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Right amount of oil sealed on the solution surface does not
affect lateral-flow dipstick (LFD) detection. With this
property, three types of enclosed and portable cartridges for
DNA amplification coupled to LFD detection were realized to
detect DNA amplicon specifically.

Nucleic acid detection has been increasingly important in the
fields ranging from disease diagnosis to food safety inspection." 2
Currently, the DNA amplification methods include traditional PCR-
based assays and emerging isothermal thermal amplification, such as
cross-priming isothermal amplification (CPA), loop-mediated
isothermal amplification (LAMP) and strand displacement
amplification (SDA).>* They have high amplification sensitivity and
production yield. But due to the high yield of amplicon, these
methods are faced with the problem of aerosol pollution seriously.

Moreover, for the detection of amplification products, traditional
methods based on real-time fluorescent quantitative detection need
to integrate optical equipment, which is not conductive to
implementation and miniaturization.> ® Therefore, some researchers
have been attempting to combine DNA amplification with many
other detection means, like colorimetric detection, turbidity and
electrochemical methods.®'® Our group has developed a Pi-based
colorimetric detection strip for DNA amplification. This technology
is based on the color change from colorless to blue instead of color
change from one to another, which made it more visible for naked
eyes than traditional colorimetric means."® Although to some extent,
these approaches simplified the requirements for detection device,
drawbacks still exist. For instance, some methods need uncapping
operation, which is prone to cause aerosol pollution. Also some
means are lack of detection sensitivity, causing the results difficult to
judge.

According to our knowledge, no research up to now has reported
on the DNA detection cartridge with portable and detection
specificity. Recently, lateral-flow dipstick (LFD) method is popular.
Its specificity is due to the design of capture probes and surface
interactions of targeted molecules (see the Supporting Information,
Figure S6).2%" But current LFD cartridges for amplicon detection
are complex, like commercial cartridge produced by Ustar Biotech
Co. Ltd. and cartridge designed by Angelika Niemz group.?®
Therefore, it is pressing to develop more simple and low cost
cartridges for DNA amplification coupled to LFD detection.

This journal is © The Royal Society of Chemistry 2012

Here, we described three convenient and simple cartridges, in
which both DNA amplification and detection can be conducted
without the operation of uncapping. After DNA amplification, with
only a simple reversed shake or gentle press, a visible readout can be
obtained directly.

Paraffin oil
Deionized water

Control line

Figure 1 The effect of oil sealing on LFD detection. a) Different
proportion of paraffin oil and deionized water. From left to right,
respectively 2.5:1, 2:1, 1.5:1 1:1 and 0.5:1. The water volumes were
all 25 pL. b) Visual results of LFD detection in 60 seconds.

For nucleic acid amplification and detection, once uncapping
operation is conducted, there would be aerosol contamination. It is
more serious in cross-priming isothermal amplification (CPA), in
which the amplification efficiency is much higher resulting larger
amounts of products.* With our cartridges, the whole operation was
cap-closed, which could avoid the contamination due to uncapping.

In our cartridges, oil sealing is needed to prevent water
evaporation during DNA amplification. But no literature up to now
has mentioned the impact of oil sealing on LFD detection. We have
investigated the influence of different oil volume for sealing. As
shown in figure 1, if oil was too much (image of the left two strips),
it would affect the movement of reaction solution along the LFD
strip. However, when reducing the quantity of oil, as the right two
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strips shown, the visual read-out would appear quickly and generate
deep color. It proved that appropriate quantity of oil would not affect
LFD detection. While, if the oil was too little, it would not cover the
reaction solution surface and fail to prevent evaporation. Before
large batches of real sample detection, we have also tested the effect
of sealing oil on reaction mixture detection after heating for an hour
at 63 ° C. The experimental results showed that, with the appropriate
quantity of oil sealing, test line and control line generated quickly
and clearly in positive samples, which verified the feasibility of oil
sealing for nucleic acid amplification and detection (data not shown).
For the appropriate volume of sealed oil, it should be as little as
possible and cover the solution surface simultaneously. In this assay,
the volume of sealing oil was 15 pL for real sample detection.
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Figure 2 The horizontal type cartridge. a) 2D sketch of the cartridge
structure: an interconnecting orifice (1) between the detection
container (2) and reaction tube (5), an end cap (3) and a cavity for
LFD strip (4). b) Cartridge for GM rice DNA detection. It contains
25 uL reaction mixture with 15 pL sealing paraffin oil in the reaction
tube before amplification. The inset close-up showed detection
results of no template control (left) and real sample of GM rice
containing T-Nos component (right) with initial template of 750
copies.

To avoid aerosol contamination caused by uncapping operation,
three types of disposable cartridges were designed. With our
cartridges, the whole operation was cap-closed. Theoretically, there
would be no aerosol contamination without the operation of
uncapping. In fact, after three months of specific nucleic acid
detection with the cartridges in our laboratory, there were no false
positive results (details can be seen in supporting information, figure
S5), which might prove the airtight property of our cartridges.

The cartridges were produced with 3D printing technology. Their
components were low-cost and made of photosensitive resin. After
printing, the components were polished with acetone vapor. For the
size of cartridges, the inner diameter and height of the reaction tube
were respectively 3 mm and 15 mm. In horizontal type cartridge, the
volume of LFD container was 50 mm x 2 mm x1 mm. Due to the
small size of cartridges, integration of amplification and detection, it
realized portable and miniaturization.

For the horizontal type cartridge, as shown in figure 2, it contains
only three parts, including a reaction tube, a detection container
(LFD container) on the top and an end cap (more details in
Supporting Information, Figure S1). Before DNA amplification,
LFD strip has been inserted to the LFD container and covered with
the end cap. Then, 25 pL prepared reaction solution is added to the
reaction tube with 15 pL paraffin oil sealing on the surface. The
cartridge is completely sealed after assembled. Next, DNA
amplification is carried out, like PCR or isothermal amplification.
When amplification reaction is completed, turn the cartridge upside
down and shake for several times. The reaction mixture will get in
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touch with the LFD. Then it will migrate along the strip based on
passive capillary action and produce a visual readout.** *>* All fluid
remains sealed within the cartridge, eliminating possible amplicon
carry-over contamination.

Besides the horizontal type cartridge, another LFD disposable
cartridge looks like “injector” has also been designed. This cartridge
consists of three parts including a reaction tube, a syringe outer tube
wall and a syringe piston (more details in Supporting Information,
Figure S3). LFD strip has been glued to the syringe piston.
Similarly, 25 pL DNA reaction mixture is prepared and added into
reaction tube with right amount of paraffin oil for sealing. Then,
assemble the cartridge and ensure it is fully sealed. During the
reaction process, the dipstick should be hanging over the reaction
mixture. After DNA amplification, press the syringe piston lightly
and let the end of dipstick immerse into the DNA reaction mixture.
According to the LFD detection theory (see the Supporting

Information, Figure S5), a visible readout will be obtained directly.*®
27,30-34
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Figure 3 The “injector” cartridge. a) Perspective of the cartridge
composition. 6, syringe piston; 7, small bulge for LFD strip gluing;
8, syringe outer tube wall; 9, reaction tube. b) Actual cartridge image
and close-up results of initial T-Nos templates of 750 copies (**)
with no template as control (*). ¢) Corresponding gel electrophoresis
image of amplicon products. The ladder size was 50 bp.

Both of the two cartridges are feasible for DNA detection. But
their operations are different, one is by the injection of LFD strip, the
other is to let the solution flow to the test strip by reversed shaking
operation. To test the performance of LFD cartridges, an isothermal
thermal amplification method of CPA was employed for DNA
detection.* ** In the CPA system, DNA amplification is conducted
through strand displacements reaction. It is catalyzed by strand
displacing DNA polymerase (Gsp Fast DNA polymerase) at a
constant temperature. Particularly, because of the structure of primer
sets, it will form intramolecular hairpin-like structures, which greatly
contribute to the isothermal displacement of strands.* *° The
practical sample was genetically modified (GM) rice Huahui 1
provided by Zhejiang Academy of Agricultural Sciences (Hangzhou,
China). The cartridges were tested with initial template of 750 copies.
The concentration of initial DNA template was estimated by
spectrophotometry. A set of primers were designed to target
Agrobacterium tumefaciens nopaline synthase terminator (T-Nos)
gene in GM rice.*® The primers comprised two displacement primers,
two cross primers and two detector primers designed by Ustar
Biotech Co., Ltd (see the Supporting Information, Figure S4).*® The
two detector primers were respectively labeled with fluorescein
isothiocyanate (FITC) and biotin at 5' end of the sequence. Then,
CPA reaction was carried out in assembled cartridges at 63 ° C for 60
min in a thermal block (MSC-100 Thermo shaker, Hangzhou
Allsheng Instruments CO. Ltd.,, Hangzhou, China). After
amplification, LFD detection was conducted in different operation as

This journal is © The Royal Society of Chemistry 2012
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mentioned above. The visual readouts were shown in figure 2b and
figure 3b. Then, the amplification products were also tested by gel
electrophoresis (details can be seen in Supporting Information). As
shown in figure 3c, the gel electrophoresis results were consistent
with that in figure 3b. According to the results, it proved that DNA
detection can be conducted in the two cartridges successfully
without uncapping process.

Furthermore, we have found that non-oil sealed cartridge can be
realized through reducing the interconnecting orifice between
reaction tube and detection container in horizontal type cartridge
(see the Supporting Information, Figure S2). Optimally, the shape of
the orifice is round and the diameter is around 1.5 mm. To test the
sensitivity of the cartridge, a batch of non-oil sealed cartridges were
respectively injected with 50 pL prepared identical mixture and
arranged to amplify simultaneously in a thermal block at 63 ° C with
no DNA template as control. The initial DNA template was 750
copies. Then, three replicates were carried out every time after
amplification for respectively 10 min, 20 min, 40 min, 60 min and
cooled in the refrigerator of 4 °C at the same time. After the whole
amplification, shake the cartridges and make comparison of the
detection results. As shown in figure 4, after amplification for 20
min, light positive readout was appeared. In comparison with
fluorescent amplification curve of 750 copies (green triangle) in
figure 5, we can see that the T-Nos gene can be detected by the non-
oil sealed cartridge as soon as amplification happened. This result
displayed the high sensitivity of the cartridge.
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Figure 4 Non-oil sealed LFD cartridge. a) Cross-sectional schematic
view of the cartridge. It is almost identical with the horizontal
cartridge except for the smaller orifice (10). b) Actual cartridge
image. Before DNA amplification, it contains 50 pL reaction
mixture in the reaction tube. The close-up showed cartridges for real
sample detection with initial template of 750 copies after
amplification for respectively 10 min, 20 min, 40 min, 60 min with
no template as control.

To further test the detection limitation of the cartridges, different
copies of initial DNA templates were used to carry out CPA reaction
in 63 °C for an hour with the three types of cartridges. SYTO 9-
based real-time fluorescent CPA was employed as control. (details
can be seen in Supporting Information). The experimental results
showed that after detection for real samples with initial templates of
15, 150, 750, 1500 copies, the detection limitation of the three
cartridges was all 150 copies, which was consistent with the results
of real-time florescent CPA. Representatively, figure 5 showed the
detection images of horizontal type cartridge for different initial
templates ranging from 15 copies to 1500 copies. From figure 5, we
could see that the cartridge detection results were consistent with
that of fluorescent detection and further identified the detection
reliability of the cartridges. Furthermore, from the melt curve in real-

This journal is © The Royal Society of Chemistry 2012
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time florescent CPA, the peak position was consistent in different
positive samples, which proved that there was no nonspecific
amplification and further verified the credibility of LFD cartridge
detection (details can be seen in supporting information, figure S5) .
Above all, the three cartridges were all feasible for DNA

detection. For the optimal parameter, after comparing, the horizontal
type cartridge was the best due to the reasons as following: 1) Oil
sealing avoided water evaporation in the reaction tube, which made
the amplification reaction be more completive. 2) Its operation was
really simple, with only a reversed shaking operation.

In addition, this method is good for qualitative DNA detection
because LFD has the advantage of high sensitivity and specificity.
Non-specific results can be avoided during visual read-out detection.
T-Nos gene can be tested once DNA is amplified, which shortens the
whole detection time by one third. Combining this property of LFD
with our enclosed cartridge, DNA can be tested specifically without
the generation of cross-contamination.
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Figure 5 Detection limitation of the horizontal type cartridge for T-
Nos detection with real-time fluorescent quantitative CPA as control.
The initial T-Nos templates were respectively: red square
(accordingly inset image 4), 1500 copies; green triangle (inset image
3), 750 copies; blue diamond (inset image 2), 150 copies; purple
diamond (inset image 1), 15 copies; orange diamond (overlapped
with purple diamond) (inset image 5), no template control.

In conclusion, the proposed cartridges have special advantages for
their enclosed and portable properties. Specific DNA detection can
be conducted with only a simple reversed shake or gentle press.
Additionally, these cartridges can be used for many DNA
amplification methods ranging from PCR-based assays to isothermal
amplifications. Combining these cartridges with portable heating
block, point-of-care detection can be achieved, especially in
resource-limited area.
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18 With the enclosed and portable LFD cartridge, GMO can be tested specifically
without the generation of cross-contamination.



