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Abstract

DNA is recognized as a powerful biomarker for clinical diagnostics because its specific sequences are closely related to
the cause and development of diseases. However, achieving rapid, low-cost, and sensitive detection of short-length tar-
get DNA still remains a considerable challenge. Herein, we successfully combine the catalytic hairpin assembly (CHA)
technique with capillary action to develop a new and cost-effective method, a target DNA- and pH-responsive DNA
hydrogel-based capillary assay, for the naked eye detection of 24 nt short single-stranded target DNA. Upon contact of
target DNA, three individual hairpin DNAs hybridize with each other to sufficiently amplify Y-shaped DNA nanostruc-
tures (Y-DNA) until they are completely consumed via CHA cycling reactions. Each arm of the resultant Y-DNA contains
sticky ends with i-motif DNA structure-forming sequences that can be self-assembled in an acidic environment (pH 5.0)
to form target DNA- and pH-responsive DNA hydrogels by means of i-motif DNA-driven crosslinking. When inserting
a capillary tube in the resultant solution, the liquid level inside clearly reduces due to the decrease in capillary force
induced by the gels. In this way, the developed assay demonstrates sensitive and quantitative detection, with a detection
limit of approximately 10 pM of 24 nt short complementary DNA (cDNA) targeting SARS-CoV-2 RNA genes at room
temperature within 1 h. The assay is further shown to successfully detect target cDNA in serum, and it is also applied
to detect several types of target sequences. Requiring no analytic equipment, precise temperature control, or enzymatic
reactions, the developed DNA hydrogel-based capillary assay has potential as a promising naked eye detection platform
for target DNA in resource-limited clinical settings.
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Introduction and equipment, appropriate primer designs, and complex

and time-consuming steps, all of which limit its application

DNA sequences are among the most attractive biomark-
ers for clinical diagnostics as they are closely associated
with the cause and development of various diseases such as
cancers and genetic disorders [1—4]. The rapid and accurate
detection of specific DNA sequences, referred to as target
DNA, is therefore critical for achieving effective patient
care. Currently, the most widely used method for detect-
ing target DNA is the quantitative real-time polymerase
chain reaction (QRT-PCR). This method, though, requires
expensive reagents (e.g., enzymes and fluorescent probes)
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in point-of-care (POC) testing and resource-poor settings.
Moreover, short target DNA with less than 30 nucleotides
is extremely challenging to precisely detect due to the low
binding affinity of the primers [5]. In recent years, the cata-
lytic hairpin assembly (CHA) cycling reactions have been
introduced as an alternative strategy for detecting short tar-
get DNA due to the efficient, rapid, and isothermal enzyme-
free nature of the reactions [6]. Single-stranded target DNA
serves as a trigger and a signal amplifier to generate a large
number of self-assembled DNA products from catalytic
hairpin DNAs. These amplified DNA products can then be
incorporated into a variety of detection techniques includ-
ing colorimetry [7-9], fluorescence [10-12], chemilumines-
cence [13, 14], and electrochemistry [15], providing for con-
venient and sensitive detection of very low abundance target
DNA. But despite such advantages, specific and expensive
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instruments are often still required, and therefore, the devel-
opment of enzyme- and instrument-free sensing systems is
in demand for cost-effective POC diagnostics.

Capillary tubes are inexpensive and disposable products,
commonly used in medical fields to collect a certain amount
of sample. Recently, capillary action—based assays have
been widely explored as simple, fast, and cheap optical sen-
sors to detect a variety of targets such as nucleic acids and
small molecules [16]. These sensing assays are based on the
sol-gel transformation in specific response to target mole-
cules in solution using nucleotide-grafted polymers [17—19].
However, the synthesis of nucleotide-grafted polymers
requires multiple complex procedures, which may increase
the cost of capillary-based testing for practical applications.

In this study, we present a simple, rapid, sensitive, and
low-cost method, referred to as the target DNA- and pH-
responsive DNA hydrogel-based capillary assay, for the
naked eye detection of 24 nt short complementary DNA tar-
geting SARS-CoV-2 RNA genes. To our knowledge, this is
the first time that CHA cycling reactions and capillary action
have been combined for the detection of short-length target
DNA without the need for enzymatic reactions, polymers,
or specific equipment. In the presence of target DNA, three
catalytic hairpin DNAs self-assemble with each other to
continuously generate Y-DNA products until they are com-
pletely exhausted. The resultant Y-DNA contains cytosine
(C)-rich sticky ends on each arm, providing a building block
to form pH-responsive DNA hydrogels under acidic condi-
tions via intercalated-motif DNA (i-motif DNA)—driven self-
assembly. The formation of DNA hydrogels in solution can
significantly increase the water retention capacity, leading to
an effective decrease in the capillary action—induced liquid
rise when a capillary tube is inserted into the solution. In
this way, the developed assay can be utilized as a promising
naked eye detection platform for POC diagnostics.

Experimental
DNA oligonucleotides

All DNA oligonucleotides were obtained from Bioneer Inc.
(Daejeon, Republic of Korea), dissolved thoroughly in 1X
phosphate-buffered saline (PBS) containing 137 mM NaCl,,
2.7 mM KCI, 10 mM Na,HPO,, and 1.8 mM KH,PO, at pH
7.4, and then stored at 4 °C for further use. The sequences
are shown in Table S1.

Design and confirmation of Y-DNA with C-rich sticky
ends

The Y-shaped DNA nanostructures (Y-DNA) with
C-rich sticky ends were designed to be synthesized by
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CHA-mediated reactions of three individual hairpin DNAs
(HDs) using NUPACK software (http://www.nupack.org).
To prepare the Y-DNA, three HD solutions (HD1, HD2,
and HD3) were heated to 94 °C for 5 min and then rapidly
cooled to 10 °C using a thermal cycler (BIOER, China) to
form stable hairpin nanostructures. The resultant HDs were
mixed together in equal molar ratios and then incubated
with the target DNA for 1 h at room temperature. The final
products, Y-DNA, were verified by 8% polyacrylamide gel
electrophoresis (PAGE) in TAE (Trizma base, acetic acid,
and 0.5 M EDTA, at pH 8.0) buffer at 150 V for 40 min. The
gel was stained with GelRed® (Biotium, USA) for 1 min and
visualized using a GelDoc Go system (Bio-Rad, USA). The
band intensities were quantitatively compared using GelDoc
Go image software (Bio-Rad, USA).

Formation and confirmation of target DNA-
and pH-responsive DNA hydrogels

To form target DNA- and pH-responsive DNA hydrogels,
the target DNA and three HDs were incubated together in
1X PBS at pH 7.4 for 1 h at room temperature. The pH of the
resultant solutions was lowered from pH 7.4 to pH 5.0 using
0.5 M HCI. To visualize the gel state, 20 nm gold nano-
particles (1 nM) stabilized in citrate buffer (Sigma-Aldrich,
USA) were centrifuged at 14,000 rpm for 10 min at 4 °C,
after which the supernatant was removed and concentrated
to 10 nM. The gold nanoparticles (5 pL) were then directly
added to a mixture (10 pL) of target DNA and HDs at room
temperature. For scanning electron microscopy (SEM) anal-
ysis, the DNA hydrogels (prepared as described above) were
placed on the SEM holder and then freeze-dried under vac-
uum for 2 h. The resultant products were sputter-coated with
platinum for 60 s and analyzed using an FE-SEM S-4200
(Hitachi Ltd., Japan).

DNA hydrogel-based capillary assay for target DNA
detection

Equal moles of all HDs (HD1, HD2, and HD3) were mixed
and then incubated in 0.2 mL PCR tubes (Axygen®, USA)
with various concentrations of target DNA at room tem-
perature. After 1 h, 0.5 M HCI (0.3 uL) was added to the
resultant solutions (30 pL) to lower the pH from 7.4 to 5.0
over 1 min. Glass capillary tubes (Heinz® Micro Hematocrit
Capillary Take, Germany) with dimensions of 1.55X 75 mm
(diameter X height) were vertically immersed in the resultant
solutions for 20 s, and the liquid rise in the capillary tubes
was estimated by a ruler. To evaluate the limit of detection
(LOD), we added target DNA with different concentrations
to the mixture of each HD (100 uM) and incubated at room
temperature for 1 h. Images of the liquid levels inside the
capillary tubes were analyzed using ImageJ software. The
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LOD was determined from a linear regression analysis of the
calibration curve, as calculated by 3.29 times the slope of the
regression line, which was divided by the standard deviation
of the blank sample measurements (n=10). To confirm the
selectivity of the assay for the target gene in serum samples
with different genes, 100 pM of HDs and 100 uM of different
genes (E gene, KPC gene, HCV gene, and miRNA 34) were
mixed in 1X PBS containing 10% serum (Thermo Fisher
Gibco™, USA) at pH 7.4. Then, 100 uM of target DNA was
added to the resultant solution and incubated for 1 h at room
temperature, and the pH value was adjusted from 7.4 to 5.0
using 0.5 M HCI. After 1 min, glass capillary tubes were
used to measure the liquid rise.

Results and discussion

Design of target DNA- and pH-responsive DNA
hydrogel-based capillary assay

The principle of the developed target DNA- and pH-respon-
sive DNA hydrogel-based capillary assay is schematically
shown in Fig. 1. Three kinds of catalytic hairpin DNA (HD),
namely HD1, HD2, and HD3, are rationally designed to have
two half-complementary sequences to each other so that
an equal amount of HD can be self-assembled to produce
well-defined Y-shaped DNA nanostructures (Y-DNA) in

the presence of single-stranded target DNA (TD) via CHA
cycling reactions. The HD is composed of four regions: two
single-stranded toeholds at the 3" end (9 nt) and the 5’ end
(11 nt, black color), a double-stranded stem (15 bp), and a
single-stranded loop (12 nt). Notably, the toehold at the 5’
end of each HD synthesizes cytosine (C)-rich sequences,
providing the means to physically form intercalated-motif
DNA (i-motif DNA) structures as a crosslinker under acidic
conditions via self-assembly with each other [20-23]. In
this assay, we employ 24 nt short complementary TD tar-
geting the N gene of the SARS-CoV-2 RNA genome [24,
25]. In the presence of TD, the toehold at the 3’ end and the
stem of HD1 completely hybridize with the TD to generate
TD+HD1 products with new sticky ends (38 nt), which fur-
ther interact with the toehold at the 3’ end and stem of HD2
to form TD+HD1 +HD2 products. Similarly, HD3 binds to
the resultant TD +HD1 +HD2 products to produce the final
products, Y-DNA, which simultaneously dissociates from
the TD because of competitive hybridization [26, 27]. The
released TD participates again in the CHA cycling reactions,
enabling the continuous production of Y-DNA until the HDs
are exhausted completely. The resultant Y-DNA consists of
a double-stranded three-way junction (24 bp) as the core
and three sticky ends (14 nt) bearing C-rich sequences in
the arms, which serve as a building block to form DNA
hydrogels under acidic conditions via i-motif-driven self-
assembly. When the DNA hydrogels are formed, the liquid
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Fig. 1 Schematic illustration of the target DNA- and pH-sensitive DNA hydrogel-based capillary assay for the naked eye detection of short
single-stranded target DNA. TD, target DNA; CHA, catalytic hairpin assembly; i-motif DNA, intercalated-motif DNA
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solution turns into mildly flowing gel states with high vis-
cosity due to their water-holding property [28—30], which
causes a noticeable decrease in the volume of the rising lig-
uid driven by capillary action inside a capillary tube when
vertically inserted into the solution. In the absence of TD,
the HDs do not participate in the CHA cycling reactions
under the same conditions, which results in no significant
decrease in the liquid volume inside the capillary tubes. In
this way, we can adopt a capillary tube as a visual indica-
tor for the naked eye detection of target DNA at room tem-
perature without any enzymatic amplification, polymers, or
special equipment via the developed DNA hydrogel-based
capillary assay.

Optimization of HD structures and TD length
for fabricating the CHA-mediated Y-DNA

To verify the feasibility of our assay, we first optimized the
structure of the HD that participates in the CHA cycling
reactions to form Y-DNA in the presence of TD (Fig. S1).
A variety of HD structures were designed by adjusting the
length of the toehold at the 3’ end and the stem: HDy y,
where X and Y denote the number of toehold sequences at
the 3" end (X=6, 7, 8, 9) and the stem sequences (Y=18,
17, 16, 15), respectively. Each resultant HD showed a bright
single band, indicating monodisperse and well-defined hair-
pin structures without non-specific aggregation. Upon the
addition of TD, HDg_ ;3 and HD,_;; showed no remarkable
band shifts (Fig. S1b, line 5) as compared to their compos-
ites, while a new band that migrated slowly was observed
in HDg . However, in the case of HDy 5, there were three
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Fig.2 a PAGE analysis to confirm the formation of Y-DNA prod-
ucts via the proposed TD-mediated CHA cycling reactions. TD,
target DNA; HD, hairpin DNA. Line L: ladder; Line 1: TD; Line
2: HDI1; Line 3: HD2; Line 4: HD3; Line 5: TD+HDI; Line 6:
TD+HDI1+HD?2; Lines 7 and 8: mixture of HD1+HD2+HD3 in
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distinct new bands with different molecular weights under
the same conditions. This result strongly suggests that the
toehold length of the HD plays an important role in opening
its stem to initiate the CHA cycling reactions upon con-
tact with TD, thus enabling the formation of stable Y-DNA
nanostructures.

We further investigated whether the observed band shift
of HD,_5 indeed indicated Y-DNA products by initiating the
stepwise self-assembly of three individual HD, ;5 (Fig. 2a).
Upon mixing of TD and HD1,_,5, PAGE analysis exhibited
only one bright new band (Fig. 2a, line 5) as compared to its
components (Fig. 2a, lines 1 and 2), indicating the successful
hybridization of TD+HD14_;5 products. Upon a subsequent
addition of HD2, ;5 into the TD +HD14 ;5 products, a new
band related to TD+HD1,_;5+HD2, ;5 products appeared
(Fig. 2a, line 6), indicating the successful formation of one
arm of Y-DNA. Finally, following incubation with HD3, 5,
the TD +HD1, 5+ HD2, ;5 products migrated much more
slowly, forming a new band related to the Y-DNA prod-
ucts, HD1y_ ;s +HD2y_ 5 +HD3y_ ;5 (Fig. 2a, line 7). How-
ever, when mixing all three HD,_,5 together without add-
ing TD, no significant band shift was observed under the
same conditions (Fig. 2a, line 8). Consequently, it can be
said that the observed band shifts were clearly caused by
the programmable self-assembly of HDy ;5. Importantly, the
electrophoretic mobility of the resultant Y-DNA products
was exactly consistent with the results of mixing TD with
the three HDgy_ ;5 (Fig. S1, line 5), demonstrating that the
Y-DNA products were successfully synthesized from the
three HD,_;5 according to the designed scheme (Fig. 1). We
then estimated the minimum TD length to fabricate stable
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the presence/absense of TD, respectively. b Time-dependent profile
of the gel band intensity of the amplified Y-DNA products upon mix-
ing HD and TD at a 1:0.5 molar ratio. Inset: Linear plot of the gel
band intensity at different incubation times ranging from 3 to 40 min
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Y-DNA products by incubating three HDg ;5 and TD with
different lengths of 22, 23, 24, 25, and 26 nt. A significant
band shift was observed in over 24 nt TD compared to that
of 22 and 23 nt TD (Fig. S2). Thus, we selected HDy_5 and
24 nt TD as the optimized HD structure and target length,
respectively, for the TD-mediated CHA cycling reactions to
produce Y-DNA products.

Cycling efficiency of TD-mediated CHA reactions

To evaluate the cycling efficiency of TD in the CHA reac-
tions, we examined the amount of Y-DNA products gener-
ated from a mixture of 100 nM HD and 50 nM TD over time
by analyzing gel band intensities. As shown in Fig. 2b, with
increasing incubation time, the synthesized Y-DNA products
gradually increased and reached a plateau at approximately
50 min. We note the remarkable linear relationship between
the Y-DNA products and incubation time exhibited in the
range from 3 to 40 min. In this relationship, the correla-
tion equation is fitted as Y=0.1136X+ 1.5808 (R>=0.9968),
indicating that about 0.4 nM of the Y-DNA products per
minute was produced via the proposed TD-mediated CHA
cycling reactions. This result provides evidence that TD
serves as a recyclable catalyst to continuously synthesize
Y-DNA products without precise temperature control or
enzymatic reactions. Thus, it was confirmed that even at low
concentrations of TD, the developed assay can sufficiently
amplify Y-DNA via CHA recycling reactions.

Confirmation of target DNA- and pH-responsive
DNA hydrogels

To explore the formation of the target DNA- and pH-respon-
sive DNA hydrogels, we optimized the concentration of

Concentration of HD

the HD and the pH value. DNA hydrogels were prepared
by mixing HD and TD in a 1:1 molar ratio at pH 7.4 and
then successively lowering the pH to 6.0, 5.0, 4.0, and 3.0.
The capillary liquid height gradually decreased, reached its
lowest level at pH 5.0, and then gradually increased until
pH 3.0 (Fig. S3). As shown in Fig. 3, with increasing con-
centrations ranging from 0 to 300 uM HD at pH 5.0, the
liquid levels inside capillary tubes gradually decreased and
reached a plateau at 100 uM. The average liquid heights by
concentration inside the tubes were 1.83 +0.03 cm at O uyM
HD, 1.28+0.04 cm at 50 uyM HD, 0.97 +0.03 cm at 100 uM
HD, 0.94 +0.06 cm at 200 uM HD, and 0.9 +0.05 cm at
300 uM HD. Consequently, we chose 100 uM and pH 5.0 as
the optimized HD concentration and pH value, respectively,
for the TD-mediated DNA hydrogel-based capillary assay.
We then evaluated the viscosity of the resultant products
prepared by mixing HD and TD at different concentrations
ranging from 0 pM to 100 uM. With increasing TD con-
centration, the products exhibited more stable gel structures
(Fig. S4, upper panel). In addition, after dropping the result-
ant products onto a plate glass, their average surface areas
gradually decreased to 45.9 +0.6 mm? at 0 pM, 34.3+0.9
mm? at 50 pM, 27.7+0.5 mm? at 1 uM, and 23.2 +0.9 mm?
at 100 uM, due to increased gel viscosity (Fig. S4, lower
panel).

Next, to examine whether the observed changes in the
liquid levels inside the capillary tubes were caused by
DNA hydrogels, gold nanoparticles (GNPs) were used as
an indicator to visualize the formation of DNA hydrogels
in the solution due to their bright color and water-soluble
properties (Fig. 4a) [20]. Upon the addition of GNPs in a
mixture of TD and HD at pH 5.0, the GNPs were not dis-
persed evenly but located on the upper layer of the solution
(Fig. 4a, upper right panel), resulting in a separated layer. On
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Fig.3 Optimization of HD concentration for the developed assay. Representative photographs of capillary tubes (left panel) and corresponding
liquid heights inside the capillary tubes (right panel) upon insertion into a mixture of HD and TD at a 1:1 molar ratio, pH 5.0
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a) Without TD With TD

pH5.0

pH 7.4

Fig.4 Confirmation of target DNA- and pH-responsive DNA hydro-
gels. a Photographs of solutions in the absence and presence of target
DNA at pH 7.4 and pH 5.0 after adding 20 nm gold nanoparticles. b

the other hand, in a mixture at pH 7.4, the GNPs uniformly
dispersed throughout the whole solution and retained a red
color (Fig. 4a, lower right panel). In the absence of TD, no
separated layers and no color change were observed in the
solutions at either pH 5.0 or pH 7.4 under the same condi-
tions (Fig. 4a, upper and lower left panels). For further con-
firmation, scanning electron microscopy (SEM) analysis was
performed after freeze-drying the solutions (Fig. 4b). The
lyophilized products of the HD and TD solution at pH 5.0
showed compact and dense network structures. In contrast,
in the absence of TD, the lyophilized products exhibited
relatively large-sized and irregular porous structures with
a sponge-like surface porosity under the same conditions, a
tendency similarly seen in the HD solutions with and with-
out TD at pH 7.4. These results strongly indicate the suc-
cessful fabrication of target DNA- and pH-responsive DNA
hydrogels by combining CHA-mediated Y-DNA synthesis
and i-motif-driven self-assembly.

Target DNA detection in the DNA hydrogel-based
capillary assay

To demonstrate the assay’s detection sensitivity of tar-
get DNA, the liquid levels inside the capillary tubes were
evaluated at various concentrations of TD (Fig. 5). With
increasing TD concentrations from 0 pM to 100 uM, the
liquid heights gradually decreased, which indicates that the
proposed DNA hydrogel-based capillary assay is highly
dependent on the concentration of the target DNA and there-
fore can be used for the quantitative detection of target DNA.
The average liquid heights inside the capillary tubes by TD
concentration were 1.57+0.03 cm at 0 pM, 1.57+0.03 cm
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SEM images of the hydrated products in the solutions in the absence
and presence of target DNA at pH 7.4 and pH 5.0. Scale bar: 300 pm

at 10 pM, 1.53+0.03 cm at 50 pM, 1.47+0.02 cm at
100 pM, 1.43+0.04 cm at 150 pM, 1.37+0.03 cm
at 200 pM, 1.35+0.03 cm at 1 nM, 1.32+0.03 cm
at 10 nM, 1.3+0.05 cm at 50 nM, 1.27+0.01 cm at
100 nM, 1.2 +0.03 cm at 200 nM, 1.2+0.04 cm at 1 uM,
1.07+0.03 cm at 10 uM, and 0.97 +0.03 cm at 100 uM. In
these results, a good linear relationship was obtained in the
TD concentrations ranging from 10 to 200 pM. The plot was
fitted by the equation Y= —0.001X+ 1.5797 (R*=0.9906),
where Y is the liquid height inside a capillary tube and X
is the TD concentration. From a linear regression analysis,
the limit of detection (LOD) was calculated to be approxi-
mately 10 pM. In addition, the same capillary behavior was
observed in the detection of E gene target cDNA of SARS-
CoV-2 RNA (Fig. S5), indicating that the developed assay
can potentially be utilized as a promising platform to detect
other target genes of interest. Compared with other enzyme-
free assays, the developed assay demonstrated comparable
sensitivity and detection time (Table S2).

Sequence-specific detection of the DNA hydrogel-
based capillary assay

Sequence-specific detection with the developed assay
was examined by measuring the liquid levels inside cap-
illary tubes in mixtures of HD and various TD mutants
under acidic conditions (Fig. 6a). The TD mutants had
homologous sequences with the TD: one-, two-, three-,
and multiple-base mismatched TD and non-complemen-
tary TD (OM TD, DM TD, TM TD, MM TD, and NC TD,
respectively). As compared to the height in the absence of
TD (1.57+0.03 cm), the liquid height was significantly
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Fig.6 Confirmation of sequence specificity. a Liquid heights inside
capillary tubes in a mixture of HD and various target DNA mutants at
a 1:1 molar ratio, pH 5.0. b PAGE analysis to confirm the hybridiza-
tion between HD1 and the various target DNA mutants. TD, N gene

reduced to 0.97 +0.03 cm for the perfectly matched TD,
1.1+0.05 cm for OM TD, and 1.37 +0.06 cm for DM
TD. However, no remarkable change in the liquid volume

OMTD DMTD TMTD MMTD NCTD

target cDNA; OM TD, one-base mismatched TD; DM TD, two-base
mismatched TD; TM TD, three-base mismatched TD; MM TD, mul-
tiple-base mismatched TD; NC TD, non-complementary TD. The red
text indicates mismatched bases

was observed in the TM TD (1.57 +0.06), MM TD
(1.55+0.03 cm), or NC TD (1.57+0.03 cm) under the
same conditions. In addition, PAGE analysis also showed
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noticeable band shifts when mixing HD1 with TD, OM
TD, and DM TD as compared to its composites, whereas
TM TD, MM TD, and NC TD did not show band shifts
(Fig. 6b). These results indicate that the sequence specific-
ity of the developed assay can be attributed to the stem-
opening of HD1, which can dissociate the stable base-
pairing of the stem by one- and two-mismatched sequences
from the target DNA. Accordingly, the developed assay
can accurately discriminate three or more mismatched
sequences from the target DNA.

Analyzing the DNA hydrogel-based capillary assay
in serum containing different genes

To evaluate the practical application of our assay, we car-
ried out N gene TD detection in 10% serum samples con-
taining different types of genes, namely E gene, KPC gene,
HCYV gene, and miRNA 34 at pH 5.0. As shown in Fig. 7,
no noticeable decrease in the liquid heights inside the cap-
illary tubes was observed in the serum (1.54 +0.02 cm)
containing different genes without N gene TD, which is
similar to the results of the PBS solution (1.55+0.04 cm)
without serum under the same conditions. This result indi-
cates that the serum did not affect the detection of TD in
the developed assay. Significant decreases in the serum
(0.93 +£0.03 cm) and PBS (0.94 +0.04 cm) samples con-
taining different genes and N gene TD indicate that the
developed assay was able to successfully achieve a high
selectivity for the TD in complex biological samples.
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Fig.7 Target DNA detection in serum samples containing different
types of genes: E gene, KPC gene, HCV gene, and miRNA 34. The
heights inside the capillary tubes were determined upon insertion into
10% serum samples containing 100 uM HDs and 100 pM of the dif-
ferent genes at pH 5.0. KPC, Klebsiella pneumoniae carbapenemase;
HCYV, hepatitis C virus
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Conclusion

We have successfully developed a target DNA- and pH-
responsive DNA hydrogel-based capillary assay to detect
short single-stranded target DNA as a simple, low-cost, and
user friendly naked eye detection platform. The catalytic
hairpin DNA assembly technique was proposed to gener-
ate sufficient amounts of Y-shaped DNA nanostructures in
the presence of extremely small amounts of target DNA.
The amplified Y-DNA is composed of i-motif DNA-forming
sticky ends at each arm, which can be self-assembled under
acidic conditions to form target DNA- and pH-responsive
DNA hydrogels. When inserting a capillary tube in the solu-
tion, the capillary action—induced liquid rise highly depends
on the concentrations of the target DNA, which enables one
to sensitively and quantitatively detect target DNA with the
naked eye without requiring expensive analytic equipment or
complex operations. Notably, the developed assay exhibited
a high sensitivity of target gene detection in serum condi-
tions and was shown to be effectively applied to detect target
genes of interest. Owing to this, we expect that the devel-
oped assay can be potentially utilized to detect a variety of
single-stranded DNA oligomers as a simple and economic
POC testing platform for clinical diagnostics. We note that
the developed assay is at present incapable of accurately
distinguishing one- and two-base mismatches in target DNA.
To address this point, we are currently working on a follow-
up study focusing on target gene screening for sequence-
specific recognition and the opening of DNA hairpin loops
for specificity improvement.
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