarray chip [25, 26].
On the other hand, in our method, the generation of
the b-dUTP tail from one target gene by using the TdT
reaction has the advantage of binding a larger amount
of AuNPs to the target gene. These characteristics act as
factors that amplify the colorimetric signal.

Optimization of spotting conditions for DNA microarray
chip fabrication

To ensure uniform microarray spot formation on the
non-modified COC chip surface, it was sequentially
washed with water, ethanol, and isopropanol before use
and treated with oxygen plasma to induce hydrophilic-
ity of the COC surface. To produce high-quality DNA

array spots using a contact microarray system, the pickup
height and speed of the microarray pins were determined
to be 1.5 mm and 3 s, respectively (data not shown).
And to prevent cross-contamination between samples,
5 cycles of DW washing for 30 s and air drying for 30 s
were determined as the optimal washing conditions (data
not shown). Optimal spotting buffer conditions were also
investigated, as shown in Fig. 2. Two types of spotting
solutions were compared. For buffer A (150 mM sodium
phosphate buffer with 0.01% tween 20) [19], the fluores-
cent probe DNA was intensively fixed at the edge of the
spot, while commercial buffer B (1x micro spotting solu-
tion plus produced by the Arrayit Corporation) tended to
be non-uniformly fixed at the center of the spot. Because
the uniform distribution of the capture probe DNAs on
the microarray spot was essential for the efficiency of
subsequent hybridization and enzymatic reactions, we
further tested the mixing conditions of buffers A and B.
We found that uniformly fixed spots formed when the
two buffers were mixed at a volume ratio of 1:1 (Fig. 2C).
This phenomenon may be influenced by the concentra-
tion of surfactant present in the spotting buffer. In previ-
ous studies, it has been reported that when the amount of
surfactant in the spotting buffer is small, the fluorescence
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Fig. 2 Fluorescence scan image of fluorescent probe DNA immobilized on a COC chip to determine the optimal spotting buffer conditions. The

signal of the microarray is concentrated in the center of
the spot, and when the amount is large, a coffee ring pat-
tern occurs [19, 27]. However, in determining the qual-
ity of microarray spots, not only the concentration of the
surfactant but also other factors such as the surface prop-
erties of the solid substrate, the viscosity of the solution,
drying conditions, and microarray type were thought to
act in a complex way.

Optimization of experimental parameters

To optimize the TdT reaction conditions, the optimal
reaction time and concentration of b-dUTP were deter-
mined. Regarding the TdT reaction time, the mean grey
values of spots according to the TdT reaction time (0,
0.5, 1, 2, and 4 h) were 48.37+28.16, 101.49+26.33,
164.35+34.42, 183.06+£26.88, and 177.3+26.32,
respectively. Two hours was determined to be the opti-
mal TdT reaction time. The grey value of the microar-
ray spot increased with time and showed a tendency to
become saturated at 2 h (Fig. 3A). The mean grey values
of spots according to b-dUTP concentration (0, 40, 80,
120, 160, and 200 pM) were 20.91+1.17, 35.16 £9.28,
61.72+£17.82, 121.34+8.46, 93.99+25.53, and
110.19 £ 30.29, respectively. Therefore, a concentration

of 120 puM led to the highest grey value and was deter-
mined to be optimal (Fig. 3B). In addition, the optimal
concentration of the s-AuNP solution necessary to pro-
duce a colorimetric signal was also investigated, and 0.3
OD was determined as the optimal concentration, as
shown in Fig. 3C. The mean grey values of spots accord-
ing to s-AuNP concentration (0, 0.1, 0.2, 0.3, 0.4, and
0.5 OD) were 22.78 £0.57, 95.124+10.8, 139.92 £ 10.12,
193.92+22.74, 168.05+28.67, and 137.55+28.01,
respectively. One reason the grey value decreased as the
concentration of s-AuNP increased in this result could
be due to electrical repulsion between s-AuNPs. In our
previous study [28], the surface charge of s-AuNP was
confirmed to be — 24.8 mV, and the biotin-labeled poly
uridine tail generated from the array spot will also be
negatively charged by the sugar-phosphate backbone.
Therefore, excessive s-AuNP concentration conditions
can inhibit the s-AuNP binding efficiency to the array
spot due to the increased electrical repulsion between
particles. To form the highest colorimetric signal at the
array spot, the optimal condition was briefly set to a
TdT reaction time of 2 h, b-dUTP concentration of 120
uM, and s-AuNP concentration of 0.3 OD. Captured
images of the array spots formed on the COC chip was
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Fig. 3 Optimization results for TdT and s-AuNP hybridization reactions
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Fig. 4 A Grey capture images of array spots formed on the COC chip to detect four pathogenic genes. Scale bar is 4 mm. B Bar graph of the grey
values of (A) images analyzed using Image J software. The symbol (— or +) indicates the amount of each pathogen (0 or 10° cells)

used for the characterization in Fig. 3 (Additional file 1:
Fig. S2).

Usability of the proposed method

The applicability of the proposed method for actual
pathogenic gene analysis was evaluated. First, to pro-
duce target dsDNAs from four kinds of microbial culture
mediums, a PCR was performed using the four types
of target-specific forward primers and reverse primers
modified with a 5" phosphate group. Subsequently, PCR
products were treated with lambda exonuclease such
that only ssDNAs capable of hybridizing with each cap-
ture probe DNA remained (Additional file 1: Fig. S3).
These test samples were individually prepared in the
presence or absence of each pathogen and analyzed on
a COC chip to which each target-specific capture probe
DNA was immobilized. As shown in Fig. 44, it was visu-
ally apparent that the colorimetric signal of the microar-
ray spots enhanced remarkably in the presence of each
target ssDNA for all pathogens. In addition, the aver-
age grey values of spots obtained by analyzing Fig. 4A
through Image | software are 42.74+6.98 for E. coli (0
cell), 180.31+20.38 for E. coli (10° cell), 60.97+7.66
for Listeria (0 cell), 182.04+14.5 for Listeria (10° cell),
66.28 £ 14.16 for Bacillus (0 cell), 202.8 +19.26 for Bacil-
lus (10° cell), 57.42+6.31 for Salmonella (0 cell), and
187.44426.29 for Salmonella (10° cell) (Fig. 4B). These
results suggest that the present detection method could
easily help identify the presence or absence of each
pathogenic gene from several pathogen samples with the
naked eye.

Conclusion

To summarize, we fabricated a DNA microarray chip
made of a COC substrate and developed a detection
method for visually identifying pathogenic genes. The
DNA microarray chip was easily fabricated through oxy-
gen plasma and UV treatment, and optimal DNA spot-
ting buffer conditions were investigated. In addition, the
optimal conditions for the signal amplification and col-
orimetric reactions occurring on the surface of the array
spots were successfully established. Four kinds of patho-
gen samples were analyzed to confirm the usefulness of
this detection method, and the presence of pathogens
could be visually confirmed without complex analysis
equipment. As a result, a system capable of the simulta-
neous detection of multiple genes was realized through
this study, and its use in detecting precise pathogen was
confirmed.
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optimization of experimental parameters. Scale bar is 4 mm. Figure S3.
Agarose TBE gel (2.5%) electrophoresis results of the PCR or PCR and
lambda exonuclease reaction product for the four pathogens. Lane M:
GeneRuler 50 bp DNA ladder (Thermo Scientific) (1.5 L per lane), lanes 1,
3,5,and 7: PCR product of E. coli O157:H7, Listeria monocytogenes, Bacillus
cereus, and Salmonella enterica Typhimurium, respectively. Lanes 2, 4, 6, and
8: lambda exonuclease reaction product after PCR of E. coli 0157, Listeria
monocytogenes, Bacillus cereus, and Salmonella enterica Typhimurium,
respectively. Gel electrophoresis was conducted at 45V for 90 min and gel
staining was conducted with 1x SYBR Green | and Il for 20 min.

Acknowledgements
This research was supported by the main research program of the Korea Food
Research Institute (KFRI), funded by the Ministry of Science and ICT.

Author contributions

TWK contributed to the design of experimental methods and the acquisition
of most data. MCL and JAL collected and analyzed the data. SWC contributed
to the interpretation of the experimental results. MAW developed the research
concept and critically revised and approved the manuscript. All authors have
read and approved the final manuscript.

Funding
This research was supported by the main research program of the Korea Food
Research Institute (KFRI), funded by the Ministry of Science and ICT.

Data availability
All data generated or analyzed during this study are included in this published
article and its Additional files.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Research Group of Food Safety and Distribution, Korea Food Research
Institute (KFRI), 703 Galsan- ri, Iseo-myeon, Wanju-gun, Jeollabuk-do 55365,
Republic of Korea. 2Department of Food Science and Technology, Jeonbuk
National University, 567 Baekje-daero, Deokjin-gu, Jeonju-si, Jeollabuk-do
54896, Republic of Korea.

Received: 9 June 2022 Accepted: 8 August 2022
Published online: 22 August 2022

References

1. World Health Organization (2022) J Food Saf. https://www.who.int/news-
room/fact-sheets/detail/food-safety

2. Aljamali NM (2021) Review on food poisoning (types, causes, symptoms,
diagnosis, treatment). Glob Acad J Pharm Drug Res 3:54-61

3. Rajapaksha P, Elbourne A, Gangadoo S, Brown R, Cozzolino D, Chapman J
(2019) A review of methods for the detection of pathogenic microorgan-
isms. Analyst 144:396-411. https://doi.org/10.1039/C8AN01488D

4. Bal B, Nayak S, Das AP (2017) Recent advances in molecular techniques
for the diagnosis of foodborne diseases. Nanotechnol Appl Food. https://
doi.org/10.1016/B978-0-12-811942-6.00013-3

5. McLloughlin KS (2011) Microarrays for pathogen detection and analysis.
Brief Funct Genomics 10:342-353. https://doi.org/10.1093/bfgp/elr027

6. Jaluria P, Konstantopoulos K, Betenbaugh M, Shiloach J (2007) A perspec-
tive on microarrays: current applications, pitfalls, and potential uses.
Microb Cell Factories 6:4. https://doi.org/10.1186/1475-2859-6-4

20.

21

22.

23.

24.

25.

Page 7 of 8

Suslick KS, Rakow NA, Sen A (2004) Colorimetric sensor arrays for molecu-
lar recognition. Tetrahedron 60:11133-11138. https://doi.org/10.1016/j.
tet.2004.09.007

Kim S, Kim J, Joung YH, Ahn S, Choi J, Koo C (2019) Optimization of selec-
tive laser-induced etching (SLE) for fabrication of 3D glass microfluidic
device with multi-layer micro channels. Micro Nano Syst Lett 7:1-7.
https://doi.org/10.1186/540486-019-0094-5

Lee D, Kim SJ (2020) Spontaneous diffusiophoretic separation in paper-
based microfluidic device. Micro Nano Syst Lett 8:1-4. https://doi.org/10.
1186/540486-020-00108-x

. Lee J,Khan F, Thundat T, Lee BJ (2020) Microfluidic resonators with

two parallel channels for independent sample loading and effective
density tuning. Micro Nano Syst Lett 8:1-7. https://doi.org/10.1186/
540486-020-00119-8

. Stephenson W (2018) High-throughput magnetic particle washing in

nanoliter droplets using serial injection and splitting. Micro Nano Syst
Lett 6:1-10. https://doi.org/10.1186/540486-018-0065-2

. Chung B, Kim J, Liu HW, Nam J, Kim H, Oh HJ, Kim YH, Chung S (2019)

Microfluidic in vitro brain endothelial monolayer model to evaluate
cell-penetrating peptides. Micro Nano Syst Lett 7:1-4. https://doi.org/10.
1186/540486-019-0092-7

. Prada J, Cordes C, Harms C, Lang W (2019) Design and manufacturing of

a disposable, cyclo-olefin copolymer, microfluidic device for a biosensor.
Sensor (Basel) 19:1178. https://doi.org/10.3390/519051178

. KimTY, Lim MC, Lim JW, Woo MA (2022) Rolling circle amplification-based

copper nanoparticle synthesis on cyclic olefin copolymer substrate and
its application in aptasensor. Biotechnol Bioprocess Eng 27:202-212.
https://doi.org/10.1007/512257-021-0220-0

. Nunes PS, Ohlsson PD, Ordeig O, Kutter JP (2010) Cyclic olefin polymers:

emerging materials for lab-on-a-chip applications. Microfluid Nanofluid
9:145-161. https://doi.org/10.1007/510404-010-0605-4

. Prada J, Lang W, Cordes C, Harms C (2018) A disposable, cyclo-olefin

copolymer, RNA microfluidic sensor for bacteria detection. IEEE Sens J
2018:1-4

. Bruijns B, Veciana A, Tiggelaar R, Gardeniers H (2019) Cyclic olefin

copolymer microfluidic devices for forensic applications. Biosensors 9:85.
https://doi.org/10.3390/bios9030085

. Yeh CT, Barshilia D, Hsieh CJ, Li HY, Hsieh WH, Chang GE (2021) Rapid and

highly sensitive detection of C-reaction protein using robust self-com-
pensated guided-mode resonance BioSensing system for point-of-care
applications. Biosensors 11:523. https://doi.org/10.3390/bios11120523
Sun'Y, Perch-Nielsen |, Dufva M, Sabourin D, Bang DD, Hagberg J, Wolff
A (2012) Direct immobilization of DNA probes on non-modified plastics
by UV irradiation and integration in microfluidic devices for rapid
bioassay. Anal Bioanal Chem 402:741-748. https://doi.org/10.1007/
500216-011-5459-4

Gudnason H, Dufva M, Duong Bang D, Wolff A (2008) An inexpensive
and simple method for thermally stable immobilization of DNA on an
unmodified glass surface: UV linking of poly (T) 10-poly (C) 10-tagged
DNA probes. Biotechniques 45:261-271. https://doi.org/10.2144/00011
2905

Motea EA, Berdis AJ (2010) Terminal deoxynucleotidyl transferase: the
story of a misguided DNA polymerase. Biochim Biophys Acta 1804:1151—
1166. https://doi.org/10.1016/j.bbapap.2009.06.030

Du YC, Cui YX, Li XY, Sun GY, Zhang YP, Tang AN, Kim K, Kong DM (2018)
Terminal deoxynucleotidyl transferase and T7 exonuclease-aided amplifi-
cation strategy for ultrasensitive detection of uracil-DNA glycosylase. Anal
Chem 90:8629-8634. https://doi.org/10.1021/acs.analchem.8b01928

Du YC, Wang SY, Li XY, Wang YX, Tang AN, Kong DM (2019) Terminal
deoxynucleotidyl transferase-activated nicking enzyme amplification
reaction for specific and sensitive detection of DNA methyltransferase
and polynucleotide kinase. Biosens Bioelectron 145:111700. https://doi.
0rg/10.1016/j.bi0s.2019.111700

Peng, PanY, Sun Z,LiJ,YiY,Yang J, Li G (2021) An electrochemical bio-
sensor for sensitive analysis of the SARS-CoV-2 RNA. Biosens Bioelectron
186:113309. https://doi.org/10.1016/j.bios.2021.113309

Zhao J, Tang S, Storhoff J, Marla S, Bao YP, Wang X, Wong EY, Ragupathy
V,Ye Z, Hewlett IK (2010) Multiplexed, rapid detection of H5N1 using a
PCR-free nanoparticle-based genomic microarray assay. BMC Biotechnol
10(1):1-9. https://doi.org/10.1186/1472-6750-10-74


https://www.who.int/news-room/fact-sheets/detail/food-safety
https://www.who.int/news-room/fact-sheets/detail/food-safety
https://doi.org/10.1039/C8AN01488D
https://doi.org/10.1016/B978-0-12-811942-6.00013-3
https://doi.org/10.1016/B978-0-12-811942-6.00013-3
https://doi.org/10.1093/bfgp/elr027
https://doi.org/10.1186/1475-2859-6-4
https://doi.org/10.1016/j.tet.2004.09.007
https://doi.org/10.1016/j.tet.2004.09.007
https://doi.org/10.1186/s40486-019-0094-5
https://doi.org/10.1186/s40486-020-00108-x
https://doi.org/10.1186/s40486-020-00108-x
https://doi.org/10.1186/s40486-020-00119-8
https://doi.org/10.1186/s40486-020-00119-8
https://doi.org/10.1186/s40486-018-0065-2
https://doi.org/10.1186/s40486-019-0092-7
https://doi.org/10.1186/s40486-019-0092-7
https://doi.org/10.3390/s19051178
https://doi.org/10.1007/s12257-021-0220-0
https://doi.org/10.1007/s10404-010-0605-4
https://doi.org/10.3390/bios9030085
https://doi.org/10.3390/bios11120523
https://doi.org/10.1007/s00216-011-5459-4
https://doi.org/10.1007/s00216-011-5459-4
https://doi.org/10.2144/000112905
https://doi.org/10.2144/000112905
https://doi.org/10.1016/j.bbapap.2009.06.030
https://doi.org/10.1021/acs.analchem.8b01928
https://doi.org/10.1016/j.bios.2019.111700
https://doi.org/10.1016/j.bios.2019.111700
https://doi.org/10.1016/j.bios.2021.113309
https://doi.org/10.1186/1472-6750-10-74

Kim et al. Micro and Nano Systems Letters

26.

27.

28.

(2022) 10:11

Li XZ,Kim S, Cho W, Lee SY (2013) Optical detection of nanoparticle-
enhanced human papillomavirus genotyping microarrays. Biomed Opt
Express 4(2):187-192. https://doi.org/10.1364/BOE.4.000187

Sabourin D, Petersen J, Snakenborg D, Brivio M, Gudnadson H, Wolff A,
Dufva M (2010) Microfluidic DNA microarrays in PMMA chips: streamlined
fabrication via simultaneous DNA immobilization and bonding activation
by brief UV exposure. Biomed Microdevices 12(4):673-681. https://doi.
0rg/10.1007/510544-010-9420-7

Kim TY, Lim MC, Woo MA, Jun BH (2018) Radial flow assay using gold
nanoparticles and rolling circle amplification to detect mercuric ions.
Nanomaterials (Basel) 8(2):81. https://doi.org/10.3390/nano8020081

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 8 of 8

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1364/BOE.4.000187
https://doi.org/10.1007/s10544-010-9420-7
https://doi.org/10.1007/s10544-010-9420-7
https://doi.org/10.3390/nano8020081

	Microarray detection method for pathogen genes by on-chip signal amplification using terminal deoxynucleotidyl transferase
	Abstract 
	Introduction
	Materials and methods
	Chemicals and reagents
	Bacterial strains and culture conditions
	Fabrication of DNA microarray chip
	Optimization of TdT reaction parameters and s-AuNP concentration
	Qualitative analysis of real samples

	Results and discussion
	Microarray-based assay design for visual identification of pathogenic genes
	Optimization of spotting conditions for DNA microarray chip fabrication
	Optimization of experimental parameters
	Usability of the proposed method

	Conclusion
	Acknowledgements
	References




