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ABSTRACT

Here we demonstrate the feasibility of performindo@ cost, multimodal and high throughput activenmiomo-
agglutination assay by combining magnetics beadB)(Mroplets microfluidics and magnetic tweezersat®y in oil
droplets containing antibody coated MB and the iigetarget were generated and transported in ubifihen passing
in between magnetic tweezers, the MB were magnristicanfined in order to enhance agglutination ratel kinetics.
After confinement, the internal recirculation flowsthe droplet induce shear forces that favor M8ispersion and limit
non-specific interactions. The assay limit of détet(LOD) was estimated at 100 pM.
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INTRODUCTION

Although immunoassay diagnostic based on ELISAniple offers high throughput and sensitivity, iffets from
laborious procedures and is time consuming. [1n2hat way the development of one step immunoasaaye of great
interest since they prevent separation and wasdtegs thus simplifying and shortening the wholdydital procedure.
Many groups have demonstrated the potential ofsbeye immunoassays through different approaches asichagnetic
relaxation, fluorescence resonance energy trarefieyme multiplied immunoassay technique, etc.
Among one step immunoassays, immuno-agglutinatorthe most widespread method in research and alinic
applications since this approach is well adaptaedpiint of care applications. The procedure reli@saggregates
formation from antibody coated particles in preseraf the specific analyte. The detection is basadoptical
measurement or naked eye evaluation. The mainaliimit of this approach result from the slow beaggregation
kinetics since beads collision and bridging ocadirie passive diffusion. In order to enhance thedbaggregation
efficiency, magnetic enhanced agglutination using Mas been developed. [3] Pearl chains like strastof MB were
formed under homogeneous magnetic field thus isingacollision probability and contact time. Thesag time was
reduced to 5 minutes with pM sensitivity. Neverdssl this approach was not adapted for high thraughpr
miniaturization. Gij'set al[4] transposed magnetic agglutination in microsgstin which magnetic actuation system
was fully integrated and sample consumption wasifsigntly reduced. This system offers a pM sewusitiwith analysis
time around 10 minutes but the procedure basedequesitial capture and release of MB remains labericequires
specific materials and is still not adapted forhhiilgroughput and multiplexing.
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Figure 1. Experimental set up and procedure of MBdadl immuno-agglutination in droplets. Droplets evgenerated in
a Teflon tubing by sequentially aspirating defimetimes of oil and sample (containing the MB aredahalyte) from a
microtiter plate. (t1) The droplets containing frie¥8 were further transported towards magnetic tveegz(t2) The
confinement induced by the magnetic field enhaaggsegates formation. (t3) Beyond magnetic tweetleesMB were
redispered thanks to internal recirculation floveko{ted lines) and droplets were visualized usin@d8mera.

In this paper we developed a fully automatized &wl cost platform dedicated to one step magnetitaaoed
immuno-agglutination in droplets. The first stepnsists in capturing the analyte using antibody etbat
superparamagnetic particles . After incubation fioea droplets containing the MB and the analyteengenerated and
injected in the tubing towards magnetic tweezerheklV passing in between the tweezers, MB were miaghgt
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confined thus improving collision probability andjgregation rate. After this magnetic confinemermpstdroplets
internal recirculation flows ensure MB redispersidrhe detection method consists in measuring the $pBtial
distribution in the droplet using a USB camera.eedl MB redispersion is limited by the creation péafic interaction
between MB that depends analyte concentration in the sample. Severarpaters influencing the agglutination have
been evidenced such as the percentage of surfactahe carrying oil, magnetic flux density, flovate and MB
concentration. The easy and fully automatized dtspyeneration ensures serial and high through@alyses using low
cost materials while keeping good sensitivity.

EXPERIMENTAL

The principle of the immuno-agglutination assagiépicted on Figure 1. 90 uL of Streptavidin codtgdn magnetic
beads (MB, Chemicell) at different concentratiofidort 1 to 3 mg/mL) were mixed with 10 uL of biotiayed
phosphatase alkaline (b-PA, Thermo Fisher Sciehtifsed as a model analyte (concentration rangorg 650 to 10.000
pM). After 5 minutes incubation, the droplets wgemerated and transported in a Teflon tubing (S)gming flow rates
ranging from 0.4 to 1 pL/min. [5] When passinggtween the magnetic tweezers, the MB were magtiigticonfined
by applying a current from 0.2 A (20 mT) to 1 A (8H).[6] Once passing the tweezers, the intereeilculation flows
in the droplet induce shear forces that favor MBiggersion. In presence of the analyte, the folmnatf specific
binding will keep MB in aggregated state. Howewshen reducing analyte concentration, the numbespacific
interactions will decrease as well as the numbeMBf engaged in the cluster thus favoring MB redisjm in the
droplet. The detection step consists in measutiagotojection of the surface occupied by the MBilisence (§n) Or
presence (2ss) Of the analyte in the sample. USB camera plagesl @n after magnetic tweezers was used to take
droplet pictures. The MB were observed in transimissand induced a contrast represented by darkispixéfter
imposing a grey level threshold, the surface oclifny the MB was determined through image J soéwahe signal
was determined as: 148{Syiany). The entire procedure was performed at 21°C.

RESULTS

The feasibility of the agglutination assay in dedpl was demonstrated using 1um streptavidin colst®dand
biotinylated phosphatase alkaline as model analjte.first evidenced that aggregation rate and kisefliom passive
agglutination,i.e. without magnetic flux densityB), were very poor. In absence of magnetic fieldufe 2 A,D), the
presence of the analyte (2 nM) has no significafiténce on MB behavior as compared to the blangMQ. Diffusion
and convection processes due to droplet interr@fcidation flows were not sufficient to induce Mé&llision and
bridging. As in passive agglutination, agglutinatis limited by MB collision frequency and contdiche. Electrostatic
and steric repulsions between MB could also explanslow process of passive agglutination.

In order to improve agglutination rate and kinetitggnetic tweezers have been developed to magreeiit confine
MB in droplets (Figure 1)We observed experimentally that the applicatioB afnproved MB collision probability and
contact time. In the presence of high analyte comagons (figure 2 F) large aggregates of MB webserved while
progressive dissociation and redispersion was wbden blank experiments. These results demondinatspecificity of
the interaction. We investigated the influence ted thagnetic field on the agglutination test. Asvalmamn figure 2G,
above 20 mT, the value 8fhas no more influence on the signal.

In order to perform a high throughput assay, tlileiémce of the flow rate on the signal was alsaligttl for a given
analyte concentration. Four different flow ratesnfr0.4 to 1uL/min were investigated. Figure 2H shdkat the signal
decreased when increasing the flow rate. A cawfehtion on MB redispersion reveals two differaagimes. From 0.4
to 0.6 uL/min, the increase of droplet velocity ueels the magnetic confinement time and therefageMB capture
efficiency. It resulted in a decrease of agglutoraefficiency. However, from 0.6 to 1 pL/min wesaved a different
behavior : here the droplet velocity is so hight 8 stay packed at the rear of the droplet witlwithout analyte in the
sample. Therefore a flow rate of 0.4 pL/min wassghoas it offers the higher signal and a scanrtegaf 7 droplets per
minute.

The influence of MB concentration on the signahighlighted on figure 2I. It was shown that theaassensitivity
was improved when decreasing the MB concentrafiodeed, when the MB concentration decreases thebeumwf
captured target per MB increases thus increasiagptrcentage of MB engaged in the aggregakebnearity was
obtained in a concentration range of 100-900, 20@A1and 500-1700 pM when using 1,2 and 3 mg/mL & M
respectively. The assay limit of detection (LOD)hieh was determined as three standard deviatiorvealtbe
background, was estimated at 100 pM with a highmagycibility (RSD of 4.8% with 5 repetitions) whersing a MB
concentration of 1 mg/mL. This LOD meets the sérsitrequired for most of immunodiagnostics. Thesay specificity
was evaluated using BSA as interfering molecule; tbsults indicate the absence of non-specific wiggition. In
addition to high sensitivity, the possibility to reerate the droplets in large number gives accessliatble and high
throughput analyses. Including target capture, létogeneration, magnetic confinement and droplstialization, this
approach offers an analysis rate of 300 assayBqer
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Figure 2. Sequence of MB aggregation without (A)ByGvith (D,E,F) analyte. Influence of magnetieldiB on the
signal (G). Influence of the flow rate on the sib). Calibration curve for three different MB coentrations:
1(square), 2 (diamond), 3(triangle) mg/mL, circépresent non- specific analyte (BSA) with 2 mg/fd® (1).
CONCLUSION

In this work we have shown the implementation gframising low cost and high throughput agglutinatesssay
combining the advantages of MB, magnetic tweezedscaoplets. High gradient magnetic fields impragglutination
rate and kinetics while water in oil droplets pdwia significant of the reaction volumes (100 mhjltiplexed analyses
and automated high throughput analyses (300 arsaliiser).

REFERENCES

[1] D. Godfrin, H. Sénéchal, J.P. Sutra, J.M.sBel, F.X. Desvaux, G. Peltrdy modified enzyme-linked
immunosorbent assay adapted for immunodetectidovofamounts of water-insoluble protejnk Immunol. Methods,
vol. 326, pp. 83-92, (2007).

[2] K. Sato, M. Tokeshi, H. Kimura, T. KitamorDetermination of Carcinoembryonic Antigen in Hum@ara by
Integrated Bead-Bed Immunoasay in a Microchip fan€er DiagnosisAnal. Chem., vol. 73, pp. 1213-1218, (2001).
[3] J. Baudry, C. Rouzeau, C. Goubault, C. RobicCbhen-Tannoudji, A. Koenig, E. Bertrand, J. BibgAcceleration
of the recognition rate between grafted ligands aedeptors with magnetic forceBroc. Natl. Acad. Sci., vol.103,
ppl16076-16080, (2006).

[4] R. Afshar,Y. Moser, T. Lehnert, M. A. M. Gijghree-Dimensional Magnetic Focusing of Superparametig Beads
for On-Chip Agglutination Assaysal. Chem., vol. 83, pp. 1022-1029, (2011).

[5] M. Chabert, K.D. Dorfman, P. de Cremoux, J. Reaele, J-L. ViovyAutomated microdroplet platform for sample
manipulation and polymerase chain reactidmal. Chem., vol. 78, pp.7722-7728, (2006).

[6] A. Ali-Cherif, S. Begolo, S. Descroix, J-L. Viovy,. Malaquin, A programmable magnetic tweezers and droplet
microfluidic platform for high throughput nanolitenulti-steps assay&ngew. Chem., (2012) - Accepted.

CONTACT
Laurent Malaquin Laurent.malaquin@curie.fr

177



