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Supplementary Methods

Materials and Reagents

Unlessotherwisespecifiedreagentsverepurchasedrom SigmaAldrich, andelectroniccomponentsvere

purchased from Digey. Deionized water with a resistivity of >h8e g a o h wad wsed to prepare all

agueous solutions. Three types of solutions, including (i) Rubella YR} IgG and IgM standards, (ii)

RV IgM pretreatment reagent containing goat-wtnan IgG, and (iii) RV virus coated paramagnetic

particles (50-pm-diameter) were adapted frothe Ar ¢ h i tR¥ Ig®& &ndIgM assaykits (Abbott
Laboratories)Measlesvirus (MV) IgG andIigM standards were prepared from angasles serum (WHO

Third International Standard, UK National Institute for Biological Standards and Control). Reagents from
other vendors incihwdder@upesraBli nek E GLraSugkiSigenlEE st ab i
ELISA Femto chemiluminescensubstrate [comprising stable hydrogen peroxide (H,O;) and

|l umi nol /enhancer solution], and the PierceE TMB S
(TMB) and hydrogen peroxide ¢B,)] from Thermo Fischer Sandific, and ethylenediamine
tetrakis(ethoxylatdlock-propoxylate) tetrol (Tetronic 90R4) from BASF Corp.

The reagents for the DMELISASs (reported here for the optimized protocol, see relevant section below)

were formulated as follows: (i) wash buffer  WB was Dul b e chuffefed salingh (@RB$)h at e
supplemented with.0% w/w Tetronic90R4, (i) blockingdiluentwasSuper Bl oc k E withpp| e me
0.1% w/w Tetronic90RA4,(iii) sample (and assay control) diluent was DPBS supplemented wiflwA%

bovine serumalbumin (BSA)and 1 % w/ w Tetronic 90RA4, and (iv) con
solution. IgM pretreatment working solution was formed from a 3x dilution of the stock RV IgM
pretreatment reagent in sample diluent. IgG and IgM conjugatamngosklutions were anrtiuman 1gG

peroxidase (A8792) produced in rabbit (100 ng/mL) andtautian IgM peroxidase (A6907) produced

in goat (100 ng/mL) in conjugate diluent. Luminol/enhancer and stable peroxide alegreteach
supplementedith 0.05% (w/w) Tetronic90R4.Positivecontrolsolutionsfor thefour assaysvere

(i) calibrant F from the ArchitectE RV 1gG kit (7



kit (50 1U/mL), (iii) WHO MV 1gG standard501U/mL), and(iv) WHO MV IgM standard501U/mL), all

dilutedin sample diluent. Negative controls for-ifi) were the same solutions diluted to <10 IU/mL; the
negative contr ol for (i) was <calibrant A from the
paramagnetic particles were prepared usif®y-8 ndiameter amingéerminated paramagnetic particles

(Bangs Laboratories) which were sensitized with inactivated Edmonston strain measles virus (catalog
#7604, Meridian Life Science Inc.) using a method described elsefthdefore use, particles for both

MV and RV assays were washed twice with blocking diluent and resuspended in blocking diluent at 9 x

108 (MV) or 1.5 x 16 (RV) particles/mL.

Clinical Samples

Two types of samples were used for method development in Toronto prior to the field trial. (1) Blood was
collected fromhealthyvolunteersn Torontoby venipuncturen Vacutainer@K,EDTA tubes(BD) (10mL)

or by finger-prick in Microtainer®K,EDTA tubegBD) 0.5 mL following Protocol#: 00034019whichwas
reviewedandapprovedoy the University of TorontoResearctethicsBoard (REB). (2) Plasmasamples

from subjectsn the DRC wereshipped to Toronto and were received and procdsdieding Protocol #:
00034991, which was reviewed and approved by the University of Toronto REB. Samples evaluated in the

DRC field trial are described in the main text.

DMF Cartridge Fabrication

DMF cartridgescomprised two plates (bottom and toBpttom plates (7 mm x76.2 mm x 11 mm)
bearing110 individually addressable electrodes were fabricated using either photolithography or inkjet
printing. Bottom plates fabricated photolithographically were generated fresoafed glass slides (Telic
Company, CA) using methods described previo(&]yBottom plates fabricated by inkjet printing were
formed using an Epson C88+ inkjet printer (Seiko Epson Corporation) to pattern Metd&3@5RBSilver
nanoparticle ink onto Novele-BR0 substrates (NovaCentrix), as described previg8kKxfter printing,

bottom plates were diced and affixed to glass slides (S.l. H@BlasdCo.Inc.) with doublesidedadhesive

tape(3M, MN). After patterning(by photolithographyor printing), all bottom plates were coated with
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Parylene C and FluoroPel PFC 1104V (Cytonix LLC), as described prev[dliglg.afinal stepastrip of
coppertape(3M, MN, partno.987615)wasadheredo thegroundpadto facilitate electrical connection to

the topplate upon assembly.

The DMF bottomplatedesignwasconstructedn AutoCAD (Autodesk,CA) andfeaturedanarrayof 78
offsetcross shaped actuation electrodes3(Bhm x 28 mm), six rectangular mixinglectrodes (§ mm x

2.4 mm), six squarevaste electrodes @ mm x 20 mm), 10 rectangular dispensing electrode® ifam x

2.4 mm), and 10 reservoir electrodes (10 mm&rém). The gap between the electrodes was set at 100
em to all ow tihted using 3@ lowgost inkjed priltez. Eqrhn electrode was connected via a
patterned wire that interfaced with an array of electrode pads on the side of the bottom plate. A unique
cartridge batch ID was imprinted on the bottom plate at the fabricatioaltedratch tracking and cartridge
quality control.

Most ("standard"DMF top plateswereformedfrom indiumtin oxide (ITO)-glassslides(25mmx 75mm
x07mm, 812 q/sqgq, Riley Suppl i d1)) DMFNgp pl@es weredfaed byS o me
adherimg glass microscopaides(25mmx 75mm x 1.0, Fisherbrandjo piecesof indiumtin oxide coated
polyethylenderephthalate (PETIm (60q / scqgttp matchtheslides via cleardoublesidedadhesivaape
(AdhesivesResearchnc., PA, part no.ARcare 93551). The ITO sides of both types of top plates were
coated with FluoroPel PFC 1104V as described previd@§iachcartridgewasassemblethy joining the
topandbottomplatewith two layersof Scotchdoublesided tap€3M), which servedasa spacecreatingan
inter-plate gap of approximately200e mAfter assemblya treatment with 3M Scotchweld-@art epoxy

(3M) was used to permanently affix the two plates together. Unit droplets were approxiiiatelyand
reservoirelectrodegouldbeloadedwith approximatelyr.5 ¢ LMorethan1500cartridges weréabricated

and used for method optimization and testing including 1000 cartridges dedicated to the field trial. The
latter included 500 photolithographically defined bottom plates assembled with standard top plates, 100
photolithographicallydefinedbottom platesassembledvith PET-ITO top plates,and 400 inkjet printed

bottomplates assembled with standard top plates.



DMF Cartridge Quality Control

Each batch of assembled cartridges (~30/batch) was subjected to a quality control assessment to assess the
performance of the batch, indicate cartridge flaws, and determine the appropriate operation voltage. The
assessment compriséao steps.First, a pair of unit-dropletsof washbuffer were driven acrossall the
electrode®f thecartridge toensurehatno pinholesvherepresentn thedielectricandno hydrophilicspots

werefound on eitherthe bottomor top plate. Second, a capacitance test was performed to determine the
appropriate voltage for the batch of cartridges required to generate a drivimgf@% mN/m, a value that

was found empirically to be below the saturation veldé&tyThis step was crucial to ensure cartridge

longevity and successful completion of the DMF assays.

MR Boxv2

MR Box v2 wasdesignecandmanufacturedvith customcomponentandfunctionsfor the currentproject,
comprising DMF electronics, peripheral electronics, peripheral hardware, an enclosure, and peripheral
software (summarized 8l Tableanddescribedn detailbelow).All customprintedcircuit board4PCBS)
in the systemwere designedising the opensourcesoftwaretool KiCad (https://gitlab.com/kicadand

manufacturetby PCBway(China).

DMF Electronics

The DMF controller was built wittOEM components from the opaource DropBot v3 platform (Sci
Bots, ON, Canada). The system consisted of a main control board (handlingohége AC signal
generation, impedance sensiagdcommunicatiorwith thehostPC),threehigh-voltageswitchingboards
supportingupto 120independent optisolated channels, and a pegim connector board that provided the
electrical interface with the DMF chip. Power (+12V and3%3 and digital communicationT) signals
were distributed to all electronics subtiites in thenstrumentvia a customfront panelboard.The DMF
electronicswere periodically testedusing a hardwaretesting board, comprising a series of 120 10 pF

capacitors, aligned such that each connected to one of the 120 actuation chahaeismfol system.



Peripheral Electronics

A custom peripheral control board that interfaced with the DropBot electronics (above) was built to control
the peripheratflevicesn MR Box 2, includingthephotomultipliertube(PMT), the pump,the Z-stage and

the temperature/ humidity sensor. The board included an ATMEGA328 (Microchip Technology Inc.)
microcontroller, an A4988 steppmotordriver(Pololu,NV) to controltheZ-stagestepperandaHoneywell
HIH6000temperaturandhumidity sensorThe board communicated directly with the host computer using

a USB to TTL serial adapter (USB BUB II, Modern Device, RI).

Another custom "PMT boardias built to quantify the current produced by the PMT and to transmit the
readings to th@eripheral board. The PMT board included a transimpedance amplifier (LMP7721, Texas
Instruments), a digital potentiometer (MCP41010, Microchip Technology) and an Awdigital
Converter (MAX11210, Maxim Integrated). The board included thréngies mathing the pins of the

PMT which allowed direct connection of theard and the PMT in the MR Box v2. The PMT board was
powered by the peripheral board and exchanged dat
boardo was al so deda®&WFodevice, comprisirg sontatt pads,cRKGB light emitting
diodes (LEDs) (SMLP34RGB2W3, Digikey) and MOSFETs (SSM3K339R, Digikey). The board was used
as a standard DMF cartridge, with the only difference being that MR Box 2 actuated the channels with 3V
DC and the light emitted was used to test PMT function and to calibrate and optimize the location of the

detection region on the DMF cartridge.

Peripheral Hardware

A PMT with gatedfunction (H12056110, HamamatsuWwas attachedo a milled Delrin spacerandwas

affixed to the MRBox 2 chassidacingthetop sideof the DMF cartridge . Two asphericatondenselenses
(ACL1210UA, Thorlabs Inc.) were mounted in a qiBinted PLA housing printed with an Ultimaker 2
(Ultimaker, Netherlands), positioned between the PMT and the cartridge. During operation the PMT was
biased at 1000 V.

A magnetidenswith shapeanddimensionglescribegreviously[1] wasaffixedto acustom steppermotor



controlled Zstage (assembled from partsShTable that was integrated into the MBbx v2 to movehe
lens to and away from the DMF cartridge for magnetic bead pulldown. Etaegeé had a vertical travel
range of 25 cm and comprised 3D printed PLA parts, metal parts and a stepper.

A USBBMPO02GL75-CA (ELP, Amazon.ca) web camera was mounted on the idFoBox 2 using a 3D
printed PLAholder.A panelof 24 White LEDs (White LED 24 SMD 3528Panel Amazon.cawasaffixed
to thesideof the lid adjacent to white cardstock to diffuse and reflect light.

Finally, a 11000mAh 12\battery pack (YB12011000SB, TalentCell) was attached tae back of the
MR Box v2 and was used to power the instrument. Each MR Box v2 measugezh?8 19 cm x 23 cm

(w x | x h)., weighed-4.5 kg, andatotal of four boxeswerebuilt andusedatthefieldtrial in the DRC.

Enclosure

Thei n s t r uuggedizedcasewas built from two off-the-shelf NEMA enclosuresustomizedwith
machinedcut outs, mounting holes, and silkscreen labels (Polycasy. The base was made from a
diecast aluminum enclosure (ARBP, Polycasernnd housed themagnetic separation stage, DMF
electronicsandperipherals. Alastic enclosure (YH)80604) was bolted to the top of the base allowing for

a light-tight, hinged lid that provided easy access to the DMF chip. This lid also housed the webcam and

PMT.

Peripheral Software

A custom pluginfor the DMF control software Microdrop (version 219, https://github.com/sei

bots/microdrojp was developed in Python that enabled control of all the peripheral devices from the main

user interface.

Benchmark for Bead Retention

Suspensions of Ryhodified (5¢ ndiameter), MVmodified (3¢ mdiameter) and Dynabeads MyOne
Streptavidin T1 (4 ndiameter, Thermo Fisher) paramagnetic particles were prepared in washirbuffer
various densities. Beads wdoadedinto a DMF cartridgeopeiatedusingthe MR Box or thenewMR Box

2 (usingthenewmagneticZ-stage) and distributed between four bead trapping regions on the cartridge. The
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magnet was actuated, and the wash bufferremevedeavingbehindapelletof particlesonthetrapping
region.Thecapacityfor eachboxto captureghebeads wasecordedy observingheformedpellet.In cases
of i f air lee & ntheipallet was pulled by the moving droplet away from the trapping region.

Measurements were performediiplicates.

DMF AssayDevelopmentand Optimization

Sampledor developmentand optimization experimentgere formedfrom whole blood collected from
volunteerdn Toronto. Immediately after collection, the plasma was replaced by centrifuging (5,5,

x g), removing the supernataafjdgentlyresuspendintheredbloodcell pelletin plasmaanalogugPBS

+ 4% BSA) at avolumeequal to thabf thediscarded supernatant. Thisocessvasrepeated twice more

(for a totalof threereplacements) tgield antibody depleted whole (ADW) blood. Positive and negative
samples were formed by spiking ADW blood with standaodsave concentrationequivalentto the
positiveandnegativecontrol solutions(describedabove)andwere stored at°€ until use. Inmost cases,

the optimized DMF ELISA protocol was used (defined below)timer cases, a design of experiments
(DOE) optimization was carried out, varying some of the variables, as summarg&ddble.

The optimized DMF EISA is as follows. A sample or control was manually diluted 1:5 for RV I1gG and
IgM, and MV IgM assaysand 1:10for MV IgG assaysn samplediluent. For IgM assaysthe diluted
samplesr controlswere thermanuallymixedwith pretreatmensolution(antrhumanlgG, 2:1 sampleto
pretreatmentandincubatedor seven minutes. Sample or control and reagents were then loaded onto a
cartridge, which was inserted into MR Box v2 and essdaywasperformedn 17 automatedteps(1) A
doubleunitdropletcontainingparamagnetiparticles(coated with rubella inactivated virus for antbella
assays or measles inactivated virus for-ergasles assays) was dispensed from a reservoir and separated
from the diluent. (2) A doublenit droget of sample was dispensed and miwétth the particlesfor seven
minutes.(3) The particleswereimmobilized,andthe supernatandropletwasdriven to waste. (@) The
particleswere washedix times, ineachcase resuspending a freshdoubleunit dropletof washbuffer,

immobilizing the particles, and drivinghe supernatandroplet to waste. (10) Aloubleunit dropletof



conjugatesolution(ant-humanlgG conjugateor antrthumanigM conjugatepre-dilutedto 100ng/mL) was
dispensedndmixed with the particles for five minutes. (14) The particles were washed four times as
above. (15) A unit droplet dtiminol wasdispensedysedto resuspendhe particles,andmovedto the
detectionregion.(16) A unit dropletof H,O, was dispensed and mixed with the droplet containing the
suspended particles for one minute. (17) The chemiluminessgmadwasrecordedoy thePMT (biased
at1000V) for 100secondgonesample/sec)Theaverage PMTesponseluringthis periodwasrecordedas
"signal"andthesuspensiomasdrivento waste Typically stepsl- 14 of the procedure above were applied
in parallel to five solutions (often three samples, a positive and a negative control). Sigpwdre then
performed serially for eaabf the solutions until completed. Note that a blank measurement was also made
(identical to the "signal" in step 17, but with no droplet in the detection zone), at the begiheau
assayThisvaluewaseithersubtractedrom the signalafterthe assayor usedto calibratethe PMT's ADC

zero point prior to the assay (steps that were functionally equivalent).

Conjugate Stability Optimization

Stock solutions of IgG and IgM assay secondary antibodies (antfimdyidase conjugate) were
separatelydit ed 1: 100k (1 gG) or 1:10k (I gM), in Super Bl
HRP Conjugate Stabilizer (Surmodics IVD Inc.). These solutions were aliquoted into individual tubes and
stored in heasealed mylar silver packagimgdifferenttemperatoes(4°C, 22°C, or 37°C). Aliquots were

testedon dayso, 7, 14,and30 andthe signals were normalized to those generated from aliquots stored at

4°C. Fortesting,100L al i quots of diluted RV |1 gG sdahonatear d ( Al
buffer pH 95) or diluted RVIgMcub f f st andard ( Abbott ArchitectE ki f
pH 95) were added to each well of a-8@ll plate and incubated overnight atC4for passive
functionalization. Next, the standard wasadirded, and each well was washed 3X with |[200f PBST

(PBS with 005% w/w Tween 20). The plates were blocked with@gD0 of Super Bl oatk E f or
roomtemperatureand washed3X with 200 uL of PBST.50 pL of eachlgG or IgM conjugate(freshly

prepared omafter storage)wasaddedto eachfunctionalized blockedwell andincubatedfor one hour at



roomtemperaturen a shaker. After incubation, the wells in the plate were washed 3X witu2@d
PBST. A 10QuL solution of 1:1 mixturef TMB andperoxidewasaddedo eachwell andincubatedor 15

minutesatroomtemperaturel hereaction was stopped by adding 1Q0of sulfuric acid (1 M). Absorbance

measurements were obtained at 450 nm and reference at 650 nm using a Sunrise microplate reader (Tecan).

DMF AssayValidation

Samples used for validation experiments were either (dleviblood samples collected in Toronto
(collected and stored at@ until use), or (ii) plasma samples from DRC subjects shipped to Toronto in dry
ice and then stored aB0°C until use. The former samples were evaluated using the optimized DMF ELISA
protocol immediately after collection ("raw"), and also after converting them into ADW blood and spiking
them to be negative for IgG (as descriladave).The latter samplesvere evaluatedusingthe optimized

DMF ELISA protocol without modification. For comparison, these samples were also evaluated
(separately) by commercial reference test for MV IgM, as described in the main text. Upon unblinding, MR
Box v2 results were aligned with reference results and a bfatitracted®MT-responsehresholdwas

selectedo differentiatebetweersamplegoundto be positiveor negativeby the reference tests.

Effect of Temperature on the Chemiluminescencesignal

IgG assaysecondaryantibodies(antibodyperoxidaseconjugate)weredilutedto 1 ng/mLinGu ar di an E
solution.An MR Box 2 was placed in a lab oven (DX302C, Yamato Scientific America Inc.) and the
temperature was set at 24° (owvafif), 32°, 36° or 40°C andleft for 30 minutesfor the temperatureo
equilibrate. ThenanewDMF cartridgewasinserted in the box and loaded with the conjugate solution or a

bl ank solution ( Guar dmitue oflungnolland 0, soltionsrAluyitdropen d  a
of each reagent was dispensed from their reservoirs, meigédmnixed 6r one minute, and then the
chemiluminescence signal was recorded as in step (17) above. Replicate signals were averaged, blank
subtracted, and then normalized to the average {slabkacted signal for the 24°C condition. Normalized

values were plotted as function of temperature and a centered second order polyn@agdratic)

equation was fitted to the data [Y=8359 + 01050*XC + 0.0072*XC2 where XC = X i Xmean (Xmean

10
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= 33°C).

Field Trial Data Acquisition and Analysis

Field trialtestswerecarried oufrom 30 Augusto 25 September 2017. Assay reageveee stored a4°C
overnight andaliquotsof eachwere carriedinto the field (at ambienttemp.)eachday. Four MR Box 2
instrumentsvereusedto run assays using the optimizaewtocol described above, recording PMT signals

for eachsample plus a positive and a negative control, as well as metadata, including (a) Date, (b) Location,
(c) Box ID, (d) Laptop, (e) Operator, (f) Cartrid@igpe,(g) Top-plateType, (h) CartridgelD, (i) Analyte,

() Temperature(k) RelativeHumidity, ) Number of Standards (Negative [/
Comments. In all, 157 whole blood samples were evaluated from the surveillance investigation (given
sample IDs ranging between DR& andDRC-1-200) and 202 from the household serosurvey (given
sample IDs ranging between DRE201 and DRES-450).

Ininitial testsin thefield trial, solutionspreparedn Torontowereusedaspositiveandnegativecontrols(as
planned). Bubeginning 5 September 2017, a rotating series of replacement controls (comprising plasma
from samples found in MR Box v2 experimentshve 'high' or 'low' signal from a recent/previous day
and then stored at stored aC3 wereusedor sometests Specfically, MV IgG assaypositivecontrolsused
on5-13September 3September4-15 Septembepndl16-25Septembewereplasméarom sampleDRC-
S212,DRC-S-239,DRC-1-062,andDRC-S-257, respectivelyandMV IgG negativecontrolsusedon6-15
Septemberand 16-25 Septembewere plasmafrom samples DRES-211 and DRES-302, respectively.
Likewise, MV IgM positive controls used onl September and 48 Septembewere plasmafrom
sampleDRC-1-004andDRC-1-045,respectivelyandMV IgM negativecontrolsused on 616 September,

1821 September, and 2b Septembewere plasma from samples DR@10, DRCI-071 and DRdA-

041, respectivelyFinally, RV IgM positivecontrolsusedon 15-24 Septembewere plasmafrom sample

DRC- 1-067.

A total of 1,017 such measurements (353 M5, 156 MVIgM, 351 RV IgG and 157 RV IgM) were

collectedand measureduringthe courseof thefield trial. 1 10measuremeni@4MV IgG,7 MV IgM, 43
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RV IgG and28 RV IgM) wereexcludedirom thefinal analysison the basisof operator'ssommentge.g.,
observatiorof excessiveelectrolysis, hardware malfunction, etc.), eight measurements (four MV IgG, two
MV IgM, and two RV IgM) were excluded becaube samplePMT signalwasbelow a pre-determined
cut-off threshold(1.0 x 10° a.u.),and 18 measurements (MV IgM) were excluded because the positive
control to negative control signal ratio was less than(tested prior to adopting the rotating controls
described above). The remaining 869 measurements (305 MV Ig®\L2§M, 308 RV I1gG and127RV

IgM) were groupedaccordingto some of the abovementionednetadata(Box ID, Cartridge Type,

Temperature, Relative Humidity) and sample signals were normalized as described below.
Normalization and Analysis

A serieof multiplicativeandsubtractivefactors(fm andfs respectivelyS4 Table werefoundto relateBox

ID, cartridgetype,temperatureandrelative humidity suchthatthe setsof positive controlsandnegative
controls in each type of assay were equivalequation lwas used to normalize MV IgG and IgM signals
while Equation 2vas used to normalize RV IgG and IgM signals.

661 aOa@OR YQQE By Q. go!

h
Equationl. Normalization function for MV IgG and IgM signal.
0€1 & Q@ERIYQQE O QG

Equation2. Normalization function for RV IgG and IgM signal.
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MR Box 2 signals normalized according to Equatibéd2 were aligned with gold standard results and
processed usintpe following PythonpackagesSciPy6], Numpy[7], Pandak8], Scikit-learr{9]. Vertical
ScatterandReceiveiOperating Characterist{ROC)plotsweredrawnusingGraphPadPrism7 (GraphPad

Softwarelnc.). Confidencdntervalswere calculated according to the binomial distribution.

MR Box v2 andCartridges

In a2018publicatiorjl], weintroducedaportabledigital microfluidic systenknownasthemeaslegubella

box (or MR Box) that was used to run ELISAs for measles virus (MV) and rubella virus (RV) IgG-in pin
prick blood samples in th€akumarefugeecampin Kenyain afield trial in 2016.The MR Box v1[1]
systemwasuseful buthadanumberof limitations, including (most importantly) the requirement of external
power. To support the field trial in the DRC reported here, we developaticallaredesigned system
known as the "MR Box v2," shown BLA Fig., featuring a custom peripheral board that manages all of
the box functionalities and collection of assay dataf@lysis.

The most important new feature of MR Box v2 is the option to run on either an integrated/detachable 12 V
battery pack or a 12V power supply. The former comfortably allowed for continuous operation for a day of
work (with >12 hours battery lifetig) without the need for electrical mains, which was critical for the DRC
field trial (described below)n which testswererun outdoorswith no accesso AC power.Beyondthe

battery pack, there were a number of additional upgrades that were requiredtlier DRC field trial,
including improved detector reproducibility, an improved device 1/O interface, and an improved magnetic
stage for bead pulldown (each addressed briefly below). Four identical MR Box v2 instruments were built
and transported to DRC fine field trial. As indicated i1 Table,the cost of goods (CoGs) to form each
system was $5,616 USD (United States Dollars).

A key limitation of the MR Box Vv[i1] was a lack of measurement reproducibility between the different
instruments, which was attributed to variations in PMT (i) dark current, (ii) signal noise, and (iii) position.
To address (i), as illustrated B1B Fig., a PMT with a gating function (an electronic shutter) was

incorporated in MR Box v2, to allow the PMT to always remain powered on. This configuration permits
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dark current to setf&0], in contrast to MR Box v1 in which the PMT was continually powered on and off
as the box was opened and shut for dewvisertionandremoval.To addresgii), thenewPMT in MR Box

v2 featureda customboardmatchingthe pin footprint of the PMT, featuring a transimpedance amplifier, a
digital potentiometer to set the PMT bias current, and an ataidigital converter to allow immediate
conversion of the PMT signal to a digital signal (minimizing ldsgng signal transmission). Finally, to
address (iii), the PMT and the lepair system were permanently mounted above the top of the DMF
cartridge, which was found to have greater posisitaioility than the PMT in MR Box v1 thatasmounted
onthelid of thebox (andthuswasregularlymoved).Finally, asillustratedin S2 Fig., a custom detecter
calibration board (a PCB bearing an array of LEDs) was used to map the optimal electrodéddedjant

for light collection,to ensurauniform performancdrom eachof thePMTsin theMR Box v2 systems.

TheMR Box v1[1] (andmostotherDMF controlsystemslsesanarrayof pogepinsto makehigh-voltage
connections witlDMF cartridgesMating deviceso pogopinscanbe'tricky’, requiringoperatorexpertise
andadjustmentimeto addresgachof thetiny contactpadswith thecorrectpin (e.g.,in MR Box v2, there

are 136 padsdistributedinto two arrays, each with dimensions88 x 4191 mm). This is acceptable for
small numbers of experiments in the labWwasfoundto beacritical shortcomingor theKenyafield trial,

in which hundredof samplesvereevaluatedn sub optimalcircumstances a shortperiodof time! To
overcomehis challengefor MR Box v2 andthe DRC field trial, we developed a nefRush to Load (P2L)
mechanism 1D Fig.), for fast, reliable, and seamless loadamgl unloadingof the deviceson the box.
Briefly, P2L relieson a plastic slider that mateswith the deviceand insertsnto the box, automatically
aligningcontactpadsto pogopins.Usingthe P2L,anoviceusercaninsertadevice in ~2 seconds, making

a secure and stable connection without failure.

Finally, MR Box v1[1] featured a rotating servo motor to actuate a magnetic lens into position for magnetic
bead pulldown in sample droplets. This system was found to have two key limitations that were not
acceptable for the projedescribedere (i) Therotationmechanisnof themagnetidensin MR Box v1[1]

did not allow for finec ont r ol of the magnetds position. As a

position (that did not risk colliding ith devices) was ~mm away from the sample droplets, which reduced
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the strength of the magnetic field at the trapping redioniting the rangeof pull-down operationghat
could be carriedout. (i) Servossuchasthoseusedin MR Box v1[1] requirecontinuoussupplyof power
(whethelinfi ma gennegt a gré oha gdni est e n gasitior) dhichwould result in depleting the battery
if used in the MR Box v2. Tovercome these limitations, a new verticadtdge was designed and used in
the MR Box v2 E1D Fig.). As shown, the tage relies on a stepper motor whickngagednly when
themagnetensis moving (overcomindimitation ii above) Furthermoretheimproved precision of th2-
stage allows reproducibfmsitioningof the magnetic lens tbea fewmicrons fromdevices (with no risk
of collision (overcoming limitation | above). To quantify the effect of the latiprovement, bead capture
experimentsveretestecheadto-headonthetwo instrument§MR Box v1[1] and2). As shownin S3 Fig.,

the Z-stageoutperformghe servoactuatorin beadretentionandrepeatabilityof the capture Importantly,
notonly was the performance of thesfage better than the alternative, but also ts&age was economical
to build (<$35USD CoGs per syster2 Table.

In sum, the batterpackpowered MR Box v2 represents a completdesigrandimplementation relative
to its predecessdran advance that was necessary for the demangljuirements posed by the assays and
field trial, describedelow.In contrastthe cartridgesusedin the currentfield trial were quite similar to
thoseusedpreviously[1l] The one excepton wasthe testof a newform of "PET-ITO" top-plate,which
reducedhe costfrom $6 USD/cartridge fothe Kenyafield trial ! to lessthan$2.50 USD for the CoGsto
form a printedbottomplateanda PET-ITO top plate in the experiments describleere.A headto-head

comparison between the key differences of the two systems is also summarized in S5 Table.

AssayDevelopment,Optimization, and Validation

As was the case for the previous field trial in Kefiifain the work reported here, digital microfluidic
immunoassays were developed, optimized, and validated in a laboratory in Toronto before implementing
in the field. Like the previous study, the new assays were automated, paramagnetieaeid|ELISAS.

But the new assays differed frdime previousassaysn two key respectsFirst, unlike the previousstudy

(which includedonly IgG teststo report longtermimmune status), theew studyfeatured botigG and

15



IgM tests (incl. fourdifferent assays, testing for MV and RV IgG and IgM), to report both-terrg
immune status and recent infection status, as illustrat8dAr-ig. Second, the new tests were developed
and optimized using a matrix that waslaser match to the samples (whole blood) tested in the field.
Specifically, the samples used to develop and optimize were fdroradblood collectedrom volunteers

in Toronto.But because thesmamples nearluniformly havehigh IgG titer (becausef vaccination),in
optimization studies,the red blood cells (RBCs) were isolated and washed,and then resuspended in
immunoglobulinfree plasma substitute. These antibodyleted whole (ADW) blood samples were then
spiked with known amounts of an IgGIgM standard, which was used for all optimization steps. The use
of spikedADW bloodsamplesvasanadvanceaswe speculategreviously thattheassaysisedin Kenya
(which were developedsingonly plasmasamplesmay havebeenpoorly optimizedfor the whole-blood
matrix testedn thefield.

Upon development of the essential assay reagents and materials for the four assays, a design of experiments
(DOE) model was implemented to identify the final procedures used-ianabfieldwork. Four variables
were tested: the level of sample dilution {offfip, prior to loading onto the cartridge), the amount of time
in which the sample was incubateih the paramagnetibeadqon-chip), thenumberof beadwashsteps
implementedftersamplencubation (orchip), and the level of conjugate solution dilution {offfip, prior

to loading onto the cartridge). As indicatedS8 Table, a definitive screeningdesigijll] (DSD) was
applied,in whichthreevariableswvereoptimized for the RV IgG assay, and two variables each for the MV
IgG, the RV IgM, and the MV IgM assaysespectively (reducinghe total numberof experiments
populatingthe DOE from 54to 18). As illustratedin S4B Fig., the DSD data were fit using a second order
model, evaluating the significance of individwalriables and the interactiohstweemmultiple variables.
Samplaedatafromtheseexperimentareshownin S4C-EFig., andfromtheresultsthefollowing conventions
wereadoptedor the optimizedprotocoli a1l:5sampledilution for RV IgG, RV IgM, andMV IgM assays
andal:10sampledilution for MV IgG assaysasevenminutesampleparticles incubation (all assays), six
postincubation wash steps (all assays), and dilutions of the stock conjafiatiens to 1:100,00@or IgG

assays)pr 1:10,000(for IgM assays)The final methodcomprisedl7 automatedstepsandrequired~70
16



minutesto completeto evaluateghreesamplesandtwo controlsfrom beginningto end.

Armedwith anoptimizedassayprotocol, wemovedto developingarobuststabilizationstrategyfor theassay

reagents, recognizing that there would be no tempereduteol in the field trial. Thenost delicateeagent

was thoughto be the secondary antibednzyme conjugaté thus, with limited time available for this

work, our efforts were focused on identifying conditions that maintain the activity of this reagent after
exposure to elevated temperatures. Three stabiligoigtions were evaluatedi Su p e r B (tec k E
conjugatadiluentusedn theKenyafield trial[1]), Gu a r d i a n Hacenonerdabéraxidaseonjugate
stabilizer/diluentadvertisedo preserveliluted conjugategor morethansix months at room temperature
without significant |l oss of activity) and Stabil
stabilizer advertised to protect the entire conjugate by preventing the loss of catalytic activity and
maintaining the structat integrity of the protein in solution). As shown$aFig,.b ot h Guar di anE
Stabil ZymeE were significantly better than SuperB
at temperatures abové@ The same reagewere then evaluated for their effects on the optimized digital
microfluidic RV IgGand IgM assays. As shown®Fig,usi ng Guar di anE or Stabil Z
stabilizers did not significantly affect the assay perfoomc e r el ati ve t o Super Bl ock
contrast, in the |1 gM assay, both GuardianE and St ;
chemiluminescengignalfor the positive ADW blood samplemeasurement§.hesereductiong~18%for
GuardianE and ~38% Stabil ZymeE) were small and di
between positive and negative samples. Given the great improvement-terdongtability, it was decided

that the signal decrease was tolerable. Finalbfing that fluid characteristics like viscosity and surface

tension can have dramatic effects on droplet velocity in BJihe same reagents were tested for their

effects on droplet movement. As showrSinFig,dr opl et s of Guardi anE had vel
wash buffer and SuperBlockE, while droplets of
GuardianE was thus selected as the congdbepat e dil u
After completing the optimization experiments, a subset of the methods (in limited time prior to the field

trial) were evaluatedh two setsof validationexperimentsFirst, a new setof whole blood samplegfrom
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vaccinatedrolunteers) were collected and evaluated (blind) before and after the antibody depletion process.
As shown inS8 Fig., the tests perfectly discriminated "high" from "low" IgG concentration i $imall
sample set. Second, a séplasmasamplesobtainedirom the DRC wasevaluatedy the DMF MV IgM
assaycomparedo referenceest results$9 Fig). As shown, the DMF MV IgM assay had good agreement
with thereference test resultgielding areceiveroperatorcharacteristiROC) curvewith 92%sensitivity
andspecificity andan areaunder the curve (AUC) of.95. This performance was deemed satisfactory,
giving the team confidence to embark on the fighl, described below.

Finally, notingthatall of theoptimizationandvalidationexperimentsverecarriedoutin thelaboratory(with
relatively constant temperature and humidity), and thagnostic assays relying on chemiluminescence are
notoriouslysensitiveto variationsin theseparameter§l 2] preliminaryexperimentsvererun to assesshe
effectof temperaturéor theassays used here. As showrsi®d Fig. the chemiluminescent signal catalyzed
by the conjugate used in thetimizedassayss highly dependenbn temperaturewhich suggestedhata
sophisticatedhormalizationschemamight be needed for the field trial, in which temperature and humidity

were not controlled.

Field Trial

As described in the main text, four MBbx v2 instruments and 1,000 DMF cartridges were used to carry
out a field trial in DRC. In a typical day, theta (i) left the hotel, carrying the instruments, cartridges, and

a day's worth of assay reagents that had been stored overnigk, dti4set up a mobile testing site
outdoors, (iii) collected blood sampliesm subjects(iv) usedaportablecentrifugeto form plasmao freeze
andshipfor referencéesting(v) tested a small aliquot of whole blood on the MR Box vz&iba (in parallel

with iv), and (vi) returned to the hotel (which had AC power), allowing the battery packs to recharge
overnght.

Two general challenges were encountered during the field trial. First, as indicaid ifg., the
temperatureand humidity varied substantiallyfrom day to day asrecordedby the MR Box v2 sensors

(i.e., from <25°C to >45°C and from <30% to >80%, respectively). As indicated above (and as illustrated
in S10 Fig.), temperature variations in this range are expected to have substantial effect on the signal
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measured. Secondlgndmoreperniciously astime passedthemeasurementproducibilityof someof the
positiveandnegative control solutions were found to diminish with time (assumed to be an effect of reagent
'spoilage’). In an attempt to compendatethis unexpectegroblem,a rotatingseriesof controlsolution
replacements/asusedfor someassaygrecordedn detailin the Supprting Methodssection) comprising
plasmafrom samplegoundon arecentdayto have'high" or "low" signalin anMR Box v2 assayto serve
astemporarypositiveandnegativecontrols.Thesewere therrotatedto newplasmasamplesstheoriginal
controlswereusedup. Note thatthe stabilizedconjugatereagents dichot appeato havethe spoilagethat

was observedor the positive/negativeontrols;in hindsightit is clearthat we should have developed a
similar approach to stabilization tife controlqusing aprotein stabilizing solutiondswas appliedo the
conjugate(S5 Fig.). In the future, an evenmorerobustapproachwill beto usestabilized, dried reagents,
which can be stored for months at a time with minimal sensitivity to temperature (as described recently for
a different DMF applicatidd 3]).

In additionto the generalchallengegwhich affectedall assays)a ~15% assayfailure-rate wasobserved

for thefield trial, in which the cartridge did not work properly, or the instrument malfunctioned in some
way, as well as the first sef spoiledcontrol experimentsbeforethe rotatingcontrd replacementsvere
applied.But the vastmajority of the MRBox v2 testsi some869 measurementgncluding305MV IgG,

129 MV IgM, 308 RV IgG and127 RV IgM) i were found to have run successfully (on whole blood
samples in the field). Thesesults were evaluated relative to the (separate and subsequent) reference test
results (on frozen, then thawed plasma samples in the laboratory).

To compensate for the genecdlallenges indicated above (variations in temperature and humidity and a
rotating set ofnon-uniform control solutions),mathematicatelationshipsvere derived(Equationl and
Equation?) to normalize the signals generated from the positive and negative congalshitype of assay

on the basis of differences in instrumehtanidity,temperatureandcartridgetype(S4 Table). Thistypeof
normalizationhas been used4, 15] in laboratory experiments to evaluate large datasets involving
measurements collected over long durations lesbeenproposedo be usefulfor portableasay$16].

Most importantly, this schemewas requiredto accommodate théunexpectedand norrideal) seriesof

19



rotating control solutionsthat were usedin the field. In sum,thesecorrections werappliedto the 869
measurementsyhich werethencomparedo referencdestresultsto generatehe scatterplots anceceiver
operatorcharacteristi¢ROC) curvesshownin Figs4 and5 in themaintext. As indicatedin themaintext,
thefield-testresultsandthe referencedestresultsmatchedrelatively well (with AUCs of 0.86-0.93in the
ROCcurve analysesprilling down,notrendof dis/concordancerasobservedor thedifferentinstruments

or devicetypes;they all hadsimilar performance relative to the reference tests.
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S1Fig. MR Box v2 and digital microfluidic cartridge. (A) Main: photograph of the MR Box (24 cm x

19cmx 21.5cm) showingthe batterypack,webcamandhardwardestingboard.Dashedoxesindicate the
photomultiplier tube (PMT, green), chip loading dock (blue), and magnetiage (yellow). Calbut: digital
rendering of the key MR Box v2 electronics, including the DropBot boards used to control cropgetent,

the pogepin connector for powering the DMF cartridge, and a peripheral board that controls a stepper driver,
a temperature and humidity (T/H) sensor, and the RBI)IDigital rendering of the PMT, the focusing lens

pair, the lens housing andeticustom board designed to power the PMT, control the shutter and measure the
low currents produced when the PMT is exposed to light. The PMT board has a connection port that allows
connection to the peripheral boa¢@) Digital rendering of the new chipading mechanism (Push to Load,

P2L) and the DMF cartridg€D) Digital rendering of the custom motorizeestage used to actuate the
magnetic lens.
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the PMT calibration board, designed to emulate chemiluminescent droplets on DMF cartridges. (B)
Exampleof apositionmapof normalizedight intensity(shownasaheatmapfrom low-purpleto red-high)
measured in an MR Box v2 instrumentadibrate PMT/cartridge positioning.
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S3Fig. Comparison between MR Box and MR Box 2 bead capturing capabilitie®lots of magnetic
beadcapturesucces®bservedasa function of the logarithmof beadsuspensiomlensityfor the MR Box

v1[1] with servo/rotation stage (red) and MR Box v2 with stepper motmxi¥ stage (green). In each
experiment, beads were captured from four droplets in parallel and each outcome was rated for bead capture
(1 = success; 0 = failure), suittatvalueof 4.0reportsa“perfect"capturdrom all droplets Thesizeof spots
representghe beaddiameter( 1 . 0, 3 . diametel. .Efror IBara represent std. dev. from n = 3
measurements per conditions.
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S4Fig. MR Box v2 assay development and optimization. (Arartoon schematic of custom assays for
MV and RV IgG (top, blue) and IgM (bottom, green). Eachetyih assay relies on magnetic particles
bearing bound to viral antigens (brown/grey) and detection antibodies conjugated to peroxidase (yellow/red
or pink/red)to catalyzethe reactionof the chemiluminescensubstratduminol (green)with hydrogen
peroxice. Samples ingM assayswvere additionally pre-treatedto removelgG, and all assaysncluded
extensivevashstepgnotshown).

(B) A tablecontainingall terms(factorsandtheir interactionsfrom the secondordermodelusedto fit the
definitive screening DOE for the RV IgG assay. The estimates, standard erreRatialdf the coefficients

for these factors anacluded,with thetermslistedin orderof increasingprobability. (C) Plot of average
chemiluminescencsignalin MV IgG assays with negative (left) and positive (right) spiked ADW blood
samples after diluting the samples to different levels (1:Bie, 1:10' red, and 1:5 green).(D) Plot of
average chemiluminescence signal in RV IgM assays in negativeaflefpositive (right) spiked ADW

blood samples after diluting treamples to different levels (1:20left panel,1:107 middle panel,1:57

right panel)andexposuredo differentdilutions of conjugate(1:30,000i blue, 1:20,000 red, 1:10,000
green).(E) Plot of the average chemiluminescence signal in MV IgM assays in negative (left) and positive
(right) spiked ADW blood samples after diluting the samples to different levels {1efOpanel,1:571

right parel) andexposureo differentdilutionsof conjugatg1:20,000 red,1:10,000" green,1:5,000

T purple).Thecolouredbarsin (C-E) areaveragesf two replicateswith individual resultsshownasdots(1).
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S5 Fig. Stability assessment of secondary antiboggnzyme conjugate.Plots of peroxidase activity
(determinedby absorbancemeasurement®f a colorimetric substrate)normalizedto the activity of

conjugate storedt4 CinS u p e r B fordg& KAEB) andlgM conjugate§C-D) storednSuper Bl oc k E
(blue),St abi | ZymeE Gpiank) an22C ¢rdnCefa 0,Y, 14, or 30days.Data are
average®f n=3replicates, and error bars represehstandard deviation. *p < 0.05, **p <0.01, n.s. =p >

0.05.
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S6 Fig. Comparison of conjugate diluents on MR Box v2 assay performanceGraphs of
chemiluminescent immunoassay signal measured in MR Box v2 for negative (lefipsitide (right)
ADW blood samplesvaluatedmth conjugatedissolvedn Su p e r B (bloe),8tEa b i | @ipkner E
Gu ar d fgreen)or RV (A) IgG and(B) IgM assaysDataareaveragesfn? 2 replicatesanderrorbars

represent 1 standardieviation.
**p <0.01,***p <0.001****p <0.0001,n.s.=p>0.05.
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