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Technical Note

ABSTRACT

We present a simple device for multiplex quanti&tnzyme-linked immunosorbant assays (ELISA) made
from a novel melt-extruded microcapillary film (MLEontaining a parallel array of 200um capillaéeng its
length. To make ELISA devices different proteinigens or antibodies were immobilised inside indixabl
microcapillaries within long reels of MCF extrudiedm fluorinated ethylene propylene (FEP). Shoecps of
coated film were cut and interfaced with a pipedtlywing sequential uptake of samples and detec@utions
into all capillaries from a reagent well. As wedl lbeing simple to produce, these FEP MCF devices ha
excellent light transmittance allowing direct optilterrogation of the capillaries for simple sagn
quantification. Proof of concept experiments denaes both quantitative and multiplex assays in MEEF
devices using a standard direct ELISA procedureraad using a flatbed scanner. This new multiplex
immunoassay platform should find applications raggrom lab detection to point-of-care and fieldghostics.
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Background

Immunoassay is a core biochemical technique fodétection and quantification of molecules in
biological samples. As the number of important giesl grows, and the number of measurements required
expands, there is an increasing drive to simultasiganeasure multiple analytes within a single dafrg
method referred to as multiplex immunoassays. Teasurement of a panel of biomarkers is increasingly
required in diagnostics and there is a growing neembnduct multiplex immunoassays outside therktiooy
either in the field or at the point of careAssay miniaturisation is therefore required tuee volumes and
achieve faster assay times, ease of use and pitytabiplethora of microfluidic technologies habeen explored
ranging from the use of individual capillarfféshrough to fully integrated systems containing ptex
microchannefs*° In all cases, significant challenges include oéuly device manufacturing costs,
incorporating antibodies/antigens onto a detediofiace, and signal detection.



Immunoassays have been conducted in individuallaeps for several decadésbut recent developments
have focussed on multiplexing, integrating fluidiaad improving signal detection within capillafiego
conduct multiplex immunoassays, multiple individoapillaries coated with different antibodies otigens can
be connected to a single sample fetor multiple bands can be coated within a singfslieay by
photolithographic or micro-syringe methdds® Optical detection is particularly challenging hase individual
capillaries represent cylindrical lenses when vigedvem the side. To overcome this, the capillargyoan be
used as an optical waveguide analogous to an bfiical®, or converted substrate can be eluted into a flow-
through optical sensbr

Many different microfluidic immunoassay devices @dalso been developed using microchannels formed
in situ ranging from portable fully integrated microfluidilevices driven by syringé®r capillary actiorf to
discs in which fluid movement is controlled by a#ngal forcé**® Although lab methods allow rapid
prototyping of microfluidic devices, mass fabricatis more challenging leading to interest in senphaterials
such as papérand development of advanced manufacturing methddsurthermore, even after fabrication,
labile and costly antibodies or antigens must saweliie immobilised onto the detection surface withia
devic€™®. Methods to achieve this include depositing amtiés onto microchannels prior to asserfifly
introducing microparticles coated with detectioagents into the devite'® *° and chemical methods such as
DNA-directed assembif. Finally, low-cost, sensitive and portable detattinethods are also vital for signal
measurement in microfluidic devic&'s approaches include using solid state componetds I(EDs, CCD
arrays)?, laser®, colour amplification for visual readdutr non-optical methods such as electrochethiral
magnetié” detection.

In this paper we propose for the first time usitagfic microcapillary film (MCF), a novel cheap
microengineered material, for conducting multiplexnunoassays, as an alternative to individual ek orin
situ formed microchannels. MCF are long melt extrudegtz films containing a parallel array of
microcapillaries with controlled size and shapé&gaduced during extrusion by air injectfdrf* (Fig. 1A). We
present proof-of-concept data demonstrating quevie and multiplex ELISA in MCF, and highlight silsle
advantages of this approach.

2 Materials and Methods
2.1 Reagents and Materials

The MCF studied here produced from fluorinated lettey propylene (FEP MCF), and containing 10
capillaries with a mean diameter of 206 +12.2umextérnal dimensions of 4.5+0.1mm wide by 0.6+0.65m
thick (Fig. 1A), was produced by Laminar Dielectridd (Billingshurst, West Sussex, UK). Purifieduse I1gG,
mouse and goat serum, horseradish peroxidase atefugnti-mouse IgG- (HRP-anti-migG), Alkaline
Phosphatase conjugated anti-mouse 1gG (AP-anti-mIGGAG peptide, and mouse monoclonal anti-FLAG
peptide (anti-FLAG), Tween 20, phosphate buffeinsagpH7.4 (PBS), protease-free bovine serum albumin
(BSA), SigmaFast OPD substrate tablets, and Nunaddep ELISA plates were from Sigma-Aldrich (Dorset
UK). Recombinant Hepatitis B Core Antigen (rHB-CAghd mouse monoclonal anti-HB CAg (anti-HB CAQ)
were from Abcam (Cambridge, UK). HRP-conjugated-amuse IgG1 detection antibody was from Invitrogen
(Paisley, UK). Fluorescein diphosphate (FDP) salstfCambridge Biosciences, Cambridge UK) was ased
20uM dissolved in 50mM Tris pH 9.0, 210mM Glycin®nmiM MgCl. Washing solution was 0.05% v/v Tween
20 in PBS (PBS-T) and blocking solution was 1% ®&8A in PBS or 1% w/v BSA plus 1% v/v goat serum in
PBS.

2.2 ELISA procedures

To coat with antigen, 1pg/ml of recombinant HB GA@BS was either filled into all capillaries withi
1m of FEP MCF, or 50ul/well was added to microtEld SA plates (MTP) and incubated overnight at 49MCF
and MTP were then washed and blocked for at Idaast 2oom temperature with 1% BSA plus 1% goatredru
PBS. To simulate seropositive sera with definedwnt®of reactivity to HB CAg, normal mouse serunswa
spiked with known concentrations of a mouse IgGhaoetonal antibody against HB CAg. A high-titre seru



sample contained 50pg/ml monoclonal anti-HB CAghaaly, and a low-titre sample contained 2pg/ml
monoclonal anti-HB CAg. Positive samples and arobisample were diluted 1:20 followed by 4-foldiaer
dilutions, and either aspirated into 30mm long M€st strips or 80ul per well added to MTP in dugdiéc After

at least 1h incubation at room temperature, MGpssand MTP were washed 3 times and HRP anti-migGe
detection antibody at 1:3000 in PBS containing 1$AB- 1% goat serum added. Between solutions the FEP
MCEF test strips were not emptied. After at leastiButes incubation with detection antibody at room
temperature, MCF strips and MTP were washed extelysand OPD substrate added. Measurement of absolu
anti-HB CAg concentration was compared in FEP MEGRM P using a similar procedure, except antigen was
coated at 10ug/ml, block buffer was 1%BSA in PB&wait goat serum, samples were diluted in 1% BSA in
PBS without serum, and the detection antibody wa+dnti-mIgG at 1:5000.

For signal detection, after 20-40 minutes of incidmewith OPD, FEP MCF devices were scanned with a
HP ScanJet 4050 Photo Scanner in transmittance (g2@0-2,400 dpi resolution). Images were postessed
with ImageJ softwaréto determine the absorbance in each capillarshblue channel that gave strongest
absorbance for the converted OPD substrate; imagegsing is described in supplementary method$? Mére
measured using a plate reader after 1h incubagitirer at 450nm without stop solution or at 490rtaraadding
3M HCI. Absorbance values expressed as wrare calculated relative to pathlengths of 0.02enMCF and
0.3cm for MTP to allow direct signal comparison.

To demonstrate multiplex immunoassays with fluceessignal detection, the 10 capillaries within &im
FEP MCF were each individually coated by injectrath PBS (negative control), 10pg/ml mouse-IgG (peos
control), 10ug/ml Hepatitis B core antigen proteirlOpug/ml FLAG peptide in PBS in the indicatedtgat
followed by blocking of all capillaries with PBS/BSIndividual 50-mm long pieces were cut and loadtth
one of three test samples containing PBS aloneHBCAg, or anti-FLAG peptide monoclonal antibosliand
incubated for 1h. After washing, the pieces weoallrated with AP-anti-mlgG followed by washing amtdiiéion
of the fluorescent substrate FDP, and then scalmpednfocal microscopy after 15 min incubation aodred as
positive or negative; examples of images are shaviag. S3D.

3 Results and Discussion
3.1 Producing Simple Microfluidic Devices from MeltExtruded Microcapillary Film

MCF was extruded from a highly transparent fluotgper, fluorinated ethylene propylene (FEP), with
dimensions, surface characteristics, and optiagquties suited to producing immunoassay devicigs {R). In
order to adapt this material for conducting muéipELISA, whilst maintaining the benefits of therexied
manufacturing process and the simplicity of a jdefim, a two stage process was devised (FigFitktly,
antigens (for direct ELISA) or capture antibodifes 6andwich ELISA) were immobilised in bulk, wigach
capillary coated with different antigens/antibodie#hin the capillaries of a long piece of MCFJe5 metres),
conveniently wound on a reel (Fig. 1B). Blockingsndso completed in bulk. Secondly individual agsi@ges
(e.g. 20-50mm in length) were cut from the redbalk coated MCF (Fig. 1C). In this way, hundredsmfitiplex
test strips can be produced in a single batchvigial assay pieces were each fitted with a sifegd for uptake
of sample and detection solutions into all cap#@isu(Fig. 1D). A cross-sectional diagram of theulasit device is
illustrated in Fig. 1F.

Given the hydrophobic surface properties of FEBtgin antigens and antibodies were simply immodilis
by direct adsorption onto the inner surface of ltaes. Crucially, coating was found to be homagmus along
the length of a long MCF reel, demonstrated byafidetection of immobilised antibody in a teststaken from
the inlet (distance Om) and outlet (distance 5mg 6 long piece of FEP MCF (Fig. S1). Thus anyeorent
length of MCF can be coated in one batch, depenalintpe desired number of assay strips and theHesfgstrip
used. No difference was seen when coating lengthgng from 10cm to 5m (data not shown).

Two different simple fluid handling techniques weised to fill capillaries within MCF. To fill diffieent
solutions in different capillaries- for exampleniake multiplex assay strips (Fig. 1B) - individeapillaries
were filled by simply injecting individual capillis using a fine needle (31G) and syringe. Altévegt, all



capillaries in a given piece of MCF were filled sitaneously with the same fluid by connecting oné ef the
test strip to a pipette or syringe using a 20-30pe of 3mm internal diameter silicone tubing measB-10mm
over the end of the MCF test strip and sealed éypling with a tubing clamp or simply pinching beéndinger
and thumb. The other end was immersed in the agptegiquid in a reagent well (Fig. 1D, F). By @sging
measured volumes using a pipette or syringe, swisitivere drawn up into all capillaries from thegesa well. A
solution can be aspirated into a set of 8 FEP M&faystrips manually using a single pipette with minutes;
more samples can be processed using multicharpettes (data not shown). Although silicone tubimg simple
and low-cost method for interfacing with pipette®, also prototyped simple moulded push-fit seatsaraised
to interface with other fluid handling devices sashsyringes (Fig. 1E). Preliminary studies witle dplutions
indicated a minimum volume of 30ul was require@doally fill the 10 capillaries in a 50mm pieceMEF from
a single microtitre plate well using silicone tuppiand a pipette (data not shown); customised réagsis and
moulded push-fit seals would reduce volumes further

Although cheap to produce (see supplementary eefrlcost estimates) and simpler to manufactuae th
in situ formed microchannels, using extruded material ca¢®llow the integration of multiple steps possib
with complex microfluidic devicés” " However, this disadvantage has been overcomeindividual capillary
assays by integrating with other fluid handling gament$ °. Similarly, microparticles are useful for
immunoassays but difficult to process, a difficulat has been overcome by incorporation into rfligidic
devices* ' ' We propose that short MCF strips could be intiegrinto more complex fluid handling devices in
a similar manner.

3.2 Unique Optical Properties of FEP MCF

A major barrier to the use of individual fusedclior plastic microcapillaries for immunoassays theen
the difficulty of optically interrogating the comties due to the cylindrical capillary geometry ahd tefractive
index of the capillary wall. The capillary repretetwo concentric cylindrical lenses with distorticaused by
refraction at both the air to capillary surfacesnflice, and also usually at the inner surface tematerface. In
contrast, the FEP MCF used in the current studywasinique features that are ideal for opticahalgletection
by simple transmittance imaging (Fig. 1G). Firgtig flat parallel faces of the MCF provide a shpath length
through the film wall, with no curvature to refrdbe light path. Secondly, FEP has a refractivexnof 1.338
which is very close to water (1.333), resultingrimimal optical refraction at the water:capillaraihinterface
and thus no distortion is caused by the capillasieen filled with aqueous solutions. Thus althoaghillaries
are clearly visible when FEP MCF is air filled (Fig), they completely disappear when filled withuaqus
solutions (Fig. 1H). Refractive index matching @sFEP for undistorted optical detection has beewipusly
exploited to image microbial growth on packed b@d$o demonstrate the importance of its uniquedided
geometry for simple optical detection of colouredstrate, FEP MCF was shown to have superior teangpy
to different sized individual, cylindrical FEP cHaiies produced from the same fluoropolymer (H8A vs
B,C). To demonstrate the importance of refracthdei matching that of water, FEP MCF was showraieh
superior transparency to other MCF with similarrgetry but melt extruded from a range of differelaispics
with differing refractive indexes (Fig. S2A vs D-H)

In the present proof-of-principle study, two difat optical detection methods were used. As an pbeam
of the simplest detection method needed, some iexpets were conducted using a flatbed scanner in
transmission mode to detect a colorimetric ELISAsitate (Fig. 1H, 2, S3B). The optical clarity abbke
exploited with other detection devices, for exan(p{eD cameras, photodiode arrays, CMOS sensorseor €
with suitable background illumination and holder smartphone camera. Other optical immunoassaglsign
could be measured such as chemiluminescence arddlience, and a fluorescent ELISA substrate wasted
using confocal microscopy (Fig S1, S3D). The usarnbff-the-shelf consumer flatbed scanner offdismatages
over the measurement of converted substrate imnadéll following elution from individual assay dharies’,
and over the customised optical detectors needegtésure light emission from capillary ends unlisi
waveguide effectd or to analyse multi-capillary cassetteBurthermore, colour changes within MCF are clearl
visible to the naked eye, allowing visual readoitheout the signal amplification described recendlyfield
clinic microfluidic deviced



3.3 Quantitative ELISA in FEP MCF Devices

Having developed a method for making devices fr&R MCF and established its favourable optical
properties, it was essential to demonstrate thamtifative, sensitive and multiplex immunoassaydabe
conducted in these devices. Three proof-of-prieciitect ELISA assays were completed to demonstrate
guantitative assays in real biological fluids ($eyuto compare sensitivity with microtitre plat®4TP), and to
illustrate multiplexed detection.

To test if relevant biological fluids could be qtitatively analysed using FEP MCF, a simple direct
ELISA (Fig S3A) was conducted to detect mouse HBICAQ antibodies in parallel in both FEP MCF dedc
and MTPs. For simplicity and to determine interitagy variation, singleplex assay strips were madth the
same antigen adsorbed in all capillaries. Higroar damounts of monoclonal anti-HB CAg were spiked in
serum samples, and compared with a control seruimnei added anti-HB CAg. Seroreactivity against €8y
was then measured using a conventional endpaiatgrbtocol, whereby these three serum samples seeialy
diluted and tested for reactivity to adsorbed amtigAn intense yellow colour indicating OPD sulistra
conversion was seen as increased amounts of anGAtBwere present in samples (Fig.S3B). The strsinge
absorbance by OPD was seen in the blue channeS@By, and thus to quantify the signal the maxiniine
light absorbance was determined for each capillssyexpected, absorbance increased when more BnGAdg
was present and decreased with dilution confirntinag quantitative direct ELISA is feasible for aygs$ of real
biological fluids using FEP MCF, with conventior@say chemistry and read using a flatbed scaniter2#,
B). The pattern of absorbance seen with the thireg¢etd mouse sera was broadly similar with FEP MG&
MTP, suggesting similar assay performance to caiitmesd MTP ELISA (Fig. 2A, B). Due to the high
concentrations of IgG in serum, at low dilutionsittol sera containing no specific antibodies gabaekground
signal; this was higher in microtitre plates thafrEP MCF devices (Fig. 2 A, B), demonstrating tHaP MCF
gives no additional background compared to coneaatiMTP. However, when antibody against HB CAg was
present in the serum samples, far higher signals detected at higher dilutions. Furthermore trsohite
absorbance values measured in FEP MCF were significhigher than those observed in MTP (Fig. 24, @it
in contrast the endpoint titre at which signal gregh below a threshold for the two positive sera saasewhat
lower for FEP MCF compared to MTP, indicated sosghuction in sensitivity in this assay. In this expent,
identical reagent conditions — optimised for MTRere used in MCF; however, increased assay sdtsitiv
should be possible in MCF by optimising reagentcenirations and improving scanner sensitivity.

To further explore the relative sensitivity of FEFCF vs MTP assays without the complication of
background signal caused by high levels of IgGemem whole serum, a direct ELISA was also coneldict
measuring fixed concentrations of monoclonal amgi-EAg diluted without serum. Again, the intensityyellow
colour increased with incremental anti-HB CAg cantcation (Fig. S3B). At concentrations over 100nigmti-
HB CAg, the absorbance signal became saturated@mtinear, but below 40ng/ml a clear linear relaship
between concentration and absorbance was seer2(ifp, S3B). Again, a similar pattern of absorleawith
varying concentration was seen with both FEP MGIFMii P, although as before higher absolute absoganc
values were seen in FEP MCF than in the MTP aSdaglimit of detection of anti-HB CAg with the FERCF
was approximately 1 ng/ml which is identical to gemsitivity observed for MTP (Fig. 2C, D).

Note that in these experiments, the incubationgimsed for FEP MCF were kept identical to the steshd
MTP assay. However, in common with other microficidevice$ "* ? reduced diffusion distances should allow
reduction in incubation times by 10-20-fold commhre MTP. For example, sandwich immunoassays were
completed within 30 minutes in 320pm internal digenéindividual capillarie’ Indeed, preliminary tests
suggested that in FEP MCF, incubation times of irfutes give similar assay performance to 2h, irtrest to a
significant reduction in signal strength observethv0 minute incubations in MTP (data not shovBijnilarly,
sample and reagent volume requirement are redadd€CF compared to MTP.

3.4 Multiplex ELISA in FEP MCF Devices

For proof-of-concept of multiplex 1A, antibodiesaagst two different antigens (HB CAg and the FLAG
peptide) were measured using a simple direct Elp8%ess (Fig. S3C,D), each in triplicate withinetar



different capillaries. Duplicate positive and négatontrol capillaries were also included resgjtin assay strips
that measure 4 ‘assay channels’. The antigens pplsitive (coating with mouse IgG) and negativecated)
controls, were filled into different capillaries afbm reel of FEP MCF in the pattern illustrated able 1 and
Fig. S3D. After coating and blocking, individualrth test strips were then filled with three samglastaining
different antibodies (control, anti-HB CAg, anti-&G, Fig. S3D), followed by detection with AP-antilg® and
the fluorescent substrate FDP. As expected, loardélscence levels were observed in the two negetintol
capillaries, and high fluorescence was seen ipdséive controls, regardless of the sample usathl€l'l and
Fig. S3D). In contrast, increased fluorescencedesscted with the HB CAg coated capillaries onlyewlthe
sample contained anti-HB CAg, and similarly the F&.Aoated capillaries gave strong positive signal wiith
the sample containing anti-FLAG antibody (Tablendl &ig. S3D). Some background signal was observed
(especially with the detection of antigen (c) imgée (3) in one capillary); this was due to exadestction
reagent concentrations and was eliminated by sulkse@ptimization (data not shown).

Although some technologies allow the detectionesfydarge panels of analytes, for the majority of

diagnostic assays between 2 and 10 analytes docaltypmeasured °. The current FEP MCF extrusion can
detect 8 different agents (disregarding the outemdllaries; Fig. S2), which is ideally suitedthese
requirements; however MCF with 19 capillaries anatinely extruded”, giving scope for more analytes or
multiple replicate measurements of the same arsmalyte

4 Conclusions

We present a new concept for a multiplex immunoapsstform based on the multi-channel,

microengineered material FEP MCF. With further depment and optimisation, this platform should otfee
following features and benefits: 1) miniaturised fapid and low volume assays; 2) simplicity of iotsiising a
panel of antibodies or antigens onto the detectioface; 3) simple, cheap and potentially portaplical signal
detection; and 4) simple and cost-effective martufawg process. The flat geometry of the plastio tombined
with the optical clarity of FEP provides an oppaity for simple optical signal detection, for exdmpsing a
flatbed scanner or smartphone camera, or usimp@eicustomised detector made from low-cost LED @G
or CMOS sensor components. Optical detection dlsvsiuse of conventional ELISA reagents and exgsti
assay chemistry. We present proof-of-principle da@onstrating that quantitative, multiplex ELIS&ndoe
conducted using FEP MCF and quantified using adldtscanner, bringing for the first time the beseaif melt-
extrusion as a method for manufacturing microfleidevices, combined with simple optical detecttorthe
field of immunoassays. Future studies will buildtbese observations by optimising conditions, deit@ng
assay speed and robustness, and developing mdristszgied FEP MCF devices combined with portatldea
detection systems. These studies should lead wetelopment of a range of scalable, cost-effectiuétiplex
immunoassay tools for applications from laborat@gearch to portable or point-of-care diagnostics.
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TABLE 1
Signal seen with:
Capillary  Coating antigen Sample 1 Sample 2 Sample 3
number buffer control anti-HB CAg anti-FLAG

1 Negative control - - -

2 Positive control- migG + + +

3 Negative control - - -

4 Pasitive control- migG + + +

5 Hepatitis B Core Ag - + -

6 FLAG peptide - - +

7 Hepatitis B Core Ag - + -

8 FLAG peptide - - +

9 Hepatitis B Core Ag - + -+

10 FLAG peptide - - +
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Figure 1. Making multiplex microfluidic ELISA devices from @lt-extruded fluropolymer microcapillary

film

A Microcapillary film melt extruded from fluorinatesthylene-propylene copolymer (FEP MCB)D
Indicate the process used to make multiplex ELIS®%aEs from FEP MCHE-G illustrate the device fluidics and
signal detectiorB Coating the internal surfaces of individual cagis within a long reel of FEP MCF with
different antibodies or antigens (labelled a t&j)Cutting individual sample analysis strips from ré&|
Interfacing individual sample strips with a pipettw syringe, using silicone tubing, plus a sim@agent well to
complete the microfluidic devic& Customised push-fit seal to interface MCF to syifgDevice cross-section
in use with sample strip in reagent well showingdiflow. G Colourimetric signal detection using simple ogtica
interrogationH Example transmission flatbed scanner images fifitiag optical clarity of FEP MCF filled either
with buffer or converted substrate. RGB colour iméipp) and blue channel alone (bottom) demonstinate
strong absorbance of OPD in the scanner blue channe
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Figure 2. Hepatitis B antibody detection comparison in FEPRV@vices vs microtitre plates.

Measurement of antibodies against HB CAg as endpiti@ in serumA, B) and as absolute concentration
(C,D) was compared using FEP MCF plus flatbed scar$&) (vs microtitre ELISA plate plus microtiter reader
(A,C). Mouse serum samples were made with differingliewef antibodies against HB CAg by spiking control
mouse serum with high or low levels of a monoclaralbody to HB CAg. A control negative mouse serum
sample or the spiked positive samples were sewliyed and tested in parallel in microtitre ELIQkates(A) or
FEP MCF devicesR). A sensitivity comparison was completed by cortiptean ELISA on samples with the
same known concentrations of a monoclonal anti-H8 @ntibody in parallel in microtitre ELISA plat€) and
FEP MCF deviced). All error bars are shown and indicate +1 stadahaviation for 8 central capillaries within
a single FEP MCF device, or triplicate microtittatp wells. Data are representative of 2-3 serityitiv
comparisons with similar results.



Supplementary Data

Supplementary Methods

Protein binding in capillaries within reels of FEPMCF
Initial experiments to demonstrate the effectiveaagtion of antibodies or protein antigens ontoitivernal
surface of capillaries in long reels of FEP MCF eveonducted by measuring the amount of mouse Ig@do
using AP-anti-mIgG and the fluorescent substrat® HBdividual capillaries within 5 meters of FEP M@ere
coated by adsorption with a series of concentratadmmouse IgG in PBS ranging from 0-100,000 ng/ml,
followed by washing and blocking. Replicate 50-namg pieces taken from either end of the 5m len§tF&E
MCEF were filled and incubated with 1:1,000 dilutiohanti-migG-AP and incubated for 1 hour at room
temperature. Each piece was then extensively washkedBS-T and FDP buffer followed by filling wittOuM
FDP substrate, incubation at room temperature@anihutes, and imaging with a Leica TCS SP5 broadba
confocal fluorescence microscope (Leica, Milton Key, UK) using an excitation wavelength of 480 ma a
measuring emission from 500 to 540 nm. A z-staclesavas scanned at different heights for eachlaapand
then the maximum fluorescence from each stacksprigected in the z-axis using LAS AF post-protess
software (Leica, Milton Keynes UK). A profile ofuibrescence signal (converted to grey scale) atihedsICF
section was then plotted using ImageJ softwaree heighth, of the fluorescence signal within each capillary
was then plotted as a function of the input conagiain of mouse IgG used for coating.

Comparing optical properties of MCF and individual capillaries
MCFs containing 10 or 19 parallel microcapillanesre produced from a range of different thermopiast
materials using a novel melt-extrusion processrieext in patents GB2408961, EP1691964, JP2007514566
US2009011182 and Hallmaekal *. Individual cylindrical FEP microcapillaries wefrem Upchurch Scientific
(Oak Harbor, WA, USA). The optical properties of M@bricated from FEP and a range of other therastigl
materials with varying optical properties (Tablg &tad two sizes of commercial microcapillaries progd from
FEP (Table S2) were compared. Samples were wasitiedS/0.05% w/v Tween-20 and then filled eithéhw
PBS-T or a fully-converted OPD substrate solutiod acanned with a HP ScanJet 4050 Photo Scanner in
transmittance mode. RGB images were acquiredegaution of 1,200-3,200 dpi, and post-processéil wi
ImageJ software A profile across the MCF of optical intensity walstted for RGB images and the blue channel
that showed maximum absorbance by the yellow coadedPD.

Determining Absorbance in MCF from scanned images
Scans were postprocessed using ImageJ as followf#e across the MCF of optical intensity avexdglong
a 2mm section of the test strip was plotted foritlue channel that showed maximum response foyahew
coloured converted OPD substrate. Examples ofntiagés obtained are shown in Fig. S3. A high gregile
(maximum of 255) means low absorbance, whereagitey levels (minimum of 0) represent high light
absorbance by the solution. The signal responsao capillary was measured by taking the pealatieyw
height,h from the profile plot, and then converted to abaoice by calculating Abs = —log((28%255). The
extinction coefficient measured for the flatbedrst and microplate reader were similar (data hotva); to
directly compare the signal response in the FEP Mi@Fmicrowell plates the absorbance values were
normalised to units of cthby dividing by the maximum path length of 0.02 fanthe FEP MCF capillaries or
0.3 cm to the microwell plate.

When all capillaries within FEP MCF strips were dise measure the same ELISA analyte (i.e. singkeple
assays), the mean value for Abs/cm was taken &8 ttentral capillaries; the outer two capillarese
disregarded due to their reduced diameter compartiee central 8 capillaries (caused by the extruprocess)
which returned lower Absorbance values even wherséime converted OPD solution was filled into all
capillaries; however these channels could be etilsimply by correcting for the reduced opticahpatgth.
Furthermore, in some cases edge refraction byaimg-circular edges of the film caused noise therfered

with outer capillary signal detection (Fig. S2A)ig could be eliminated by modifying the extrustha geometry
to separate the outer capillaries further fromsides of the film.

Supplementary Results

Adsorption of proteins inside capillaries within reels of FEP MCF
The adsorption of antibodies onto the surface pillesies within a long reel of MCF was initiallywlied using a
simple direct ELISA that detected bound mouse IglBgiAP-anti-mIigG plus the substrate FDP (Fig. STAe
internal capillary wall of FEP MCF shows high hyphobicity due to the hydrophobicity of FEP combingth
a high surface roughness with a contact angle waétler of 123.8 + 1.6 degrees estimated with Lap¥aeng



equation using hydrostatic equilibrium height. indual capillaries were coated with varying concatibons of
mIgG and adsorbed antibody quantified by deterngipieak fluorescence height (Fig. S1C). The sigras w
proportional to the concentration of IgG in theusmn for concentrations below 800ng/ml, whereas fo
concentrations of IgG of 800 ng/ml or higher theses no further increase in migG on the surfac@&efcapillary
(Figs S1B,C). This pattern is characteristic ofaaa@imuir binding isotherm with antibody adsorptioritte FEP
surface in a monolayer with the plateau presumdmbtdue to surface saturation.

To test if antibody was depleted by adsorption gltthre length of a long capillary, capillaries witld 5m length
of FEP MCF were coated, a piece was taken fronmieeand output, and bound mlgG levels was congphye
quantifying fluorescent signal. Even when the inplgG concentration was limiting, at 32-160ng/ngjuel
fluorescence was detected at the outlet and inkdiating even coating along the length of thecapillary (Fig.
S1D). These initial experiments demonstrated tise ehadsorbing antibodies and antigens inside MEPR, and
proved the feasibility of the production methodlimet in Fig. 1 for producing batches of identidalices
capable of multiple analyte detection in the pataltray of capillaries. Similar adsorption wasrsegth other
proteins, and adsorbed mlgG was also detected asiitgnouse HRP with the colourimetric substratddOP
imaged using a flatbed scanner (data not shownjeffradsorption was also measured by directlyingat
capillary walls with enzyme-antibody conjugates] adsorption inside the capillaries of MCF extruffedn a
range of different thermoplastics was observedeitlvith poor optical clarity — suggesting thapiain binding
did not require any particular surface charactergdtFEP (data not shown).

Optical properties of FEP MCF
The schematic cross section of FEP MCF highligmesfiat top and bottom surfaces of the film (FigASop), in
contrast to the individual single capillaries thate a round section (Fig. S2B, C top). From thages and
intensity profiles, the FEP MCF containing buffésree was completely transparent apart from gresslialong
either edge of the film (Fig. S2A). These lines eveaused by refraction of the transmitted lighthe/rounded
edges and varied in intensity depending on positgwithin the scanner; for example in Fig. S2#e teft edge
appears darker than the right edge, with a widdmaare intensely grey peak. When OPD was filled ait
capillaries, however, intense yellow lines werenseéhin the film (Fig. S2A). This represented stgdblue light
absorbance, as seen by the dark grey lines antysttmsorbance peaks in the blue colour channel §24,
bottom). The effects of edge refraction are aglarcwith the yellow signal of the outermost ledipillary
merging with the grey edge absorbance, althouglukermost right capillary can be clearly separéteh the
grey edge line.

Apart from the outermost two capillaries (becaustie semi-circular edges of the film), therefaree FEP MCF
has excellent transparency for optical interroggtin contrast, when single capillaries were imagettaction
effects from the rounded sides dominated the imégigs S2B, C). Firstly, for a thin walled capifarstrong grey
lines were seen at both edges when filled withésufince again with varying intensity dependingpaentation
(Fig. S2B). These lines merged with the yellow Oétfhal, and the peak edge refraction absorbancheda
greater than 60% of the peak blue absorbance @Bi2. Note that the internal diameter of this thisied
capillary is greater than the thick-walled capylar the FEP MCF (Table S2), giving a greater matpth and
therefore greater blue light absorbance of OPDrder to attempt to separate the edge refracti@etedfom the
absorbance within the capillary, a single FEP tapilwith a thicker wall was tested (Fig S2C). Altlgh this
geometry clearly separated the capillary absorbéretow line) from the edge refraction (grey edgéise
increased thickness of FEP resulted in far higlaekround absorbance, thereby limiting the sigmaldise
ratio.

To determine the importance of the optical propsraf the thermoplastic material used - as opptustte
geometry - MCF samples extruded from differentdparent thermoplastics with varying optical proiesrt
(Table S1) were imaged alongside FEP MCF. Where#sMCF filled with buffer was transparent (Fig S2A)
other MCF with refractive indexes higher than wafave strong optical distortion, resulting in appeae of
strong and variable grey lines along all the capéks (Fig. S2D-H). Although some yellow colouwisible when
these capillaries were filled with OPD, the stramignsity of grey signal resulting from refractiby the internal
curved walls of the capillaries prevented accudatection of OPD within the capillaries. This pratl was not
compensated by splitting RGB channels since inaadkes the grey refractive signal for each capiliaye blue
absorbance with buffer that was as strong as tH &Rorbance. This distortion was clearly causethéy
difference in refractive index between the liguillinfg the capillaries and the plastic film, sinitevas not
observed when MCF extruded from ethylene vinyl @eefrefractive index 1.48) filled with glycerokfractive
index 1.47) was scanned. Thus EVA MCF filled withcgrol gave almost as clear images as FEP MG#fill
with aqueous buffers (data not shown).



These results clearly demonstrated that simplealpdietection of colourimetric ELISA substrates by
transmission imaging is feasible in FEP in the fafran MCF, but not possible either in single FEPRiltaries or
in MCF extruded from other thermoplastics with nide optical properties. Three dimensional recarston of
the capillary volume using from a z-stack also itfedemonstrated the absence of any optical distoswhen
imaging fluorescent dye solutions within FEP MClngdaser scanning confocal microscopy (data notvsi).

Cost estimates of MCF devices
The typical density of FEP MCF is 5g/m, with a metrkost for pelleted FEP material in the range8i¥/kg.
Using this procedure, a 10-plex, 50mm long MCF E&S® strip can be produced for less than £0.1Qicextito
£0.02 if the length of test strip is further reddite 10 mm (the minimum length required for sigiedection is 2
mm as mentioned above in materials and methodosgcClearly, this cost only reflects one part ofmplete
device manufacturing; however, device cost is tfaanlikely to be limited by the manufacturing casétthis
core microchannel element.

Supplementary Tables

Table S1.Geometry and properties of MCF extruded from uaithermoplastic polymers.

Thermoplastic Mean capillary ~ Number of Polymer
polymer diameter (um) capillaries Refractive
Index
FEP MCF Fluorinated ethylene 206 10 1.338
propylene copolymer
EVA MCF Ethylene vinyl acetate 142 19 1.48
EVOH MCF Ethylene vinyl alcohol 109 19 1.51-1.52
LLDPE MCF Linear low-density 167 19 1.51
low-voidage polyethylene
COC MCF Cyclic olefin 119 19 1.53
copolymer
LLDPE MCF Linear low-density 200 13 151
polyethylene
high-voidage

Table S2.Geometry of individual FEP capillaries.

Capillary Material O.D. (mm) [.D. (mm)
FEP1-32x0.016 FEP 0.794 0.406
FEP1-16x0.008 FEP 1.59 0.203

Supplementary references
1. M. D. Abramoff, P. J. Magelhaes and S. J. Railmphotonics International, 2004,11, 36-42.
2. B. Hallmark, M. R. Mackley and F. Gadala-Mawayanced Engineering Materials, 2005,7, 545-547.



Supplementary Figures

A Anti-mIgG-AP ’c ’c *
Mouse IgG coated onto surface Jg Jﬁl Jﬁ

Surface

B un
- 4
0 1.28 6.4 32 160 800 4000 20000 100000 O
c Mouse IgG concentration [ng/ml]
100
cC O
7 ﬂ HI
N —
¥ | '
o
=g g+—— == -
0 Relative distance (um) 5000
D -
100 < Inlet

E 80 1 m Outlet

EROE

(@]

‘»

o 40

2

[}

g 20-

o

S oA . : : : .

= 0.001 0.01 0.1 1 10 100

Mouse IgG concentration [ug/ml]
Figure S1.Evaluation of protein immobilization and signatetgion within FEP MCF capillaries.

A Schematic representation of the direct assay &suore antibody immobilisatioB. Fluorescence signal in a
representative section of the FEP MCF, coated witreasing concentrations of mouse 1gG and quedtifising
a confocal fluorescence microscofePlot of mean fluorescent intensity signal acrds® MCF.D Plot of peak
height, h, of the fluorescence signal generategel initial concentration of mouse 1gG for theirdnd outlet of
a 5m long reel of FEP MCF indicating no depletiéthe IgG along the length of the reel. This data i
representative of 2 similar binding tests.
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Figure S2.Comparison of optical properties of MCF extrudexhf FEP and other thermoplastics, and individual
FEP capillaries, imaged using a flatbed scanner.

Two pieces of each material were washed in PBS-mwsetution, filled with (1) PBS-T or (2) fully coevted
OPD substrate and scanned in transmitted mod@@® 8pi with a HP ScanJet 4050 Photo Scamkdrop:
diagram representing cross section geometry of MGiéidle: RGB image of the capillary array, showing
averaged intensity plot across the film underndather: blue channel split from RGB images, witleeaged
intensity ploy underneati® and C Cross-section diagram, RGB and blue channel imagdsntensity plots for
either thin wall, small o.d./i.d. ratid@} or thick wall, high o.d./i.d. ratioQ) individual capillaries made from
FEP.D-H Images of MCF extruded from plastics with diffeérezfractive index than water; details of MCF
thermoplastic, size and optical properties arerginel able S1.
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Figure S3.Examples of images
of singleplex and multiplex
colorimetric and fluorescent
ELISA conducted in FEP MCF.
(A-B) Singleplex colorimetric
ELISA images in FEP MCF
devices A Assay schemati®
OPD detection in FEP MCF
devices at increasing
concentrations of anti-HB CAg.
The top row shows the profile
plot of the scanned RGB images
that were then split into Red,
Green and Blue channels, and
the peak-height in the grey plot
was used as a measure of OPD
signal intensity. Data are
representative of more than 4
repeat assays.

(C-D) Multiplex fluorescent
ELISA in FEP MCF devicesC
Assay schemati® The 10
capillaries in a reel of a FEP
MCF were individually coated
with the following antigens: (a)
negative (buffer) control, (b)
positive control mouse 1gG, (c)
antigen FLAG peptide, and (d)
Hepatitis B Core antigen, in the
pattern indicated, and then
trimmed in individual 50-mm
sections for testing the indicated
samples: (1) buffer, (2) anti-HB
CAg, and (3) anti-FLAG. The
fluorescence signal was imaged
after 15 min by confocal
microscopy. A representative
plot of the fluorescence detected
is shown for each sample, and
each capillary is scored to
indicate positive or negative
signal. Similar results were seen
with replicate test strips, and
similar findings were observed
in a repeat experiment with a



