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ABSTRACT: Nucleic acid detection is critical in disease
diagnosis as well as in the environmental assays of harmful
bacteria or viruses and forensic applications. Current
methods for visualized quantification of DNA require
costly and sophisticated instruments. Here, we report a
multistage propelled volumetric bar chart chip (MV-Chip)
for multiplexing and quantitative detection of DNA.
Because of its “rocket-like” propelling reaction, the
predeposited platinum films could perform cascade
amplification and detect as low as 20 pM DNA targets
after three stages of platinum-catalyzed propulsion. The
resulting ink bar charts can be directly read out by the
naked eye, and the signal shows little interference from
serum. Single-nucleotide polymorphism and multiplex
DNA detection were carried out to demonstrate this
powerful application.

he detection of nucleic acid has become a key technology in

areas ranging from disease diagnosis to detectlon of harmful
bacteria or viruses and forensic applications.'™® In the past
decade, numerous detection platforms have been developed that
rely on different types of colorimetric,"'* fluorescent,"' "
Raman,’ magnetlc,4814 and electrochemical”**™"7 transducers
to convert nucleic acid hybridization events into readout signals.
Newly emerging methods show great advantages over traditional
assays, particularly in sensitivity, selectivity, and practical-
ity.”®'®'® However, because quantification of nucleic acids still
requires optical or electronic instruments, most of these methods
are so costly that they remain laboratory prototypes.

To meet these challenges, a multiplexed volumetric bar chart
chip (V-Chip) has been recently developed in our laboratory for
point-of-care and personalized diagnostics.”® The V-Chip
employs ink bar charts to measure oxygen generated by the
reaction between catalase and hydrogen peroxide, allowing direct
visual quantification of target biomarkers without assistance of
instruments, data processing, or computer graphical plotting.
However, using the V-Chip device for quantitative detection of
DNA in a multiplexed manner and with high sensitivity has never
been demonstrated. Here, we report a multistage propelled V-
chip (MV-Chip) for DNA detection. In this chip, a “rocket-like”
propelling mechanism is employed for signal amplification to
improve the sensitivity of detection. DNA hybridization
introduces the catalase initiator to start the propellant reaction
and deposited platinum films are used to amplify the signal. After
the three-stage cascade amplification, about 1000-fold improve-
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ment in sensitivity could be achieved with this chip compared
with an unamplified chip. A complicated matrix such as serum
showed almost no interference with signal intensity. The
specificity of MV-Chip was demonstrated by single-nucleotide
polymorphism and multiplex DNA detection.

The MV-Chip employs our previously reported V-Chip
technology but integrates new cascade amplification steps in
the device (Figures 1 and S1, Supporting Information (SI)).** In
our previous V-Chip, catalase probes in the ELISA sandwich
structures reacted with hydrogen peroxide to produce oxygen,
directly pushing the preloaded red ink to generate the visualized
bar charts. However, in MV-Chip, the generated oxygen does not
directly push ink to form the bar chart. Instead, it pushes the
“fuel”, hydrogen peroxide, to react with the predeposited
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Figure 1. Working principle of the MV-Chip. (a) Schematic view of a
typical MV-Chip for DNA assay. The detection units with platinum
amplification (black circles) show larger bar chart advancement than
those without amplification. (b) Rocket-like propelling mechanism of
the MV-Chip. Catalase introduced by DNA hybridization is the initiator
and three stages of rough platinum films (Pt) amplify the signals. (c,d)
The representative flow path of each reagent before and after an oblique
slide: red lane (ink), yellow lane (H,0,), and green lane (DNA assay).
Scale bar is 1 cm for (c) and (d).
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platinum films in the first stage.”" Then, additional oxygen gas
will be produced because of the platinum reaction, which will
push preloaded hydrogen peroxide in the second stage to react
with platinum films in the second stage. After three stages of
cascade platinum amplification, much more oxygen is produced
and is able to push the red ink bar charts a longer distance (Figure
1). Because the ends of the channels are vented to atmospheric
pressure, the ink bar charts will continue moving and finally run
out of the channel.

The design and working principle of the MV-chip are shown in
Figure 1a. In the loading position, the rectangular wells of the top
plate and the bottom plate partially overlap to form a tilted “N”-
shaped fluidic path in the horizontal direction, which allows
reagents or samples to be loaded through the drilled holes.
Before sample assay, the top flow lane (red lane) is preloaded
with ink to generate visual bar charts. The second, fourth, and
sixth rows consist of isolated circle wells on the bottom plate with
platinum films deposited (black circles) for signal amplification,
which also serve as air spacers to avoid direct contact between the
sample and the ink. The third, fifth, and seventh lanes (orange
lane) are preloaded with hydrogen peroxide, which is the fuel for
the rocket-like propelling device. The bottom row is the sample
lane (blue lane), where the DNA assays are carried out. We
employ sandwich DNA hybridization structures to detect DNA
targets and introduce catalase probes (Figure 1b).

The MV-Chip devices are fabricated using two 75 X 50 X 1-
mm glass slides. Patterns are first drawn with AutoCAD software
and fabricated onto the glass surfaces by standard photo-
lithography and glass etching methods. In the post fabrication
steps, 2 nm chromium and 20 nm platinum films are deposited in
the circle wells using standard lift-off methods (Figure S2 (S1)).2
The chromium films allow for better adhesion of platinum films
to a glass surface.” Because of the wet etching treatment, the
rough surface of the platinum film consists of millions of
nanosized protrusions, which allow for fast decomposition of
hydrogen peroxide (Figures 1b, SS, S6 (SI)) in the signal
amplification steps.”’ We designed and fabricated two kinds of
devices that could measure 6 or 10 targets simultaneously
(Figure S7 (SI)). To illustrate the assay process, we loaded
yellow and green food dye to represent hydrogen peroxide and
assay solution, respectively (Figure 1c). After an oblique slide, 10
isolated “Z”-shaped paths were formed in the vertical direction,
and a uniform gradual change could be observed at the bottom of
each detection unit because of the food dye diffusion (Figures 1d
and S8 (SI)). In real assays, hydrogen peroxide will diffuse into
the assay wells and react with the catalase probes to generate
oxygen gas (Figure S1 (SI)).

To illustrate that the platinum films can amplify signal, we
selectively deposited one, two, or three circle platinum films in
each detection unit of a 10-plex chip. In Figure 2a, there are 10
isolated detection units after sliding, including two control paths
without platinum films, three paths with one-stage, three paths
with two-stage, and two paths with three-stage amplification.
When the catalase solution was uniformly loaded in the assay
lane, the resulting bar charts exhibited a staircase growth pattern.
In the one-stage amplification, platinum films are selectively
deposited at the bottom, middle, or top wells, but the resulting
ink bar charts gave nearly identical bar chart results. Identical
results can also be observed in the two-stage amplification paths
with various locations of platinum films. To further prove the
capability for amplification, we also selectively deposited
platinum films to form a “V” shaped pattern, and the resulting
bar charts exhibited a “V” shape staircase change that correlated
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Figure 2. Validation of signal amplification for MV-Chip. (a)b)
Selectively deposited circle wells with platinum films (dark dots) to
produce amplified signals. (c) Bar chart results without or with one, two,
or three stages of platinum amplification. Data are obtained from (a) and
(b). (d) A uniform concentration of catalase generates uniform readout
distance in the presence of 10 g mL™" of catalase and 0.25 M H,0,. (e)
Bar chart images of diffusing S0 ug mL™" of catalase with three stage
amplification in the presence of 0.25 M H,0,. The dark dots are
platinum films in (d) and (e). Scale bar is 1 cm for (a), (b), (d) and (e).
(£g) the uniformed advancements and sigmoid curve obtained from (d)
and (e), respectively.

with the deposited platinum films (Figure 2b). These results
suggest that amplification levels are not related to the location of
the deposited platinum films, but depend on the amount of
platinum films in each vertical path. During device assembly,
fluorinated oil was used between the hydrophobic slides as a
lubricant and to render the device airtight.'>** Each detection
unit was isolated by fluorinated oil and did not interfere with the
adjacent paths. According to our bar chart results, about 4-, 12-,
and 22-fold increases could be seen for one, two, and three stage
amplifications, respectively, compared to an unamplified lane.
This indicates that the platinum films are the cause of the
amplified signals (Figure 2c). By using MV-Chips with different
numbers of amplification stages, we are able to achieve a wide
dynamic range on the same chip.

Next, we used catalase diffusion to investigate the kinetics of
ink bar chart movements in each channel. As shown in Figure S9
(SI), loading 2 L of food dye into the preloaded PBS buffer
located at the bottom lane allows generation of a concentration
gradient.24 The movements were recorded using a camera, and
heat map images of the change in distance of each channel in 2
min are shown in Figure S10 (SI). The heat map images show
clearly that the ink bar in the chip with three-stage amplification
moved much faster than the chip without amplification. In 2 min,
nine channels in the MV-Chip form obvious ink bar charts, but
only three channels formed ink bar charts in the no-amplification
chip, indicating that a lower concentration of catalase can be read
out from the MV-Chip (Figure S10a,c (SI)). These results
further illustrate that the deposited platinum films are able to
improve the sensitivity of detection. Decreasing the concen-
tration of hydrogen peroxide loaded could reduce the movement
velocity. When 0.25 M H, 0O, was loaded into the MV-Chip, only
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four channels reached 10 MV-chip units in 2 min (Figure S10b
(SI)). This movement was slower than the MV-Chip loaded with
045 M H,0,, but faster than the chip without amplification
loaded with 0.45 M H,0,. As seen in Figure S10d (SI), the
change in advancement in the tenth channel of V-Chip reached a
plateau after 30 s, attributed to the destruction of catalase in the
presence of hydrogen peroxide.”® However, in the MV-Chip, the
deposited platinum films overcome the disadvantage of catalase
by reacting with hydrogen peroxide even after catalase has been
used up. Once a small amount of hydrogen peroxide, propelled
by the catalase reaction, entered the bottom platinum well,
successive propulsions were observed, and more hydrogen
peroxide solution entered into the next stage of platinum wells
(Figure S11 (SI)). Therefore, the progression of the ink bars
represents the accumulated results of hydrogen peroxide
decomposition (Figures 1b and S1 (SI)).

Although platinum films amplified the signal, the advancement
of the bar chart signals still correlated with catalase
concentration. Figure 2d,e shows a 10-plex MV-Chip loaded
with reagents and samples. When a uniform catalase concen-
tration was applied to the MV-Chip, the bar charts showed
uniform advancement (Figure 2d,f); whereas with a gradient of
catalase, created by the diffusion of 2 uL of 50 ug mL™" of catalase
from an inlet on the bottom-right of the device, the bar chart
resembled a sigmoidal shape (Figure 2e,g). The progressive
increments indicate that the distance of each ink bar correlates to
the concentration of the diffused catalase.”® These results clearly
demonstrate the relationship between the advancement of the
MV-Chip bars and the catalase concentration.

To detect target DNA using the MV-Chip, typical three-
component sandwich DNA hybridization was employed in the
assay (Figure 3a).° Prior to the DNA assay, a 15-nucleotide
captured DNA strand was covalently immobilized on the epoxy
modified glass surface in the assay wells (Figure $12 (SI)).>**¢
The rough glass surface in the assay wells greatly increases the
coating efficiency. The assay wells were then washed with PBS
buffer and blocked with BSA. Next, 1 uL of the 30-nucleotide
target sequence solution was added to each well and incubated in
a humidity chamber for 1 h at 4 °C. After the MV-Chip was
assembled and lubricated using oil, the probe DNA-catalase
complexes were loaded into the assay lane.'"® To monitor the
presence of the target DNA, catalase was covalently conjugated
with the probe DNA to react with the hydrogen peroxide and
generate oxygen gas (Figures S13, S14 (SI)). Next, the chip was
incubated for 1 h and thoroughly washed with PBS buffer.
Finally, red ink and hydrogen peroxide were loaded, and the chip
was slid to start the reaction. The results were recorded with a
camera, and the lengths of ink advancement were marked for
quantification.

Figure 3b and ¢ demonstrate a target DNA response bar chart
result after 6 min using the 6-plex chips with and without three
stage platinum amplification. Different concentrations of 30-
nucleotide sequences from 20 pM to 200 nM for Ebola virus
(EV) were investigated in the two chips.® As expected, the
corresponding bar chart progressions directly provide a
quantitative summary of these concentrations. As the concen-
tration of the target DNA increased, the signal advancement of
the MV-Chip bar charts exhibited a sigmoidal increase. In each
case, the result obtained with solutions containing 20 pM DNA
were greater by a factor of at least three standard deviations than
background signals (Figure 3e), indicating that the limit of
detection resides at or below this concentration. The detection
limit compares favorably with nanoparticle-based DNA assays."
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Figure 3. DNA detection using MV-Chip. (a) The sandwich DNA
hybridization structures and 30-nucleotide Ebola virus (EV) sequence
used in MV-Chip. (b,c) The images of ink advancement for detection of
target DNA with (b) or without (c) platinum amplification. The
concentration in each lane corresponds to the values in (e). (d) From
left to right: bar chart advancements for detection of 0, 200 pM, and 2
nM target DNA in buffer and 2 nM target DNA in 10, 30, and 50%
serum. Dark points are platinum films in (b), (c), and (d). Scale bar is 1
cm for (b), (c), and (d). (e) The target DNA calibration curves
corresponding to ink advancement with (red) or without (black)
platinum amplification at S min, with the target DNA concentration
varying from 20 pM to 200 nM. (f) MV-Chip readouts of 0, 200 pM, and
2 nM target DNA in buffer and 2 nM target DNA in 10, 30, and 50%
serum. The error bars in (e) and (f) represent the s.d. of three
measurements.

Without platinum film deposition, only two channels formed ink
bar charts in 6 min, and the lowest concentration that could be
detected was 20 nM, suggesting that the sensitivity was increased
about 1000 fold in the presence of platinum film amplification.
We also investigated the capability to detect DNA in a
complicated matrix. The 6-plex MV-Chip was used to detect a
2 nM target DNA in 10, 20, and 50% serum (Figure 3d). These
bar chart results were similar to the results obtained using bufter,
indicating that the complicated components of serum do not
interfere significantly with MV-Chip performance (Figure 3f).
The MV-Chip exhibits excellent specificity that can differ-
entiate single nucleotide polymorphisms (SNPs). After DNA
hybridization, the assay lane was washed with PBS buffer at 45
°C.'V?7%8 At this optimum stringency temperature, the DNA
sandwich structures are not stable for one-base and two-base
mismatched DNA, while the complementary DNA retains stable
hybridization. Figure 4a shows the bar chart results for 0, 20, 200
pM, and 2 nM of target DNA, along with the MV-Chip responses
to 2 nM of one and two mismatched oligonucleotides. The MV-
Chip results showed a signal of 7.9 units for 2 nM of the
complementary DNA. In contrast, 2 nM of one-base or two-base
mismatched DNA yielded signals of 5.3 and 2.7 units, a decrease
of 329 and 65.8%, respectively (Figure 4b). These results
indicate that the mismatched DNA was dissociated in the
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Figure 4. Mismatch and multiplex DNA tests using MV-Chip. (a) From
left to right: bar chart advancements of 0, 20, 200 pM, and 2 nM target
DNA (EV) in buffer and 2 nM one base (one star) or two base (two
stars) mismatched DNA. (b) The MV-Chip readouts correlated to ().
The error bars represent the s.d. of three measurements. (c,d,e) Selective
detection of three, two, or one DNA targets. Scale bar is 0.5 cm for (a),

(c), (d), and (e).

washing steps, and only a partial duplex hybridization was
formed."!

The MV-Chip also provides the capability for multiplex DNA
assays. Three 30-nucleotide sequences of Bacillus anthracis (BA),
Ebola virus (EV), and Tubercle bacillus (TB) were measured to
evaluate the selectivity of the chip.® The concentration of each
sequence was kept constant at 2 nM, and the hybridization
conditions were the same as described above. In the first test,
three of six channels for target detection showed bar chart signals
of 6.3 units (BA), 7.7 units (EV), and 5.8 units (TB), while the
control channels did not show signal of more than 0.3 units
(Figure 4c). In the next test, we selectively removed one or two of
the DNA targets to evaluate the suitability of this method for
multiplexing assays. In Figure 4d,e, the detection units with
targets exhibit similar results as in Figure 4c, indicating the high
selectivity for MV-Chip.

In summary, a multistage platinum-amplified device, MV-
Chip, has been developed that allows for the quantitative,
multiplexed, highly sensitive, and instrument-free detection of
DNA. The MV-chip outperforms many other existing methods
with an innovative combination of low cost, portability, rapid
operation, and convenient readout. The bar chart results could
directly be read out without the need for sophisticated data
processing steps. On the basis of our multistage propulsion
design, the sensitivity can be further improved by increasing the
amplification stages as well as reducing the distance between
hydrogen peroxide and platinum films. In the future, this portable
device has a potential to work in clinical diagnostics, forensic
analysis, and biothreat detection.
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