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Unlike previously reported manually operated slibased microfluidic systems that often require off-

chip sample preparation and external detection mesduhe present platform integrates automated DNA

extraction, thermally regulated LAMP amplificati@nd enclosed colorimetric readout within a sirtgeice.

This higher level of workflow integration, combinedith wireless monitoring capability, improves

operational consistency and suitability for decalited point-of-care testing. A detailed comparisath

previously reported portable nucleic acid detecptaiforms is provided in Table S1.

Table S1. A detailed comparison with Seok et &2@) Slider Cassette.

Feature

Seok et al. (2022) Slide
Cassette

r Typical Portable LAMP
Devices

This Work

Fluid actuation

Manual sliding

Manual pipetting or
capillary flow

Mechanically guided +
automated control

On-chip DNA extraction

Sample preparation Off-chip Often off-chip
(sealed)
. ) ) Wax-encapsulated
Reaction isolation Partially enclosed Tube-based
closed chamber
e Integrated temperature
Amplification control External heater External heyat

control module

Detection method

Fluorescence or extern

al Fluorescence or visua

Integrated paper-base
colorimetric readout

-

reader dyes _
(fuchsin)
. No optical
Optical components _ L
_ Yes (in many formats) Often yes excitation/detector
required
needed
. _ . Fully automated
User intervention Multiple manual steps Moderate
workflow
L Moderate (open Reduced via sealed
Contamination risk _ Moderate o
handling) fluidic path
. Wi-Fi remote
Connectivity Not reported Rare L
monitoring
) Automated POCT +
Intended use POCT molecular testing POCT

field surveillance
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A comprehensive table of reagents and hardwaredsepted in Table S2 to facilitate independent
replication of our study.

Table S2. Reagents and hardware

Category Item Source/Manufacturer
Department of Veterinary Medicine at Natiof
Biologicals | Vibrio vulnificus (Strains) Pingtung University of Science and Technolg

Pingtung, Taiwan
QIAamp DNA Mini QlAcube Kit QIAGEN N.V,, Hilden, &many

Reagents | Bst DNA polymerase (8 Wil) Eiken Chemical Co., Tokyo, Japan
2x LAMP Reaction Mix Eiken Chemical Co., Tokyopaa
Oligonucleotide Primers Protech Technology, Taipaiwan

Chemicals | Basic Fuchsin Dye Sigma-Aldrich, St. lsopilO, USA
Sodium Sulfite (Ng5Qs) Sigma-Aldrich, St. Louis, MO, USA
Hydrochloric Acid (HCI) Sigma-Aldrich, St. Loui$JO, USA
Paraffin Wax (m.p. 58-62°C) Sigma-Aldrich, St. i&uMO, USA

Hardware | NI myRIO-1900 Controller National Instrums Austin, TX, USA

NI-9211 (temperature input moduleNational Instruments, Austin, TX, USA
cDAQ-9171 (USB CompactDA(Q
chassis)
PMMA Sheets (2mm/3mm) Dcacrylic, Kaohsiung, Taiwan
TAS-G100EXD (Infrared therma
imaging analyzer)
FTA Cards GE Healthcare, Chicago, IL, USA
Filter Paper (Whatman® qualitatiy _ _

, Sigma-Aldrich, Burlington, MA, USA
filter paper, Grade 1, WHA1001090)

Electrophoresis System (Mifub
Cell GT System)

Certified Molecular Biology
Agarose

National Instruments, Austin, TX, USA

Nippon Avionics Co., Ltd., Tokyo, Japan

Bio-Rad Laboratories, Inc., Hercules, CA, USA

Bio-Rad Laboratories, Inc., Hercules, CA, USA
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To statistically determine the limit of detecti@mncentrations near the detection threshold atedes
three independent replicates. The LoD is definetth@$owest concentration yielding positive resints95%
of reactions. Using this criterion, 1.5 x 102 CFWiw established as the LoD of the S-LAMP device.

Table S3. Replicate analysis for LoD determination

Concentration (CFU/mL) Positive / 3 Replicates Detn Rate
1.5x16 3/3 100%
1.5x16¢ 3/3 100%
1.5x10 1/3 33%
Negative control 0/3 0%
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1. Theisolated process by wax

After adding the bacterial solution to the FTA caad extraction step is carried out for 30 minubaging
the extraction, the wax layer acts as a barrievden the DNA pretreatment zone and the water fatidn.
After extraction, the wax is heated and then melédidwing the FTA card and reagent filter papecoone
into contact with water, which initiates the amighition process. The isolated process by wax tedda the
PCR tube. First, 2pL of water is added to the test tube, and the wgdk to form a temporary layer that
prevents the water from mixing with the materiabab the wax. When the wax cools and solidifiesoronf
an insulation layer, gL of dye is added. The test tube is sealed at rneonperature for 30 minutes and then
at 65 °C for 1 hour. Figure S1(a) shows that the alyd the water are separated by the insulatiaan lzgfore
the wax melts, and are mixed after the wax mel& Wax insulation process is also verified in tihvdvA
reaction chamber with a diameter of 5.8 mm andpdhdef 4.5 mm. 2L of water and 3iL of dye are added
into the chamber and sealed with wax. Filter papgout onto the wax barrier. After keeping the room
temperature for 30 minutes, the reaction chip &dgebat 65 °C for 1 hour using a TEC. Figure Sfp(byents
the wax insulation, the filter paper falling intoetdye solution, and the dyeing filter paper imradri the
solution. Thus, the wax layer serves as an effediwnporary barrier, isolating the filter papemfrevater
during the extraction process. Upon heating, the malts, allowing contact between the FTA cardgesd
paper, and water, which initiates the amplificatmncess, as demonstrated in both PCR tubes andA°MM

reaction chambers.
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(b)
Figure S1. The tests of the isolated process by(ajgixside the PCR tube and (b) inside the miardit
chip, respectively.
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2. The colorimetric consequence of thefilter paper without target DNA in the microfluidic chip

The study utilizes cellulose filter paper to stale components for the LAMP and DNA detection,
including reagents, primers, dyes, and reducingtagdhe average pore size of the filter papebmiall
um (Whatman® qualitative filter paper, Grade 1, WHIA1090, Sigma-Aldrich, Burlington, Massachusetts,
USA). The size of the paper is set to 3 mm x 3 @millowing for easy fitting into a reaction chambathna
diameter of 5.8mm. The fuchsin dye is used to y¢hé presence of DNA in a sample solution, illatgd in
Figure S2(a). When N8Oz and HCI are added to a solution with fuchsin ftlelisin leucosulfonic acid forms,
and the red color from the fuchsin becomes colsrleewever, if the solution contains the DNA samite
HCI triggers the acid hydrolysis. This process gesnthe DNA into molecules with aldehyde groupscivh
prevents Nz50Oz from removing the red color. As a result, the cetbr remains visible when DNA is present,
but disappears when DNA is unavailable. This caloange makes it easy to express whether a sample
contains DNA. Figure S2(b) demonstrates the coletiim result of the filter paper without target DNA
piece of filter paper containing red fuchsin dyai[3of 1 mM solution) is placed in the chamber. Thitrg
paper changes color from red to white upon comtétitanother filter paper containing HCI and thdueing
agent, NaSQGs (2.6 uL of 6 mM). This study utilizes wax to separate finehsin and Na2S0O3 papers, and then
the two papers come into contact with each othemithe wax melts, resulting in a color change.rAr8 x
3 mm paper containing fuchsin dye is placed inrdaetion chamber, and 12:& of water is added. A wax
layer is placed over the water, and the immers@empia used as a barrier. After the-N@&; paper is put on
the wax layer, the TEC under the reaction chipowgred. Figure S2(c) demonstrates the wax meltsiag
the NaSQ; paper to fall into the reaction chamber and cam@ ¢ontact with the fuchsin paper and ultrapure
water. The Ng50s paper changes color due to the chemical readbandccurs in the solution. The above
experiments show that in the absence of DNA, therfpaper changes color from red to white due to a

chemical reaction between fuchsin,,N@&s, and HCI.
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(c)
Figure S2. (a) The DNA detection process schematic diagram with the fuchsin colorimetric change. (b) The
colorimetric result of the filter paper without target DNA. (¢) The colorimetric consequence of the filter
paper without target DNA in the microfluidic chip.
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The following experiments involve adding blankdilpaper (3 mm x 3 mm) to a PCR tube to conduct a
colorimetric reaction using N&0O; and fuchsin dye solution. Different molar ratidghe two substances are
prepared to observe the color changes on the agsrpFigure S3 indicates that the paper appeaksreld
without the NaSG;s solution. When the molar ratio of p80; to fuchsin in the test tube solution exceeds 2,

the solution becomes transparent.

prt |
Il

I

!

Figure S3. The colorimetric configurations of tteigus molar ratios of sodium sulfite/fuchsin.

Next, a small filter paper is immersed in a 33.3 BASO; solution. After washing, the papers are dried
at room temperature for oxidation at different tipggiods: 0, 15, 30, 45, and 60 minutes. Each qragebr is
placed in a PCR tube, and gb of ultrapure water is added to it. Different amtaiof a fuchsin dye solution
are added: 0, 4, or@ (with a concentration of 5.56 mM). Figure S4 itaties that the solution stays clear
without dye, and the paper remains white. AL4a noticeable color change appears on the papgr.8 uL,
the paper becomes darker. These color changesralar sregardless of the paper's drying time (froto 60
minutes). Since the color difference became appateful and above, 4L of dye solution was used to test

the results of a 60-minute LAMP amplification exipsznt.
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Figure S4. The colorimetric configuration of the>N@ filter paper involves several steps. First, a $mal
filter paper is immersed in a 33.3 mM 4$&%; solution. After immersing, the papers are driecbam
temperature for 0, 15, 30, 45, and 60 minutes. Eaield paper is then placed in a PCR tube, wherd 25
ultrapure water is added. Following this, varyimgaants of a fuchsin dye solution are added: Oy 8,14,
with a concentration of 5.56 mM.
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In addition, the experiment adds 250f ultrapure water and a piece of cellulose payg#r basic fuchsin
to a PCR tube. The volume of fuchsin, with a cotregion of 5.56 mM, is increased frompl to 3 pL.
Additionally, a test paper immersed in a 33.3 mM3& solution is dried at room temperature for 1 hour
before being added to the tube. As shown in Fi§&ehe solution with N&Oz paper undergoes a significant

color change before and after the addition of #s¢ paper, changing from dark red to pink.

Volume (L)

No NaSG; paper

With N&SGOs

paper

Figure S5. The colorimetric configurations of tHéRPtubes with 25L of ultrapure water and a piece of
cellulose paper with basic fuchsin.
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Furthermore, three cellulose papers are subseguemtiersed in the 2kt solution of fuchsin dye with
a stock concentration of 5.56 mM at volumes ot 12 uL, and 3uL, respectively. These test papers are dried
for one hour before proceeding with the followingeriments. The 33.3 mM MaGs cellulose papers are
also prepared, and the #}; papers after one hour of drying are placed inetlseparate chambers, each
containing 12.51L of ultrapure water. When the two types of tegbgya come into contact, the quinone
compounds from the fuchsin react, causing a cdiange from the original red to a light pink, aastrated

in Figure S6.

Fuchsin
1puL 2uL 3uL
Step

Add fuchsin paper and

water.

Add NaSO; paper

Wait

Detect visually

A

Figure S6. The colorimetric configurations of teaction chambers with 12u& of ultrapure water and a
piece of cellulose paper with basic fuchsin.
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3. The colorimetric consequence of the filter paper with target DNA in the microfluidic chip

A Vibrio vulnificus sample is subjected to LAMP at 65 °C for 1 hour. Figure S7 shows the colorimetric
comparisons of sample solutions containing DNA and those without DNA. No filter papers are utilized in the
experiments. As shown in Figure S7(a), HCI is added after amplification, and the heating is maintained for 5
minutes. Additionally, fuchsin dye and Na>SO; are added in sequence. The positive control tube, after
amplification, contains a large amount of DNA. When fuchsin dye is added, it stains the DNA red, and this
color remains unaffected by the Na>SOs solution. In contrast, the negative control tube does not contain the
target DNA, causing the color to revert to a light, transparent state after the addition of Na>SOs. In the chip
experiments shown in Figure S7(b), a mixture containing DNA and one without DNA is added to a reaction
chamber, along with 3 pL of fuchsin solution in the specified proportions. After LAMP, reducing agents
(Na2SOs3 and HCI) are added in sequence. The HCI solution initiates an acid hydrolysis reaction, preventing

Na2S03 from binding to the central carbon atom of fuchsin and thus successfully preserving its original color.

Reagent DNA Amplification HC1 Heating Fuchsin NaxSO;
solution (65 °C) (0.5 mM) (65 °C) (11.25mM) | (22.5 mM)
Positive 2L 1h 0.5 uL 5 mi 2L 2L
our . min

(23 uL) B H B n
Negative .

1 hour 5 min 2 uL 2 ulL
(23 uL)

<

Add HCI Add Fuchsin Add Na,S0O,

(a)
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Reagent DNA Fuchsin | Amplification NaSOs HCI Heating
solution (2 mMm) (65°C) (6 mM) (0.5 mMm) (65°C)
Positive 2uL 3uL 1 hour luL 0.5uL 5 min
(23uL) H " H =H
Negative )
0 3uL 1 hour lulL 0.5uL 5 min
(25uL)
4 N
xﬁ l /

(b)

Figure S7. The colorimetric comparisons of samplat®ns containing DNA and those without DNA. (a)
After amplification in the PCR tube, HCl is add&dichsin and Ng5Os are added in sequence after LAMP.
(b) A mixture containing a DNA solution and fuchsiye is added to a reaction chamber. After LAMP,
reducing agents (Na2S0O3 and HCI) are added in segque

This experiment involves DNA detection using tesgbgrs in a reaction chamber. Sample reagentst targe
DNA template, and blank papers are placed in aifspecder. The reaction temperature is maintaiae@5°C
for 1 hour. After amplification, HCI is added todrglyze the target DNA. Fuchsin dye is then introstlifor
staining. Finally, NeSGs is added to observe color changes in the solarahthe test papers. Figure S8(a)
displays the colorimetric results of two tubes: @nataining a positive control and the other withegative
control. After LAMP, fuchsin dye and N&GOs solution are added in a specific molar ratio. Aa@o of 3.4,
the test paper shows no color difference in the;thibwever, the solution has been reduced to a pink color.
Fuchsin dye is gradually added to adjust the m@to and observe the color changes at differeimsa
When the molar ratio reaches 2, a noticeable datiftlerence between the positive and negative ressilt
evident to the naked eye. Figure S8(b) demonsttageseactions in which primers, target DNA, andVLiA
reagent are added to the reaction chamber. AftéiRAhe target DNA is hydrolyzed with HCI, stainedh
fuchsin dye, and subsequently treated with9{ to induce observable color changes in both thetisol
and the test papers. The solution of the positidkreegative reactions is transparent and colodesfintrast,

the positive portion of the test paper remained pamd the negative reaction appeared white.
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Molar ratio of
Na>SOs/fuchsin 3.4 3.2 3 2.8

Molar ratio of
NazSOs/fuchsin

Reagent DNA Amplification HCI Heating Fuchsin NaxSOs
solution (65 °C) (0.5 mM) (65 °C) (5.56 mM) (33.3 mM)
Positive ne 1h 0.5 uL 5 mi 3L ms
our . min

(23 uL) H H H H
Negative .

0 1 hour 0.5 uL 5 min 3uL 1 uL
(23 pL)

N

Add Fuchsia Positive

%’-{-
<)
t\
kel

Add HCI Add Fuchsia Add Na,SO;,
(b)
Figure S8. The colorimetric results of two sample solutions: one containing a positive control and the other
with a negative control. (a) The influence of various molar ratios of Na>SOs/fuchsin on the color change of
the test papers. (b) The reactions in which primers, target DNA, and dye are added to the reaction chamber,
followed by LAMP. The target DNA is hydrolyzed with HCI, stained with fuchsin dye, and subsequently
treated with Na>SOs3 to induce observable color changes.

Negative
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Figure S9 involves adding test papers immersedsanaple mixture and a reduced mixture to a PCR
tube or a chamber chip, and then using the filtgreps for LAMP. First, by leveraging the test papability
to store liquids, the sample mixture papers coraddNA template and a primer set/fuchsin dye, wiiigas
the papers red, as shown in Figure S9(a). The papethen added to 1216 of ultrapure water and subjected
to a LAMP process using a commercial thermocydleen, test papers containingdS&s and HCl are added
and heated at that constant temperature for 5 esniihe color change of the papers is revealeasiipe
control reaction contains |- of target DNA template before amplification. AfteAMP, the papers display
a red color. A negative reaction with the DNA teatplresults in the paper turning a light pink. lgufe
S9(b), 12.5uL of ultrapure water is added to the chip reactibamber, and a test paper immersed in a DNA
solution is then placed in the chamber. The fumeti@ed filter papers are prepared by immersingn3 3
mm Whatman Grade 1 squares in either 5.56 mM lasisin or a mixture of 33.3 mM N&O; and 0.5 mM
HCI for 30 minutes. A primer set/fuchsin dye pageplaced in sequence. The test paper comes imtacto
with the fuchsin dye, becoming stained as a reblat, wax is dripped on the chamber to seal ie Ghip is
heated, and the wax is melted. The test papesasmabdved to the amplification region. Once the dingption
is finished, a test paper immersed in sodium su#itd hydrochloric acid is added and heated aC66r°5
minutes. The result shows that after amplificatitwe, test paper in the reaction chamber with DNAined
its red color. To ensure long-term chemical stgbdnd prevent the oxidation of the reducing agaihstrips

were stored in vacuum-sealed amber vials at 4°C.
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Add the sample mixture Add the reduction test
LAMP completed

Positive

Negative

Add DNA paper Add fuchsin paper Wax sealing.

Front side Back side

Figure S9. Adding test papers immersed in a sampleure and a reduced mixture to a reaction, aed th
using the filter papers for LAMP. The colorimetdetection inside (a) the PCR tube and (b) the i@act
chip.
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4. Thegel electrophoresisresults of thefilter paper with the target DNA extracted in the microfluidic
chip and amplified in the thermal cycler

To provide a laboratory reference for comparisamventional PCR was performed using the outer
LAMP primers F3 and B3 targetingibrio vulnificus (F3: 5-TCTTGAAGCCACTTATCGC-3 B3: 5'-
CAGCATCAACATCCAGTACA-3’). DNA extracted using thel®amp DNA Mini QlAcube Kit served as
the positive control. In parallel, bacterial suspens are applied to FTA cards and processed wgingn-
chip compatible washing protocol (3& wash buffer followed by 2L TE buffer) to obtain purified nucleic
acids. PCR reactions were carried out in a 50 Mture containing 25 pL of 2%aq Plus Master Mix, 1.5 pL
of each primer, 4 uL of DNA template, and ultrapweger to volume. Thermal cycling is conducted gghre
following program: initial denaturation at 94 °C for 4 min; 30 cycles of denaturation at 94 °C for 30 s,
annealing at 58 °C for 30 s, and extension at 72 °C for 40 s; followed by a final extension at 72 °C for 7 min.
Negative controls are prepared by replacing the OBplate with ultrapure water. PCR products are
analyzed by agarose gel electrophoresis and vimghlinder UV illumination.

The gel electrophoresis results are shown in Fi§d@ Lane 1 represents the negative PCR conttlol wi
no DNA template and shows no amplification banchd.2 corresponds to the positive control usingfieari
genomic DNA, which produced a clear amplicon barahes 3~14 show PCR products obtained from DNA
extracted using FTA cards under different washimggditions. Samples washed once (lanes 3-6), tyaceg
7-10), and three times (lanes 11-14) all yieldolesamplification bands when target DNA is presaiiiereas
negative control lanes (without template DNA) shawbands. These results indicate that even a sivegé
with 25 uL wash buffer followed by 2L TE buffer is sufficient to produce amplifiable BNrom the FTA
card. PCR was used here solely as a laboratomerefe method to verify the presence of the taggiance
in prepared samples. In contrast, the proposed BR.Aevice is designed as a rapid, portable, aricliment-

minimized alternative for point-of-care moleculatektion.

S-18



8. e lildalien) 2513 .04

Figure S10. The results of gel electrophoresisyaisbf the products. The first lane indicatesDiA
ladder. Results from the traditional extractiongkibw the products of negative and positive costool
lanes 1 and 2, respectively. Results from the Fdtaetion show negative controls on lanes 3 andd! a
positive controls on lanes 5 and 6 for washing ppositive controls on lanes 7~10 for washing twared a
positive control on lanes 11~14 for washing thiees.
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