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Abstract

Recent viral outbreaks have shown the need for reliable diagnostic platforms to rapidly detect
various viral and bacterial pathogens at the point-of-care. Over the last decade, isothermal nucleic
acid amplification methods have emerged as an appealing alternative to standardized polymerase
chain reaction (PCR) tests due to their high sensitivity, selectivity, low cost, and simple assay
setup. Virtually, all the nucleic acid testing platforms require a labor-intensive sample preparation
step, limiting the scalability and usability of recent alternatives. This article describes multiplexed
isothermal detection of respiratory viruses on a valve-free, autonomously loading microfluidic
platform—VirChip. We demonstrate that an optimized loop-mediated isothermal amplification
(LAMP) enables the simultaneous detection of SARS-CoV-2, Influenza A, Influenza B, and RSV
(A/B) with a limit of detection of 100 RNA copies per reaction. The platform is highly selective,
as no cross-reactivity amongst the targeted pathogens was observed in patient samples.
Furthermore, crude nasal swab samples can be directly applied to the chip, eliminating the
requirement for expensive and laborious RNA isolation and sample workup. VirChip facilitates
rapid, inexpensive, and multiplexed detection, allowing pathogen screening by primary care

providers not only in hospitals but also in resource-limited areas.
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Introduction

The Coronavirus pandemic has demonstrated a critical need to improve the ability to
control infectious disease outbreaks by rapidly identifying and isolating contagious individuals in
various settings. This challenge so far requires well-equipped testing facilities with highly trained
personnel. However, diagnostic testing in such facilities is expensive and time-consuming, and
often not available in resource-limited areas. The recent global spreading of HSN1 (“bird flu”) and
the possible transmission to humans further underlines these concerns.!

Whereas rapid antigen detection has seen tremendous development, its sensitivity remains
limited with nucleic acid detection being the superior standard. Laboratory-based nucleic acid
detection methods, such as polymerase chain reaction (PCR) and reverse-transcriptase polymerase
chain reaction (RT-PCR) have been developed and approved by the World Health Organization
and the Center for Disease Control for viral pathogen detection.>? However, most PCR-based
methods are time-consuming and require multiple RNA/DNA extraction and purification steps
prior to amplification, temperature cycling, special laboratory equipment, and trained personnel.
These requirements limit the application of PCR in point-of-care (PoC) settings. Since 2020, under
the pressure of the corona pandemic, several isothermal nucleic acid amplification tests (NAATS)

have been authorized by the U.S. Food and Drug Administration for emergency use in the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

laboratory and at the PoC. These tests offer high sensitivity and specificity based on PCR-like

nucleic acid detection while reducing sample preparation steps and the complexity of required

Open Access Article. Published on 01 October 2025. Downloaded on 10/14/2025 9:03:47 PM.

equipment.*-® However, despite poor accuracy compared to NAATS,” antigen tests were the most

(cc)

commonly used PoC tests for SARS-CoV-2 detection during the 2020-2023 pandemic, primarily
due to their low cost, short assay time, and ease of use.®"1° Therefore, further progress is needed to
develop PoC-NAAT diagnostic platforms with higher accuracy and comparable ease of use to
antigen tests.

Most PoC devices are engineered using paper, soft lithography, or 3D-printed microfluidic
platforms.'!? Microfluidic platforms enable rapid sample processing, amplification, multiplexing,
and pathogen detection in a streamlined manner while keeping the reagent costs low.!!13-15
Isothermal NAATS have several attractive features, including the ability to detect small numbers
of pathogens with high specificity at low cost, as well as the relative ease of assay set-up. The
introduction of isothermal amplification has made it easier to integrate NAATSs into PoC devices.

Various isothermal amplification methods, such as loop-mediated amplification (LAMP),!6:17
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recombinase polymerase amplification (RPA),'>!® NASBA, %% rolling circle amplification,?!-??
Cas-assisted detection,>?3?* riboswitches,>>-*¢ and transcription switches?’2° have been developed.
Among these, LAMP has been extensively investigated and adapted for commercial use in PoC
settings for several viral and bacterial pathogen detection.!”3032 LAMP employs strand
displacement polymerase and four to six target-specific primers. When used in combination with
a reverse transcriptase (RT-LAMP) it can be used to rapidly detect RNA viruses with comparable
clinical diagnostic accuracy to RT-PCR tests.33-3

Various PoC LAMP-based diagnostic platforms have recently been developed. Ganguli et
al. developed a three-dimensional cartridge and smartphone reader LAMP PoC device for the
detection of SARS-CoV-2.35 Despite the good limit of detection (LOD) of Orf 1a (500 copies/uL),
S and Orf8 (5,000 copies/uL), and N (50 copies/puL) genes in a 16 pL sample volume, the cartridge
design cannot be multiplexed to analyze various viral pathogens simultaneously, thus reducing the
clinical applicability of the platform. Lim et al. developed a PoC platform for the detection of early
B.1.1.7 variant strains of the SARS-CoV-2 virus.?® This approach focused on the binary detection
of the N-gene and S-gene to target regions of the virus sequence that are homologous and
conserved across SARS-CoV-2. Importantly, this device demonstrated the feasibility of
incorporating several variants on a single platform and the ability to differentiate between them if
suitable primers are designed. However, the platform still requires a lysis step, it cannot detect
multiple pathogens and requires pressure-driven flow (syringe/pumps). Most platforms rely on
auxiliary devices limiting their clinical acceptance over antigen tests.!'!-3¢ Continuous development
is required to find modular, adaptable, accurate, easy-to-manufacture, and user-friendly diagnostic
platforms that simultaneously eliminate the need for large laboratory-based auxiliary devices.

To avoid external application of pressure-driven flow, Soares and colleagues presented an
integrated centrifugal microfluidic platform prepacked with LAMP reagents.3” The design featured
radially arranged wells preloaded with LAMP reagents. By adding the patient sample to a central
inlet and rotating the platform, centrifugal force enables the distribution of the sample into these
wells. Renner et. al. developed an alternative degas-driven, self-loading polydimethylsiloxane
(PDMS)-based microfluidic platform for the detection of multiple emerging bacterial pathogens.!'4
The latter method provides a promising alternative to the sample-filling mechanism for multiplex

assays which requires little energy and can be applied in resource-limited environments.
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Here, we present a valve-free and pump-free microfluidic platform for multiplexed viral
pathogen detection using LAMP, which we call VirChip. Our results demonstrate that VirChip can
be used for simultaneous, sensitive, selective, rapid, and cost-effective detection of several highly
relevant viral respiratory pathogens (SARS-CoV-2, Influenza, and RSV), which typically cause
similar clinical symptoms. VirChip enables the use of lower temperatures and shorter sample
analysis times with comparable accuracy and sensitivity to standard laboratory tests.!0-38
Furthermore, we demonstrate clinical sample testing against multiple targets without extensive
sample purification steps. Lastly, the VirChip design is adaptable and can include numerous targets

in a single device (multiplexed), thereby increasing the versatility and diagnostic value of the chip.
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Experimental methods
Materials and reagents

All primers listed in Supplementary Table S1 were obtained from Integrated DNA Technologies
(IDT, Leuven, Belgium), diluted in nuclease-free water, and stored at -20°C. WarmStart LAMP
kit (DNA&RNA, E1700S), WarmStart RTx reverse transcriptase (M0380L, 15,000 U/mL),
WarmsStart Bst 2.0 polymerase (M0538S, 8,000 U/mL), LAMP Fluorescent dye (Cat. #B1700),
recombinant albumin (Cat. # B9200) and deoxynucleotide solution (ANTP, N0447S, 10.0 mM)
were obtained from New England Biolabs (Ipswich, MA, USA). TagMan Control Genomic DNA
(Human, 10 ng/uL) and betaine (Cat. # J77507) were obtained from Thermo Fisher Scientific
(Vilnius, Lithuania). D-(+)-trehalose dehydrate was purchased from Merck (Germany, Cat.
#90210), mineral oil from Carl Roth (Karlsruhe, Germany, Cat. #HP50.1), and EvaGreen® from
Jena Bioscience (Jena, Germany, Cat. # PCR-379). All other solutions were prepared using reagent
grade chemicals (Fisher Scientific, Waltham, MA), diluted with double deionized water (18.2
MQ-cm, Sartorius Arium Pro, Gottingen, Germany) to the intended concentration, and filtered
using 0.2 um membrane filter (Sartorius Arium Pro, Gottingen, Germany). Sylgard 184 elastomer
kit (Dow Corning Corp., Midland, MI, USA) was used for device layer fabrication. All chemicals

were used without further purification.
Microfluidic device fabrication and assembly

The overall device design is depicted in Figure 1. The two-layer master mold was fabricated using
a WMLA maskless mask aligner (Heidelberg Instruments, Germany) and previously reported
photolithographic techniques.’**° A more detailed procedure for master mold fabrication is
available in the SI (Figure S1). PDMS mold replicas were cast using a Sylgard 184 elastomer kit
(10:1 ratio polymer base: curing agent, respectively). The sample inlet was created using a 3.0 mm
diameter biopsy punch (Layer 2). VirChip base layer (Layer 1) contained 16 or 24 individual
microchambers, with average volumes of 1.25 pL and 1.65 pL, respectively. All microchambers
were interconnected by the main channel. Each microwell was filled with a reagent pellet (e.g.,
primer mix, unless specified otherwise in the experimental details) and freeze-dried before sealing
the top and base layers. Freeze drying of the primer mix on the base layer improves chip handling.
Freeze-drying conditions are summarized in Table S2. To improve the bonding of the two layers,

the top layer was placed and oxidized in a plasma cleaner (Harrick Plasma, Ithaca, NY) for 60 s.
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After assembly, the PDMS microfluidic chips were de-gassed in a vacuum chamber (Harrick,
Ithaca, NY) for 60 minutes. This degassing process is critical, as it enables the PDMS chips to
function as micropumps, facilitating the intake of the sample and oil phase.*! After degassing, the
chips are ready for immediate use or can be stored in airtight bags for future applications. To
introduce the sample into the chip, the vacuum bag is opened, and the samples are immediately
loaded into the sample inlet. Alternatively, the vacuum can be released by puncturing the airtight
pouch, followed by sample injection. The residual pressure differential within the chip ensures its
filling within approximately 15 minutes, depending on the size of the PDMS chip and the

dimensions of the channels and wells.

A) 16-well VirChip chip design

Reservoir for excess sample
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Figure 1. (A) Schematic of VirChip platform (16-well) design, general operating and readout of amplified
chips; (B) Image of 16-well VirChip filled with a blue food dye solution (for demonstration only); (C)

Exemplary fluorescence image of a SARS-CoV-2 analysis with viral RNA isothermal amplification.

LAMP assay
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All LAMP primer sets, and assay mixes used in this study were assembled in a PCR-UV?2 cabinet
(Analytik Jena, Germany). Before use, PCR-UV2 cabinet surfaces, racks, and pipettes were
cleaned with 10% bleach solution and RNaseZap™ RNase decontamination solution (Invitrogen,
#AM9780), followed by 70% ethanol, and a final UV treatment for 20 minutes. Assay reaction
mix and VirChip platform assembly in the PCR UV2 cabinet reduces the probability of cross-

contamination and obtaining false positive results.

RT-LAMP in reaction tubes (SARS-CoV-2). LAMP reaction mix containing a final concentration
of Tris-HCI1 (20 mM ), (NH4),SO4 (10 mM), KCI (50 mM), MgSO, (6 mM), Tween® 20 (0.1%),
dNTP mix (1.4 mM), WarmStart Bst 2.0 polymerase (0.032 U/uL), WarmStart RTx reverse
transcriptase (0.030 U/uL), betaine (10 mM), LAMP fluorescent dye (1 X ), and primers F3 (0.2
uM), B3 (0.2 uM), FIP (1.6 uM), BIP (1.6 uM), LF (0.4 uM) and LB (0.4 uM) was prepared in
DNA LoBind tubes (Eppendorf, 0.5 mL, Cat. # 30108035). The assay mix was split into wells
(9 pL per well) on a white qPCR plate (Sarstedt, #72.1981.232), and 1 pL of sample was added to
each well (final assay volume 10 uL). The qPCR plate was then immediately sealed and placed in
a real-time qPCR instrument (Bio-Rad, CFX96, FAM channel) at 65°C, and the plate was imaged

every minute for 60 min.

RT-LAMP in reaction tubes (Flu, RSV). To evaluate Influenza (Flu A/B) and RSV (A/B) primer
sets previously reported in the literature,!”324>4 we used commercially available NEB assay mix
and protocol given in Table S3. To test the FLU assay, the samples were FLU A (0.1 ng/uL), FLU
B (0.1 ng/uL), nuclease-free water, and Human Genomic DNA (HGD) (10 ng/uL). To test the
RSV assay, the samples were RSV A (0.1 ng/uL), RSV B (0.1 ng/uL), nuclease-free water, and
HGD (10 ng/uL). After adding the samples to the assay mixes, the plates were run on a real-time
qPCR instrument (Bio-Rad, CFX96, FAM channel) at 65°C for the required time with plate reads

in 1-minute cycles.

RT-LAMP on VirChip. LAMP-on-a-chip reaction mix containing final concentration of 20 mM
Tris-HCI1, 10 mM (NH4),SO4, 50 mM KCl, 6 mM MgSO,, 0.1% Tween® 20), ANTP mix (1.4
mM), WarmStart Bst 2.0 polymerase (0.032 U/uL), WarmStart RTx reverse transcriptase (0.030
U/uLl), bovine serum albumin (BSA, 0.01 pug/mL), betaine (10 mM), trehalose (7.5%), and
EvaGreen (1.0 mM) were prepared in DNA LoBind tubes (Table S4).

Page 8 of 29
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The on-chip experiments were conducted in the following order: (i) the fully assembled
microfluidic chips were de-gassed in a vacuum chamber for 60 min; (ii) meanwhile, the heat-
inactivated clinical samples were collected from a -80°C freezer and allowed to thaw at room
temperature; (ii1) the reaction mix was prepared in the UV cabinet. During the 20-minute UV
treatment, the reagents (except enzymes and aliquoted fluorescent dye) were allowed to thaw at
room temperature. The reaction mix was prepared in the UV cabinet in the order as shown in Table
S4. Finally, (iv) for on-chip amplification in a 16-well chip, 6 pL RNA sample, and for a 24-well
chip, a 12 pLL RNA sample were added to the respective reaction mixes. After vacuum treatment
of the chips, the reaction sample mix was quickly injected into the inlet port and allowed to fill the
chip for roughly 15 minutes. Then, mineral oil was pipetted onto the sample inlet, 20 pL for a 24-
well chip, or 10 pL for a 16-well chip, to seal the chip and the reaction chambers. The chips were
incubated on a hotplate (65°C for 55 minutes, followed by 80°C for 5 minutes) while covered with
aluminum foil to prevent dye bleaching. Lastly, the chips were removed from the hotplate and
imaged immediately using a Typhoon FLA 9500 scanner (GE), equipped with a blue Laser line
(excitation at 473 nm), BPB filter, 400 Volts setting, and a resolution of 50 um/pixel.

To evaluate the 24-well multiplex LAMP-on-a-chip, the chips were prefilled with the respective

primer mixes and freeze-dried. For these experiments, 108 uL RT-LAMP master mix (was mixed

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

with 12 uL volume of clinical samples: heat-inactivated positive patient samples (SARS-CoV-2),
RNA isolated from viral culture (FLU/RSV) or heat-inactivated negative patient sample (NTC).

Open Access Article. Published on 01 October 2025. Downloaded on 10/14/2025 9:03:47 PM.

SARS-CoV-2 clinical samples 1-7 were used in decreasing concentrations of viral RNA (C, range

15-21, Table S5).

(cc)

Samples

To conduct preliminary sensitivity and selectivity analysis of the LAMP primers towards the DNA
and RNA targets, a freshly prepared serial dilution in nuclease-free water of the N gene DNA
control plasmid and in vitro transcribed N gene RNA was used. To evaluate the assay specificity
towards different SARS-CoV-2 variants, viral RNA from lab-cultured SARS-CoV-2 B 1.1.7, B
1.177, B 1.119, B 1.258, B 1.525, and B 1.160 variants were used. The viral RNA from different
variants was added to the assay mix with a final concentration of 1,000 copies/uL. To evaluate the

performance of the N, Orflab, and E gene primer sets, a target concentration of 1,000 ¢/uL RNA
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(SARS-CoV-2 B.1.1.7) was used. Human genomic DNA (10 ng/uL) was used as a heat-inactivated
NTC and HGD control. Nuclease-free water was used as a negative control. All relevant sample
details, including RNA extraction and quantification kits, are summarized in Table S6-7. The
quantification of RNA samples conducted in the University Hospital Carl Gustav Carus (Dresden)
is shown in the supplementary Table S6. The viral RNA concentration in deidentified patient
samples (1-7) was predetermined using RT-PCR at the University Hospital and is summarized in

Table S5.

Clinical samples. All clinical samples were stored at -80°C in a biosafety level 3 laboratory. All
clinical samples were heat-inactivated, anonymized, and analyzed using RT-PCR (Exemplary
calibration curves used for quantification are depicted in Figure S3) at the University Clinic Carl

Gustavus Carus prior to analysis on VirChip.

Data processing and statistical analysis.

All fluorescence micrographs were obtained using the Typhoon FLA 9500 scanner (Sybr Green I
channel). All fluorescence micrographs were processed using Fiji.** The results were plotted using
GraphPad Prism 7 and Origin 2021 software. Fluorescence intensities used for quantification were
background subtracted using control wells (wells without primers) or negative control VirChip
(loaded with a sample without a target RNA) as a reference. Fluorescence intensity fold increase

Iw—Ip

(IFI) was calculated using the following equation IFI = with Iy, is fluorescence intensity

IWO_IB
in the target well after amplification, Iy, - fluorescence intensity prior to amplification in a
corresponding well, and I - background fluorescence intensity in control chip (without RNA) or

wells (without primers).

10
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Results
LAMP experiments in tubes

The reported SARS-CoV-2 viral loads in clinical samples range from 1 to 103 copies/uL, and in
nasopharyngeal swabs, from 10 to 103 copies/uL.3%% For clinical pathogen detection, at least two
regions must be targeted within the viral genome for specific identification. For SARS-CoV-2
LAMP assay development, we first tested primer sequences targeting the Orflab, N, and E genes.
These regions have been reported to be conserved domains and low mutation rates amongst
coronavirus sequences, making them promising targets for the detection of SARS-CoV-2.4246:47
Figure 2A and Figure S2 demonstrate a set of isothermal amplification curves obtained with a
custom LAMP assay master mix and target-specific N, Orflab, and E gene primers, in a small
reaction volume (10 uL). LAMP assay sensitivity comparison to the PCR is summarized in Figures
S3 and S4. The small volume was used to approximate the volume of a microfluidic well used in
the study. The primer sets for the Orflab (blue curve), and the N gene (orange curve) demonstrated
superior amplification speed. The primers for both were capable of detecting 1,000 copies/uL
within the first 15 min, while the E-gene (green curve) showed similar sensitivity at somewhat

longer amplification times (approximately 20 min). Furthermore, we could successfully detect 100

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

copies/uL. of RNA targeting both genes within 20 min (Figure 2B, C). For some instances, we
were able to detect ~10 copies/puL. of RNA within 20 minutes (Figure 2B, C). We observed that

the detection times varied significantly at those lower RNA concentrations with primers for Orflab

Open Access Article. Published on 01 October 2025. Downloaded on 10/14/2025 9:03:47 PM.

being able to perform even at very low RNA concentrations (~1-10 copies/uL). The variation in

(cc)

detection times for RNA concentrations can be attributed to the low reaction volume and the
reduced probability of the viral RNA being present. Commercial companies circumvent this issue
by performing LAMP diagnostics with higher volumes, thereby increasing the cost of the
diagnostic test. For example, the ID NOW assay (Abbott) uses a 200 pL reaction volume, which
is 20 times larger than our LAMP tube experiment.

We then tested the SARS-CoV-2 variants B 1.1.7, B 1.177, B 1.119, B 1.258, B 1.525, and
B 1.160, targeting the N gene to ensure that assay performance is not reduced by the most common
viral mutations. Figure S5 shows isothermal amplification results using purified viral RNA
samples. The viral RNA concentration in these samples was 1,000 copies/pL, corresponding to Cg

values obtained from RT-PCR control experiments of 23 £ 0.3 cycles (Figures S6). All tested

11
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viral samples were amplified within the first 15 minutes, and no significant differences in the
amplification times were observed. These results further confirmed the suitability of the selected
primers and LAMP assay for on-chip pathogen detection. On the basis of these results, we selected

the N and Orflab genes as target genes for further assay evaluation and on-chip detection.

A 4 L I L B 1 il ! L L C L ! 1 1 !
) a B.1.1.7: 1,000 copies/uL ) c A0 B.1.1.7: Orfiab gene ) c a0 B.1.1.7: N gene
'E 50 - - 'E 50
5 Orflab ( N gene 3 E
< 4x10* 1 - @ 40 F+ D 40 , -
£ E
= = 30 — = 304 -
2 s &
B 2x10* 1 - g 20 e | 5 20
= L — Lo
8 10 1 = & r 8 10
0 7 T — tl_GMf - O T T T T T 0 T T T T T
0 10 20 30 SN FH A
> S O QS N N N
Time (min) TN &R

RNA concentration (copies/uL) RNA concentration (copies/pL)

Figure 2. Performance of different SARS-CoV-2-specific LAMP assays using viral RNA in tube reaction
with reduced reaction volume. (A) LAMP assay amplification curve comparing three different primer sets
targeting Orflab, N, and E genes of the B.1.1.7-derived RNA (1,000 copies/uL) at 65°C in a 10uL reaction
volume. (B) Sensitivity assay towards the Orflab gene (n=11) and (C) Sensitivity assay towards the N gene
(n=7). Data represents the compilation of results from multiple independent experiments conducted on

separate days as indicated by n.

Clinical samples are usually collected in lytic or non-lytic viral transport mediums (VTMs),
as dictated by hospital procedures. Due to this, sample pretreatment and purification often limit
the capabilities of PoC assays and the streamlining of nucleic acid amplification on microfluidic
platforms. Samples must first be extracted and purified prior to PCR amplification, and even minor
deviations from the reaction master mix composition can lead to false negative results. In contrast,
LAMP assays have shown good results in the amplification of crude samples, without the need of
extensive sample pretreatment. A key advantage of LAMP is its tolerance to inhibitors. The most
commonly used viral transport and storage media for clinical samples were tested to determine the
maximum tolerance level for the addition of crude sample to the assay master mix. Our results
demonstrate that a content of up to 10% (v/v) crude sample in eSwab (Copan) and CitoSwab
(Citotest Scientific), both being non-lytic VIMs does not significantly diminish the assay
performance (Figures S7 and S8). Biocomma VTM (biocomma Limited), on the other hand,

showed a notable decrease in performance at higher concentrations, and the addition of DNA/RNA
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collection buffer (DNA/RNA Shield Collection tube w/Swab, ZymoResearch) completely
inhibited the amplification reaction (Figure S7). We attributed this to the lytic nature of the
respective VIMs. Clinical samples submitted for testing used in this study were therefore
preserved with CitoSwab VTM at the point of sample collection. Furthermore, a 10-fold dilution
would also reduce the sample viscosity, and the inhibition caused due to mucins, nucleases, and
salts, ensuring assay sensitivity. It is important to note that in a PoC setting, no viral transport or
storage media would be required for sample preservation, as the swabs would be processed and

analyzed immediately after sample collection.

LAMP experiments in 16-well microfluidic chips

Microfluidic platforms designed for diagnostic and commercialization purposes require internal
controls to be incorporated on the same chip. We designed the VirChip PDMS base layer with 16
wells to include triplicates of each target alongside the control wells. In this platform, each well is
considered as an independent reaction chamber with a total volume of 1.25 pL. To initially
compare the performance of our in-tube LAMP assay with the 16-well microfluidic platform, we

first loaded three sets of four wells each with a 1.25 pL solution of master mix containing N, E,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

and Orflab primers. The four wells closest to the sample inlet were not loaded with primers and

master mix and served as internal controls. The position of the control wells near the inlet reduces

Open Access Article. Published on 01 October 2025. Downloaded on 10/14/2025 9:03:47 PM.

the risk of cross-contamination. Secondly, the PDMS base layer was freeze-dried for 6 hours,

(cc)

sealed, and degassed for one hour in a vacuum chamber according to the procedure described in
the Methods section. To stabilize the reagent pellet during drying and to reduce the adsorption of
reagent to the PDMS walls, 7.5% trehalose and 0.05 pg/uL BSA were added to the master mix (SI
Figure S9).4850 Then, a purified SARS-CoV-2 RNA sample (100,000 copies/uL) in nuclease-free
water was introduced into the microfluidic chip, followed by PCR mineral oil (10 pL) to seal each
well. Finally, the 16-well chip was incubated at 65°C, and fluorescence images were recorded at
different time points for up to 60 min. Figure 1C shows an exemplary fluorescence image of a 16-
well microfluidic chip after 45 min of incubation at 65°C. We observed a 4- to 6-fold increase in
fluorescence in the target wells for the E, Orflab, and N genes compared to the control wells. In
particular, the N and Orflab wells showed an approximately 5-fold increase within 30 minutes of

incubation (4.9+0.2 and 4.5+0.3, respectively) (Figures 3C, D and S10). These results were in
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good agreement with those obtained in small reaction volumes in tubes. Furthermore, we
confirmed that the interface of oil/air/water remained intact before and after incubation (Figure
S11), ensuring no crosstalk between the wells. To ensure amplification of samples with low viral
loads, a 60 min incubation time was used for all further on-chip experiments. The fluorescence
intensity after 60 min was used as the endpoint of the assay for quantification in subsequent

experiments.

Next, we investigated the specificity of the assay for the target virus by incorporating non-
specific primer sets on-chip. For this purpose, Influenza A/B primer sets were used as non-specific
primers. The suitability of Influenza A/B primers was confirmed by LAMP experiments in tubes
as described above (Figure S12). No cross-reactivity with SARS-CoV-2 was observed. However,
on-chip, the dye (NEB, LAMP Fluorescent Dye, #1700S) intercalated with the primers present in
the wells, leading to an increase in the fluorescence intensity in the corresponding wells. To avoid
false positive results in the following experiments and to improve the signal-to-noise ratio, we
investigated the suitability of other intercalating dyes for on-chip quantification. DNA
intercalating dyes QuantiFluor dsDNA dye, SYTO 9, EvaGreen, and SYBR Green I have
previously been used in PoC-applications with relatively good results and were therefore selected
for this study.’!’> We tested different dye concentrations to evaluate the inhibitory effects on the
LAMP reaction (up to 1 uM) for the amplification of SARS-CoV-2 viral RNA (for the N gene
target). SYTO 9 showed no inhibitory effects on the LAMP reaction, and EvaGreen showed minor
effects with an improved signal-to-noise ratio compared to SYTO 9 (Figure S13). On the other
hand, Quant Fluor dsDNA dye and SYBR Green I showed strong inhibitory effects on the
amplification (Figure S13). For further on-chip experiments, we selected EvaGreen as the most

suitable dye due to its good signal-to-noise ratio and commercial availability.

The 16-well multiplex chip was used to investigate the specificity and selectivity of the
selected primers to distinguish between SARS-CoV-2 and Influenza A/B. An exemplary
fluorescence image of a microfluidic chip obtained after incubation at 65°C for 60 min is shown
in Figure 3A. A similar set-up chip loaded with nuclease-free water was used as a negative control
(Figure S14). We observed an up to 13-fold increase in the fluorescence intensity in wells with
the target-specific primer sets (Orflab and N genes, Figure 3B). No significant fluorescence

increase was detected in the wells pre-loaded with Influenza A/B specific primer sets or in the
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control wells (no LAMP primers present) (Figure 3B, S15). Additionally, we conducted
experiments with different concentrations of SARS-CoV-2 RNA ranging from 10 to 100,000
copies/uL. and analyzed the increase in fluorescence compared to the control well intensity. The
data revealed that multiplex LAMP-on-a-chip is highly specific. We found that higher RNA
concentration solutions (1,000 — 100,000 copies/uL) showed on average an 4- to 13-fold increase
in the target-specific wells, while lower RNA concentration solutions (100 copies/uL) resulted in

a 2- to 10-fold fluorescence change (Figure 3C, D).
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Figure 3. Performance of the 16-well SARS-CoV-2 multiplex LAMP-on-a-chip. (A) Fluorescence image
of a 16-well multiplex chip prefilled with primers specific to Influenza A/B (FluA and FluB), alongside
Orflab gene and N gene targets of SARS-CoV-2. RNA concentration 10,000 copies/pL, 65°C, 60 min. (B)
Data analysis from 16-well chips prefilled with Flu A, Flu B, Orflab and N gene targets subjected to 10,000
copies/pL of RNA (*C- NTC, SARS-CoV-2, Orflab, FLU A- Influenza A, FLU B- Influenza B). The chips

were incubated at 65°C for 1 hour. Each point represents the data collected from one well. Sensitivity of
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16-well chips for the detection of (C) the Orflab and (D) the N gene targets of SARS-CoV-2 when loaded
with SARS-CoV-2 RNA with different concentrations. Data represents the compilation of results from

multiple independent experiments conducted on separate days as indicated by n: n > 3.
LAMP experiments in 24-well microfluidic chips

To demonstrate the clinical value and adaptability of our platform, we designed and fabricated a
24-well microfluidic chip to accommodate wells for a larger number of respiratory pathogens
(Figures 4A and S1b). The 24-well chip contained a negative control (no primers) and a positive
control (human B-actin, HGD), alongside three wells for each target viral pathogen: Influenza A,
Influenza B, SARS-CoV-2, RSV A, and RSV B. We identified previously published primer sets
for Influenza A/B and RSV A/B. These specific primers were tested before being incorporated into
the microfluidic chip. The detailed procedure for fabricating the device and the results of the primer

testing in tubes are summarized in the SI.

Given the use of non-lytic VIM, we also evaluated whether an additional chemical lysis
step after heat-inactivation of sample could improve the sensitivity of SARS-CoV-2 detection.
Hence, we performed a SARS-CoV-2 wviral lysis experiment by adding tris(2-
carboxyethyl)phosphine (TCEP, 10 mM) to the nasal swab VTM and incubating it for different
time points (up to 30 min)33. The experimental results showed that the addition of lysis reagent to
the heat-inactivated sample is not necessary, and that the crude sample can be injected into the
chip without further purification or lysis step (Figure S18). This finding contrasts with previous
reports34, likely due to our heat-inactivation protocol and the use of LAMP, which operates at

elevated temperatures (65 °C), potentially aiding additional viral lysis during amplification.

We used spiked-in RNA VTM samples of purified RSV A and Influenza A/B (Flu A/B) to
test the performance of the 24-well chip setup in identifying Influenza and RSV. The mean
concentration of Influenza viral RNA in nasal swabs (clinical samples) is ~10° copies/mL,> while
the concentration of RSV viral load in clinical samples can vary considerably, ranging from ~10°
to 10'° copies/mL.>>>3 To evaluate VirChip performance, we used a 0.1 ng/uL viral RNA
concentration (~20,000 copies/uL) to mimic the viral load of clinical samples. Typical examples
of fluorescence images obtained after chip incubation with the corresponding viral pathogen
sample are shown in Figure S16. The assay performed with samples spiked with Flu A/B and RSV

RNA showed at least a fourfold increase in fluorescence for these sample wells (Figure 4B).
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Furthermore, no significant increase in fluorescence was observed in the RSV B wells in the
absence of RNA, confirming the specificity of the LAMP primer sets (Figure S17). Our results

indicate that the multiplex chips exhibit little or no cross-target amplification (Figure 4C).

Finally, we tested the 24-well platform (Figure S1b) with crude, heat-inactivated SARS-
CoV-2 patient samples, and spiked-in RNA VTM samples for RSV and Flu. An exemplary
fluorescence image of a 24-well chip after amplification with a patient sample is shown in Figure
4A and Figure S19. Analysis of the SARS-CoV-2 patient samples demonstrated an increase in
fluorescence intensity in target-specific N and Orflab, as well as in the HGD (Figure 4B). In both
Orflab and N gene detection assays, on average a 4—8-fold increase in fluorescence was observed
in the wells (Figure 4B). Analysis of the collected clinical patient samples showed that the detected
fluorescence fold changes in the VirChip corresponded fairly well with the qPCR analysis (Table
S5). Quantified fluorescence fold increase from individual runs is summarized in Figure S20. Of
the samples tested, only the Covid S5 sample showed no increase in fluorescence in the
corresponding wells. Visual inspection of this sample revealed a distinct color change (pale to
yellow), which differed substantially from the pale appearance of other patient samples obtained
from the clinic. This indicated a pH shift, which could be due to microbial contamination, improper

transfer or storage of the patient sample, thereby compromising the sample’s quality. Notably, all

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

other samples performed as expected, confirming that VirChip reliably detects positives when the

sample quality is preserved. It is expected that direct injection at the point of sample collection

Open Access Article. Published on 01 October 2025. Downloaded on 10/14/2025 9:03:47 PM.

would limit the possibility of sample degradation or contamination during storage or transport. We

(cc)

further confirmed the platform using negative patient samples (no viral pathogens present), and no
significant amplification was observed (Figure S20). Altogether, VirChip allows for the precise
detection of infected patients and to distinguish SARS-CoV-2 from RSV A and Influenza A and
B (Figure 4C).
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Figure 4. Performance of the 24-well SARS-CoV-2 multiplex LAMP-on-a-chip using crude patient
samples. (A) Fluorescence image of a 24-well multiplex chip prefilled with primer mixes specific to Flu
A/B, RSV A/B, no primer- C, human B-actin- HGD, Orflab and N gene targets of SARS-CoV-2. Clinical
SARS-CoV-2 sample, 65°C, 60 min. Other fluorescence images in Figure S19. (B) Representative data
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from multiplex chip experiments show the increase in fluorescence in different wells after heat-inactivated
SARS-CoV-2, and spiked-in RSV A, FLU A, and FLU B samples (indicated by #) incubation on chip. n=3.
(C) Fluorescence fold increase with different clinical samples used for VirChip testing. The wells in color

denote the wells expected to show an increase in fluorescence.
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Conclusions

We have developed a new diagnostic platform, VirChip, to detect various viral pathogens at the
point of care. VirChip is a multiplex LAMP-based isothermal amplification platform that can
detect multiple pathogens simultaneously with good specificity and sensitivity. Proof-of-concept
experiments demonstrate that VirChip can be used to analyze crude viral samples without
extensive sample purification. Furthermore, the platform can be easily adapted to incorporate
additional targets based on emerging clinical needs, e.g., combining the detection of viral with

bacterial and fungal pathogens.

Future developments steps for the field-deployable VirChip could include strategies for
freeze-drying all reagents in the device by using alternative materials®®, coatings®® or passivation
strategies to reduce reagent loss and background signal. Alternatively, lyophilized enzyme pellets
could be stored in an upstream chamber that mixes with the sample upon loading, or a hybrid chip
made of plastic and PDMS parts could be produced, in which critical reagents are lyophilized in a
plastic insert or blister pack that interfaces with the PDMS chip®®. We also explored sample pre-
treatment strategies using TCEP as a chemical lysis reagent, which had no significant effect on the
amplification of heat-inactivated COVID-19 samples. Chemical additives such as TCEP may
nevertheless be beneficial in settings where nucleases are not completely inactivated by freeze-
thaw cycles. Future work will optimize sample pretreatment for other pathogens and clinical
sample types, and further investigate different methods of sample processing. In an ideal scenario,
it might be possible to develop optimized buffers compatible with VirChip, which is a common
practice amongst PoC tests. At this stage of the development, we closed the device by adding small
amounts of mineral oil to avoid cross-contaminations between different pathogen wells. Being

impractical in field operations, we anticipate that an air barrier will be a sufficient sealant.

We are currently working on the development of a fully integrated mobile device for
multiplexed detection. The strength of our system is that it avoids costly components like pumps
or valves, which in turn keep the instrument design simple. We estimated the material cost per
chip to be roughly 4 USD at a small batch scale (Supplementary Table S8). Our current benchtop
setup uses a hot plate and a laboratory fluorescence imager, but we envision a more compact and
low-cost integrated device for field use. For example, a simple Peltier heater combined with an

LED excitation source and photodiode or camera for fluorescence detection could be engineered
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for real-time measurements in a portable format®!-¢2, A simple integrated reader, could be produced
at scale on the order of a few hundred USD (Supplementary Table S9, and used to simultaneously
read multiple VirChip devices at an amplification end-point. With the current setup, VirChip will
allow for on-site (patient-visit) rapid parallel detection of viral and bacterial pathogens, as well as
in emergency room settings, to dramatically reduce the detection time of currently available
technologies and to quickly isolate contagious patients. This simple, robust, and easy-to-use
platform should enable a swift integration and will therefore simplify the workflow of emergency

rooms.
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