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Abstract

Lateral flow rapid diagnostic tests (RDTs, RTs) are cost-effective with low infrastructure

requirements for limited-resource settings, and in any setting can represent a bridge

between early disease monitoring at outbreak onset and fully-scaled molecular testing for

human or animal diseases. However, the potential of RTs to handle higher throughput test-

ing is hampered by the need for manual processing. Here we review dengue virus and Afri-

can swine fever virus rapid tests, and present a novel protocol that employs an open-source

fluid handler to automate the execution of up to 42 RTs per run. A publicly accessible web-

site, rtWIZARD.lji.org, provides printouts for correctly spacing cassettes, worksheets for

sample organization, and test-specific fluid handler protocols to accurately deliver samples

from a 48-tube rack to each cassette’s sample and running buffer wells. An optional QR-

coded sheet allows for de-identified sample-to-result traceability by producing a unique

printable label for each cassette, enabling results to be entered via a scanner. This work

describes a highly cost-effective model for increasing outbreak diagnostic efficiency and of

increasing RT throughput for other applications including workplace testing, food safety,

environmental testing, and defense applications.

Introduction

From a One Health perspective, the period from 2018 to the present has culminated in ongo-

ing simultaneous, millions-scale outbreaks of four seemingly unrelated viral diseases: a novel

genotype of African Swine Fever Virus (ASFV), a double-stranded DNA virus spread by

fomites and the sole member of family Asfarviridae, was detected in August 2018 and has

since resulted in the loss of over 40 million swine in Eurasian countries [1, 2]. Dengue virus

(DENV), a mosquito-borne single (+) stranded RNA virus in family Flaviviridae, has been

known to circulate through tropical and sub-tropical regions since its discovery in 1943 with a

cycle period of approximately 3–5 years. However, in 2019 a massive outbreak in southeast
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Asia saw case numbers jump by 46% compared to 2015 [3], and globally it is estimated that

over 9.5 million people were infected with DENV from 2019–2022 [4]. These case numbers do

not account for the current unprecedented DENV outbreak in the Americas, which has

resulted in over 4.6 infections in 2023 and 9.7 million infections the first half of 2024 alone [5,

6]. The H5N1 highly pathogenic avian influenza virus, a single (-) stranded RNA virus belong-

ing to family Orthomyxoviridae, emerged in wild birds in 2020 and has since resulted in the

culling of over 130 million poultry [7, 8]. The H5N1 virus has also been shown to infect over

30 species of mammals including humans [9–11]. Fourthly, severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2), a single (+) stranded RNA virus belonging to family Coronaviri-

dae, was first detected in December 2019 and has tragically caused the death of close to 7 mil-

lion people [12]. SARS-CoV-2 also infects dozens of mammalian species [13].

From an economic perspective, although comprehensive data on the global economic

impacts of these simultaneous outbreaks are not available, limited data indicate massive

impacts. For example, it is estimated that the ASFV outbreak in China has resulted in a 1.4% to

2.07% decline in the country’s GDP of $17tn [2]. In 2016 it was estimated that the total annual

global cost resulting from dengue illness was $8.9bn [14]. United States losses from the H5N1

outbreak in 2022 were estimated at over $2bn [15, 16]. These losses include the depopulation

of over 43 million egg-laying hens, resulting in a 210% year-over-year increase in egg prices by

the end of 2022 [17]. Finally, the most recent estimates indicate that at the end of 2023, the

COVID-19 pandemic resulted in $14tn worth of losses for the US economy [18–20].

For many countries, the COVID-19 pandemic was a stark reminder that management and

measurement of infectious disease outbreaks is entirely dependent on diagnostic testing [21].

Reverse-transcription quantitative polymerase chain reaction (RT-qPCR) remains the gold

standard for infectious agent identification, and COVID-19 has fueled a next generation digital

PCR revolution [22]. However, 18 years ago Yager et al. insightfully remarked that these gold

standard tests, despite their usefulness, “were designed for air-conditioned laboratories, refrig-

erated storage of chemicals, a constant supply of calibrators and reagents, stable electrical

power, highly trained personnel and rapid transportation of samples” [23]. Ironically, the

countries and settings which stand to be the most impacted by infectious disease outbreaks are

often the same areas which possess the least resources to test for infectious disease [24]. While

each low diagnostic resource setting results from its own unique combination of contributing

factors including laboratory infrastructure, distance to laboratory, equipment, personnel, and

regulatory restrictions, the final measure of diagnostic efficacy in any setting can be described

in just eight words: turnaround time for a quality and affordable test [25].

Lateral flow rapid diagnostic tests (RDTs, RTs) are cost-effective with low infrastructure

requirements for low-resource settings, and in any setting can represent a bridge between out-

break onset and fully-scaled molecular testing for human or animal diseases. RTs are also uti-

lized for other applications including workplace testing [26], food safety [27, 28],

environmental testing [29–33], and defense applications [34]. However, the potential of RTs to

handle higher throughput testing is hampered by the need for manual processing. Here we

present a novel rtWIZARD protocol that employs an open-source fluid handler to automate

the execution of 42 RTs from blood samples in 1.1ml or 2ml tubes. To demonstrate the rele-

vance of the protocol to RTs in current utilization, we first review RTs for DENV and ASFV

evaluated by the World Health Organization and the World Organisation for Animal Health,

respectively. Protocol users download fluid handler scripts, printouts for correctly spacing cas-

settes, and optional printable QR-coded labels from a publicly accessible website, rtWIZARD.

lji.org. QR codes can ensure de-identified sample-to-result traceability and enable results to be

entered via a scanner. This work presents a model and protocol for automated performance of

RTs.
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Dengue virus rapid tests

Most RTs for DENV target IgM and IgG against DENV nonstructural protein 1 (NS1). It

should be noted that there are four serotypes of DENV, and that assay performance varies with

outbreak serotype [35–40]. In 2009 the World Health Organization (WHO) reviewed three

commercially available DENV antibody RTs [41], and a summary of these tests is provided in

Table 1 [42, 43]. A 2018 study indicates that the WHO has approved the use of a DENV NS1

antigen RT for diagnosis of DENV [44], but we are unable to confirm this statement [45]. No

RTs were listed in the 2024 update of the WHO Prequalified In Vitro Diagnostics test list [46].

In 2018 the US Food and Drug Administration (FDA) cleared the InBios DENV DetectTM

NS1 ELISA Kit [45]. InBios also produces the Dengue NS1 Detect Rapid Test, but this strip

test (without cassette) is not FDA cleared. In 2021, the United States Centers for Disease Con-

trol and Prevention (USCDC) adopted the CTK BIOTECH OnSite Dengue IgG Rapid Test as

part of a two-test protocol to determine convalescence from prior DENV infection [47]; infor-

mation on this test is also provided in Table 1. It should be noted that the OnSite Dengue IgG

Rapid Test is a different test with differing performance characteristics from the OnSite Den-

gue IgG/IgM Combo Rapid Test. Overall, there is no RT for diagnosis of acute DENV infec-

tion authorized by the USCDC or the European Centre for Disease Prevention and Control.

While there are several conformité européenne(c�)-marked tests for DENV, c� marking is not

an indicator of regulatory approval or test quality.

African swine fever rapid tests

At the time of this publication, there is no RT for ASFV approved by the United States Depart-

ment of Agriculture or European Union Reference Laboratory for ASF. In 2022 the World

Organisation for Animal Health (OIE) reviewed three RTs for ASFV antigen testing and three

RTs for ASFV antibody testing [48]. While no RTs are listed for diagnostic use in OIE’s Terres-
trial Manual [49], the OIE review acknowledged that point of care tests “are a very useful

adjunct to, but not a replacement for, laboratory testing in ASFV disease control programmes”

[48]. A list of the ASFV antigen and antibody tests reviewed by OIE is provided in Table 2

[50–53].

Table 1. Select rapid tests for DENV infection [41].

Test name Catalog

no.

Manufacturer Country Target Specimen

type(s)

Storage Testing

time

Sensitivity Specificity Lysis

step?

Running

buffer

rtWIZARD

compatible?

Refs.

Panbio

Dengue Duo

Cassette

01PF10 Abbott Australia IgM and

IgG

against

NS1

Whole

blood,

plasma,

serum

2-30 C 15min 77.80% 90.60% No 2 drops Yes 41

Bioline

Dengue IgG/

IgM

11FK10 Abbott S. Korea IgM and

IgG

against E

protein

antigen

Plasma,

serum

1-30 C 15-

20min

60.90% 90.00% No 4 drops Yes 41

Dengucheck-

WB

NA Zephyr

Biomedicals

India IgM and

IgG

against

NS1

Whole

blood,

plasma,

serum

4-30 C 15min 20.50% 86.70% No 5 drops Yes 41

OnSite

Dengue IgG

Rapid Test

NA CTK

BIOTECH

USA IgG

against

envelope

antigens

from

DENV1-4

Whole

blood,

plasma,

serum

2-30 C,

control

samples

at 2-8 C

15min 91.1-

95.3%

92.8-98% No 1 drop Yes 42,

43

https://doi.org/10.1371/journal.pgph.0002625.t001
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Materials and methods

The protocol described in this peer-reviewed article is published on protocols.io, https://dx.

doi.org/10.17504/protocols.io.6qpvr8813lmk/v1, and is included for printing as S1 Protocol

with this article.

Objective

To automate the sample and running buffer dispensing process for rapid tests using the Open-

trons OT-2 robotic liquid handler.

Application of the protocol

While the rtWIZARD protocol can be used to automate virtually any cassette-based rapid test

(RT), two specific use cases are RTs for dengue virus and African swine fever rapid tests. Den-

gue virus RTs include the Panbio Dengue Duo Cassette, Bioline Dengue IgG/IgM, Dengu-

check-WB, and OnSite Dengue IgG Rapid Test. African swine fever RTs include the Ingezim

ASF CROM Ag, Rapid ASFV Ag, Ingezim ASFV-CSFV CROM Ab, Ingezim PPA CROM and

GDX70-2 Herdscreen ASF Antibody.

Safety precautions

• Follow all safety and biohazard regulations in your jurisdiction.

• Handle samples with care, wearing appropriate PPE, including gloves, safety glasses, and lab

coats.

• Dispose of used pipette tips and cassettes in a biohazard waste bin.

• After procedures, disinfect all equipment surfaces.

• If using a combustion inverter generator, follow manufacturer’s instructions regarding ven-

tilation and safe operating distance.

Equipment

• Opentrons OT-2. Because RTs utilize relatively crude pipetting, these tests are robust enough

to tolerate small variations in micropipette performance. However, it should be noted that

Opentrons recommends the OT-2 be used within specific ambient parameters (16-24C,

humidity < 80%). If the OT-2 is used outside these parameters or in the field, the authors

recommend that in between usages the OT-2 be stored in a desiccant box utilizing one of the

solutions suggested in S5 Appendix, or in an air-conditioned environment.

• Opentrons P300 GEN2 Pipette (attached to OT-2 in Opentrons App)

• Computer and operating system compatible with Opentrons App

• Office printer

• Metric ruler or caliper

• Masking or laboratory tape

• Board. Non-porous material is preferred for cleaning, but plywood will suffice. Length:

45.5–47.5cm or 18–18¾ inches. Width: should be 278mm or board should be cut to this

width (Fig 1A). Thickness: approximately 10mm or 3/8 inch.
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• Scissors

• 2.5mm and 3.0mm hex screwdrivers (delivered with OT-2)

• Microcentrifuge for assays requiring plasma or serum

• Optional: inverter generator or power station rated for at least 500W

• Extension cord

• Optional: QR code scanner, laser printer

• Optional: The OT-2 ships with three locking brackets held in place by 3mm hex screws. For

transport/field scenarios, it is recommended that these brackets be re-installed and removed

at the testing location.

Fig 1. Preparation of rtWIZARD deck board, alignment of the cassette grid, and sample tube preparation. (a) The

board can be 45.5–47.5cm long but should be 278mm wide. (b) The deck printout download produces four separate

sheets for stitching. (c) Deck printout sheets stitched together into a grid with green tape. (d) The back edge of the grid

should align with the back edge of the board. (e) Arrows at the front edge of the grid align with edges of retainer bars

on the OT-2 deck. (f) Grid positions mirror well plate positions when the well plate is turned 90 degrees

counterclockwise. (g) Sample tubes are marked with a line 25mm above the tube bottom. (h) Diverse 1.1-2ml tubes

have bottom diameters of less than 11mm and thus will fit into wells of the 48 well plate.

https://doi.org/10.1371/journal.pgph.0002625.g001
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Supplies

• Corning 48-well plate (Cat #3548) or any 48-well plate with well bottom diameter of 11mm

or greater [acting as a rack for 42 sample tubes and 6 running buffer tubes]

• Up to 42 rapid tests

• Rack of Opentrons OT-2 Pipette Tips, 300μL, with at least 43 tips

• Indelible lab marker

• Translucent or clear sample tubes (1.1-2ml each) of less than 11mm bottom diameter

• 2ml running buffer tubes (if test utilizes running buffer) of less than 11mm bottom diameter

• Optional: 0.75 x 0.75” printable labels (Avery 94102)

Downloads

• Opentrons App

• From rtWIZARD.LJI.ORG:

�Deck printouts (S1 Appendix)

� Test-specific rtWIZARD Opentrons protocol (import into Opentrons App)

� Test-specific rtWIZARD Opentrons labware definitions (import into Opentrons App)

� rtWIZARD manual plate record (S2 Appendix, S3 Appendix)

�Optional: rtWIZARD plate record spreadsheet

Procedure

1. Testing grid and board preparation

1.1 Print the four pages in the deck printouts file (Fig 1B).

1.2 Using ruler, measure the 140mm scale bar on grid printouts to verify that dimensions are

true. If dimensions need adjusting, adjust scale in printer settings until dimensions are true.

1.3 Using adhesive tape, stitch the four printouts (Fig 1C). Proper sheet alignment can be

assured by viewing backlighting (overhead lights, lamp, sunlight) through two overlapping

sheets.

1.4 Following grid assembly, align the edge of the rear bar to the rear edge of the board (Fig

1D) and tape onto the board.

2. Aligning grid with OT-2 deck

2.1 Seat the 48-well plate in bay 10 and the pipette tip box in bay 11

2.2 Place the board over bays 1–9 and push back until the rear of the board is sitting flush with

the pipette tip box and the 48-well plate.

2.3 See the small arrows at the front of the grid/board, and make sure these arrows align with

the ends of the retainer bars under the board (Fig 1E).
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3. Sample collection

3.1 Prior to sample collection, use marker to draw a horizontal line 25mm from the bottom of

each tube (Fig 1G and 1H). This will ensure that the pipette tip is submersed in sample.

3.2 User marker to label tube with sample ID.

3.3 At collection, fill tube to 25mm line or higher.

3.4 Optional: If sample sources are known prior to collection, identities can be entered into

plate record spreadsheet.

4. Well plate (rack) organization

4.1 Complete manual plate record, assigning each sample to a plate position and writing the

plate position on the sample tube. Assign samples in order of columns from wells A1 to F2.

4.2 Centrifuge samples for RTs requiring serum or plasma.

4.3 Remove sample tube caps and place each tube in its assigned well. For tubes with flip-top

lids, remove the lid by either sliding it off or cutting the lid hinge.

4.4 For RTs requiring running buffer, expel running buffer from each test kit into clean 2ml

tubes. As each tube is filled, place the tube in wells F3-F8. RT kits routinely provide running

buffer volumes in excess of amount required for tests. For 42 tests, RTs requiring:

• 1 standard drop of running buffer per test will require 1.5 tubes filled in F3-F4.

• 2 standard drops of running buffer per test will require 2.5 tubes filled in F3-F5.

• 3 standard drops of running buffer per test will require 3.5 tubes filled in F3-F6.

• 4 standard drops of running buffer per test will require 4.5 tubes filled in F3-F7.

• 5 standard drops of running buffer per test will require 5.5 tubes filled in F3-F8.

4.5 Place well plate in OT-2 bay 10.

4.6 Place pipette tip rack in OT-2 bay 11.

5. Testing board organization

5.1 Remove 42 RT cassettes from their packaging.

5.2 Holding each cassette with the sample and running buffer wells on the right, write the grid

position on each cassette. Grid positions mirror well plate positions when the well plate is

turned 90 degrees counterclockwise (Fig 1F).

5.3 Starting at the back row, place the cassettes in each cell. For each test justify the bottom

right hand corner of the cassette to the bottom right hand corner of the cell.

5.4 Optional: Print QR code download (S4 Appendix) and create cassette labels with QR code

and grid position.

6. Use the Opentrons app to run the fluid handling protocol

6.1 Note the time at which all drops of sample and running buffer were delivered to well A1.

7. Resulting

7.1. After the appropriate amount of incubation time, starting at the front row, record the

results of each test by circling +,—or ;. If the control line and target line show clear signal,
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then the test is positive(+). If the control line shows signal but the target line shows no sig-

nal, then the test is negative(-). If the control line shows no signal or any of the lines show

ambiguous signal, then the test result is indeterminate (;).

7.2. Optional: Open the spreadsheet in Microsoft Excel. Enable macros. Using the barcode

scanner, scan each cassette and then the result (positive, negative, indeterminate) from the

printed test menu (Fig 2B–2D). The scanned results will automatically populate into the

results field.

Results

To determine the efficiency of the rtWIZARD protocol, we performed trial runs using the

Opentrons OT-2. Results are displayed in Table 3. Regarding individual cassettes, the time

from sample delivery to running buffer delivery ranged from 261 seconds for the first cassette

to 404 seconds for the 42nd cassette. Regarding the entire testing board of 42 cassettes, the

mean time from the start of the protocol to the delivery of the last running buffer for the entire

board of 42 cassettes was 733 seconds (12 minutes and 13 seconds) with a standard deviation

Fig 2. Embodiment of field testing station for use of rtWIZARD protocol. (a) A portable power bank can power

several pieces of equipment including the OT-2, laptop computer, a centrifuge, an office printer, and lights. (b) The

rtWIZARD QR code sheet includes codes for resulting by scanner. The rtWIZARD plate record spreadsheet includes

(c) a script/macro for automatic cursor movement and (d) these cells can be populated by scanner as well.

https://doi.org/10.1371/journal.pgph.0002625.g002
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of ± 22 seconds. In comparison, a laboratory technician provided with the same rack of 42

samples tubes and 8 running buffer tubes would have to deliver sample and running buffer to

all cassettes at a rate of 733 seconds� 42 cassettes = 18 seconds/cassette to match the efficiency

of rtWIZARD. During this time the technician would be expected to make no errors such as

sample-cassette mismatch, sample spillage, and cassette contamination. Additionally, in sce-

narios where 100 or more rapid tests are performed during a work shift, the technician would

be required to maintain this efficiency to match the precision and efficiency of rtWIZARD.

Discussion

The current simultaneous and ongoing large-scale outbreaks of human and animal diseases,

along with their economic consequences, underscore the vital importance of rapid, reliable,

and scalable diagnostic tests. While RT-qPCR remains the gold standard, PCR is not always

feasible at the onset of an outbreak or in settings without proper resources, such as a nearby

laboratory or trained personnel. Though imperfect, especially in respect to scaling, rapid tests

have emerged as important tools due to their combination of simplicity, resilience to ambient

conditions, cost, improving quality, and lack of infrastructure and personnel requirements.

Our introduction of the rtWIZARD protocol provides moderate scaling of RTs at a cost that is

affordable to many but not all organizations. The throughput benefit afforded by rtWIZARD

results from batching and requires not inconsiderable pre-analytic sample organization; thus

the rtWIZARD model is not suited for individual urgent bedside testing.

Prior to the COVID-19 pandemic, the RT market had an anticipated value of $8.2 billion

by 2022 [54]. In the short span of six months (Q4 2020—Q1 2021), just three major US manu-

facturers (Abbot, Quidel, and Becton Dickinson) accounted for sales exceeding $5.5 billion.

Such growth of the RT market points towards a bolstering of RT research and development,

manufacturing capacity and supply chains. Grant funding initiatives, like NIH RADx [55], are

providing further financial and other resources to foster innovation and increase RT produc-

tion. Consequently, the RT market is poised for further expansion in the near- to medium-

term [54].

While we present the rtWIZARD model as a bridge solution for African swine fever or den-

gue virus outbreaks, the protocol can be easily modified for more routine testing scenarios in

which large numbers of RTs are performed. Examples of other testing scenarios include preg-

nancy testing, workplace testing, food safety, environmental testing, and defense applications.

When applied properly, rtWIZARD can provide faster, cheaper, and better information for

One Health and other applications.

Limitations

This work describes a model for increasing outbreak diagnostic efficiency and of increasing

RT throughput for other applications. Sites using these protocols should verify it locally for

test accuracy, competence of staff and efficiency. For research use only.

Table 3. rtWIZARD protocol trial runs.

Total run Time between sample and buffer delivery (s)

Trial time (s) 1st cassette 42nd cassette

1 709 265 404

2 767 261 393

3 738 263 385

4 717 263 388

Mean ± SD 733 ± 22 263 ± 1 393 ± 7

https://doi.org/10.1371/journal.pgph.0002625.t003

PLOS GLOBAL PUBLIC HEALTH Open-source fluid handler protocol and application to dengue and African Swine fever tests

PLOS Global Public Health | https://doi.org/10.1371/journal.pgph.0002625 November 25, 2024 10 / 14

https://doi.org/10.1371/journal.pgph.0002625.t003
https://doi.org/10.1371/journal.pgph.0002625


Supporting information

S1 Protocol. rtWIZARD protocol with the Opentrons OT-2v1.

(PDF)

S1 Appendix. rtWIZARD deck printouts.

(PDF)

S2 Appendix. rtWIZARD manual plate record, one_analyte.

(PDF)

S3 Appendix. rtWIZARD manual plate record, two analyte.

(PDF)

S4 Appendix. rtWIZARD QR codes for Avery 94102.

(PDF)

S5 Appendix. Commercial suppliers.

(PDF)

Acknowledgments

The authors wish to thank Dr. Scott B. Halstead for his inspiring, relentless dedication to com-

bat pediatric dengue disease.

Author Contributions

Conceptualization: Rohan Laurent, Benjamin Hinnant, Kenneth Kim.

Data curation: Rohan Laurent, Benjamin Hinnant, Kenneth Kim.

Investigation: Rohan Laurent, Benjamin Hinnant, Kenneth Kim.

Methodology: Rohan Laurent, Benjamin Hinnant, Michael D. Talbott, Kenneth Kim.

Software: Benjamin Hinnant, Michael D. Talbott, Kenneth Kim.

Supervision: Kenneth Kim.

Validation: Rohan Laurent, Benjamin Hinnant, Kenneth Kim.

Visualization: Rohan Laurent, Benjamin Hinnant, Kenneth Kim.

Writing – original draft: Rohan Laurent, Benjamin Hinnant, Kenneth Kim.

Writing – review & editing: Rohan Laurent, Benjamin Hinnant, Kenneth Kim.

References
1. Zhao D, Sun E, Huang L, Ding L, Zhu Y, Zhang J, et al. Highly lethal genotype I and II recombinant Afri-

can swine fever viruses detected in pigs. Nat Commun. 2023 May 29; 14(1):3096. https://doi.org/10.

1038/s41467-023-38868-w PMID: 37248233

2. You S, Liu T, Zhang M, Zhao X, Dong Y, Wu B, et al. African swine fever outbreaks in China led to gross

domestic product and economic losses. Nat Food. 2021 Oct; 2(10):802–8. https://doi.org/10.1038/

s43016-021-00362-1 PMID: 37117973

3. Wiyono L, Rocha ICN, Cedeño TDD, Miranda AV, Lucero-Prisno DE III. Dengue and COVID-19 infec-

tions in the ASEAN region: a concurrent outbreak of viral diseases. Epidemiol Health. 2021 Sep 16; 43:

e2021070. https://doi.org/10.4178/epih.e2021070 PMID: 34607402

4. Dengue—PAHO/WHO | Pan American Health Organization [Internet]. [cited 2023 Aug 31]. Available

from: https://www.paho.org/en/topics/dengue.

PLOS GLOBAL PUBLIC HEALTH Open-source fluid handler protocol and application to dengue and African Swine fever tests

PLOS Global Public Health | https://doi.org/10.1371/journal.pgph.0002625 November 25, 2024 11 / 14

http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0002625.s001
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0002625.s002
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0002625.s003
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0002625.s004
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0002625.s005
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0002625.s006
https://doi.org/10.1038/s41467-023-38868-w
https://doi.org/10.1038/s41467-023-38868-w
http://www.ncbi.nlm.nih.gov/pubmed/37248233
https://doi.org/10.1038/s43016-021-00362-1
https://doi.org/10.1038/s43016-021-00362-1
http://www.ncbi.nlm.nih.gov/pubmed/37117973
https://doi.org/10.4178/epih.e2021070
http://www.ncbi.nlm.nih.gov/pubmed/34607402
https://www.paho.org/en/topics/dengue
https://doi.org/10.1371/journal.pgph.0002625


5. Dengue–the Region of the Americas [Internet]. [cited 2023 Aug 31]. Available from: https://www.who.

int/emergencies/disease-outbreak-news/item/2023-DON475.

6. Lenharo M. Dengue is breaking records in the Americas—what’s behind the surge? Nature. 2023 Jul

27; https://doi.org/10.1038/d41586-023-02423-w PMID: 37500998

7. Ongoing avian influenza outbreaks in animals pose risk to humans [Internet]. AnimalHealth. [cited 2024

Jul 10]. Available from: https://www.fao.org/animal-health/news-events/news/detail/ongoing-avian-

influenza-outbreaks-in-animals-pose-risk-to-humans/en.

8. USDA. 2022–2024 Detections of Highly Pathogenic Avian Influenza [Internet]. [cited 2024 Jul 9]. Avail-

able from: https://www.aphis.usda.gov/livestock-poultry-disease/avian/avian-influenza/hpai-detections.

9. Burrough ER, Magstadt DR, Petersen B, Timmermans SJ, Gauger PC, Zhang J, et al. Highly Patho-

genic Avian Influenza A(H5N1) Clade 2.3.4.4b Virus Infection in Domestic Dairy Cattle and Cats, United

States, 2024. Emerg Infect Dis. 2024 Jul; 30(7):1335–43. https://doi.org/10.3201/eid3007.240508

PMID: 38683888

10. Garg S, Reed C, Davis CT, Uyeki TM, Behravesh CB, Kniss K, et al. Outbreak of Highly Pathogenic

Avian Influenza A(H5N1) Viruses in U.S. Dairy Cattle and Detection of Two Human Cases—United

States, 2024. MMWR Morb Mortal Wkly Rep. 2024 May 30; 73(21):501–5. https://doi.org/10.15585/

mmwr.mm7321e1 PMID: 38814843

11. HPAI Detections in Mammals [Internet]. [cited 2024 Jul 10]. Available from: https://www.aphis.usda.

gov/livestock-poultry-disease/avian/avian-influenza/hpai-detections/mammals.

12. COVID-19 deaths | WHO COVID-19 dashboard [Internet]. datadot. [cited 2024 Jul 10]. Available from:

https://data.who.int/dashboards/covid19/cases.

13. Tan CCS, Lam SD, Richard D, Owen CJ, Berchtold D, Orengo C, et al. Transmission of SARS-CoV-2

from humans to animals and potential host adaptation. Nat Commun. 2022 May 27; 13(1):2988. https://

doi.org/10.1038/s41467-022-30698-6 PMID: 35624123

14. Shepard DS, Undurraga EA, Halasa YA, Stanaway JD. The global economic burden of dengue: a sys-

tematic analysis. Lancet Infect Dis. 2016 Aug; 16(8):935–41. https://doi.org/10.1016/S1473-3099(16)

00146-8 PMID: 27091092

15. Farahat RA, Khan SH, Rabaan AA, Al-Tawfiq JA. The resurgence of Avian influenza and human infec-

tion: A brief outlook. New Microbes New Infect. 2023 Mar 30; 53:101122. https://doi.org/10.1016/j.nmni.

2023.101122 PMID: 37090950

16. Bird Flu’s Surge Has Scientists Seeking Clues to Prevent the Next Pandemic. Bloomberg.com [Inter-

net]. 2023 May 1 [cited 2023 Aug 31]; Available from: https://www.bloomberg.com/news/features/2023-

05-01/bird-flu-surge-has-scientists-seeking-clues-to-prevent-the-next-pandemic.

17. Avian influenza outbreaks reduced egg production, driving prices to record highs in 2022 [Internet].

[cited 2023 Sep 11]. Available from: http://www.ers.usda.gov/data-products/chart-gallery/gallery/chart-

detail/?chartId=105576.

18. COVID-19’s Total Cost to the U.S. Economy Will Reach $14 Trillion by End of 2023 [Internet]. USC

Schaeffer. 2023 [cited 2023 Aug 31]. Available from: https://healthpolicy.usc.edu/article/covid-19s-total-

cost-to-the-economy-in-us-will-reach-14-trillion-by-end-of-2023-new-research/.

19. Sands RA Gita Gopinath,Jeremy Farrar,Richard Hatchett,Peter. A Global Strategy to Manage the

Long-Term Risks of COVID-19 [Internet]. IMF. [cited 2024 Jul 10]. Available from: https://www.imf.org/

en/Publications/WP/Issues/2022/04/04/A-Global-Strategy-to-Manage-the-Long-Term-Risks-of-

COVID-19-516079.

20. Walmsley T, Rose A, John R, Wei D, Hlávka JP, Machado J, et al. Macroeconomic consequences of

the COVID-19 pandemic. Econ Model. 2023 Mar; 120:106147. https://doi.org/10.1016/j.econmod.

2022.106147 PMID: 36570545

21. Vandenberg O, Martiny D, Rochas O, van Belkum A, Kozlakidis Z. Considerations for diagnostic

COVID-19 tests. Nat Rev Microbiol. 2021 Mar; 19(3):171–83. https://doi.org/10.1038/s41579-020-

00461-z PMID: 33057203

22. Nazir S. Medical diagnostic value of digital PCR (dPCR): A systematic review. Biomedical Engineering

Advances. 2023 Nov 1; 6:100092.

23. Yager P, Edwards T, Fu E, Helton K, Nelson K, Tam MR, et al. Microfluidic diagnostic technologies for

global public health. Nature. 2006 Jul; 442(7101):412–8. https://doi.org/10.1038/nature05064 PMID:

16871209

24. Bloom DE, Cadarette D. Infectious Disease Threats in the Twenty-First Century: Strengthening the

Global Response. Front Immunol. 2019 Mar 28; 10:549. https://doi.org/10.3389/fimmu.2019.00549

PMID: 30984169

PLOS GLOBAL PUBLIC HEALTH Open-source fluid handler protocol and application to dengue and African Swine fever tests

PLOS Global Public Health | https://doi.org/10.1371/journal.pgph.0002625 November 25, 2024 12 / 14

https://www.who.int/emergencies/disease-outbreak-news/item/
https://www.who.int/emergencies/disease-outbreak-news/item/
https://doi.org/10.1038/d41586-023-02423-w
http://www.ncbi.nlm.nih.gov/pubmed/37500998
https://www.fao.org/animal-health/news-events/news/detail/ongoing-avian-influenza-outbreaks-in-animals-pose-risk-to-humans/en
https://www.fao.org/animal-health/news-events/news/detail/ongoing-avian-influenza-outbreaks-in-animals-pose-risk-to-humans/en
https://www.aphis.usda.gov/livestock-poultry-disease/avian/avian-influenza/hpai-detections
https://doi.org/10.3201/eid3007.240508
http://www.ncbi.nlm.nih.gov/pubmed/38683888
https://doi.org/10.15585/mmwr.mm7321e1
https://doi.org/10.15585/mmwr.mm7321e1
http://www.ncbi.nlm.nih.gov/pubmed/38814843
https://www.aphis.usda.gov/livestock-poultry-disease/avian/avian-influenza/hpai-detections/mammals
https://www.aphis.usda.gov/livestock-poultry-disease/avian/avian-influenza/hpai-detections/mammals
https://data.who.int/dashboards/covid19/cases
https://doi.org/10.1038/s41467-022-30698-6
https://doi.org/10.1038/s41467-022-30698-6
http://www.ncbi.nlm.nih.gov/pubmed/35624123
https://doi.org/10.1016/S1473-3099%2816%2900146-8
https://doi.org/10.1016/S1473-3099%2816%2900146-8
http://www.ncbi.nlm.nih.gov/pubmed/27091092
https://doi.org/10.1016/j.nmni.2023.101122
https://doi.org/10.1016/j.nmni.2023.101122
http://www.ncbi.nlm.nih.gov/pubmed/37090950
https://www.bloomberg.com/news/features/2023-05-01/bird-flu-surge-has-scientists-seeking-clues-to-prevent-the-next-pandemic
https://www.bloomberg.com/news/features/2023-05-01/bird-flu-surge-has-scientists-seeking-clues-to-prevent-the-next-pandemic
http://www.ers.usda.gov/data-products/chart-gallery/gallery/chart-detail/?chartId=105576
http://www.ers.usda.gov/data-products/chart-gallery/gallery/chart-detail/?chartId=105576
https://healthpolicy.usc.edu/article/covid-19s-total-cost-to-the-economy-in-us-will-reach-14-trillion-by-end-of-2023-new-research/
https://healthpolicy.usc.edu/article/covid-19s-total-cost-to-the-economy-in-us-will-reach-14-trillion-by-end-of-2023-new-research/
https://www.imf.org/en/Publications/WP/Issues/2022/04/04/A-Global-Strategy-to-Manage-the-Long-Term-Risks-of-COVID-19-516079
https://www.imf.org/en/Publications/WP/Issues/2022/04/04/A-Global-Strategy-to-Manage-the-Long-Term-Risks-of-COVID-19-516079
https://www.imf.org/en/Publications/WP/Issues/2022/04/04/A-Global-Strategy-to-Manage-the-Long-Term-Risks-of-COVID-19-516079
https://doi.org/10.1016/j.econmod.2022.106147
https://doi.org/10.1016/j.econmod.2022.106147
http://www.ncbi.nlm.nih.gov/pubmed/36570545
https://doi.org/10.1038/s41579-020-00461-z
https://doi.org/10.1038/s41579-020-00461-z
http://www.ncbi.nlm.nih.gov/pubmed/33057203
https://doi.org/10.1038/nature05064
http://www.ncbi.nlm.nih.gov/pubmed/16871209
https://doi.org/10.3389/fimmu.2019.00549
http://www.ncbi.nlm.nih.gov/pubmed/30984169
https://doi.org/10.1371/journal.pgph.0002625


25. Ward D. Faster, Better, Cheaper Revisited: Program Management Lessons from NASA. In 2010 [cited

2023 Sep 5]. Available from: https://www.semanticscholar.org/paper/Faster%2C-Better%2C-Cheaper-

Revisited%3A-Program-Lessons-Ward/c52db9aed0274b725bfb24b13d05ad940c6dbae6.

26. Desrosiers NA, Huestis MA. Oral Fluid Drug Testing: Analytical Approaches, Issues and Interpretation

of Results. J Anal Toxicol. 2019 Jul 24; 43(6):415–43. https://doi.org/10.1093/jat/bkz048 PMID:

31263897

27. Dorantes-Aranda JJ, Tan JYC, Hallegraeff GM, Campbell K, Ugalde SC, Harwood DT, et al. Detection

of Paralytic Shellfish Toxins in Mussels and Oysters Using the Qualitative Neogen Lateral-Flow Immu-

noassay: An Interlaboratory Study. J AOAC Int. 2018 Mar 1; 101(2):468–79. https://doi.org/10.5740/

jaoacint.17-0221 PMID: 28851479

28. Bohaychuk VM, Gensler GE, King RK, Wu JT, McMullen LM. Evaluation of detection methods for

screening meat and poultry products for the presence of foodborne pathogens. J Food Prot. 2005 Dec;

68(12):2637–47. https://doi.org/10.4315/0362-028x-68.12.2637 PMID: 16355836

29. Berlina AN, Ragozina MY, Komova NS, Serebrennikova KV, Zherdev AV, Dzantiev BB. Development

of Lateral Flow Test-System for the Immunoassay of Dibutyl Phthalate in Natural Waters. Biosensors

(Basel). 2022 Nov 10; 12(11):1002. https://doi.org/10.3390/bios12111002 PMID: 36354511

30. Ciesielski AL, Wagner JR, Alexander-Scott M, Smith J, Snawder J. Surface Contamination Generated

by “One-Pot” Methamphetamine Production. J Chem Health Saf. 2020 Dec 16; 28(1):49–54. https://doi.

org/10.1021/acs.chas.0c00078 PMID: 33850570
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