
https://hal.sorbonne-universite.fr/hal-01323999
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


mailto:patricia.de-cremoux@aphp.fr
mailto:stephanie.descroix@curie.fr


www.nature.com/scientificreports/

2SCIENTIFIC REPOrTS�������|�ã�x�{�{�z�v�������������ã���w�v�ä�w�v�y�~���•�”�‡�’�x�{�{�z�v

methods in breast cancers are published and periodically updated by a panel of experts to improve upon the 
accuracy and convenience of HER2 testing by immunohistochemistry (IHC) or Fluorescent In Situ Hybridization 
(FISH), which represent the gold standard in clinical practice7,8. Recently, we investigated the potential of 
Quantitative Polymerase Chain Reaction (qPCR) as an alternative to FISH, in a multicentre screening based 
on 840 cases, in the framework of a prospective project entitled �Support Program for Costly Diagnostic and 
�erapeutic Innovations� supported by the French Institute of Cancer (INCa)9. As a conclusion of this study, 
qPCR represents a reliable alternative for the quanti�cation of HER2 expression level in cancer classi�cation. 
�is technique is signi�cantly less labor-intensive and more reliable than FISH, but it remains rather expensive, 
notably due to the cost of reagents, and as all PCR-based diagnosis approaches, it requires rigorous procedures 
and environments to avoid contamination and false-positives.

A promising technique to ful�l the fast increasing demand for throughput and multiplexing associated with 
�precision medicine�, while reducing costs, is micro�uidics. �is technology allows volume reduction, automation 
and con�nement10. Quake et al.11 developed a Reverse Transcription (RT) -PCR assay in micro�uidic devices 
based on PDMS valves, an approach now commercial available in the Fluidigm IFC device. �is device allows 
outstanding single cell sensitivity and a high throughput, thanks to the parallel processing of numerous samples 
versus numerous conditions (e.g. 48 �  48). �is format, in which the cost per run is essentially independent of the 
number of samples processed, yields low cost per data point at full capacity, but is not well adapted to diagnostic 
screening of gene expression, in which samples arrive at the laboratory at random times, and a short time to 
answer is required for each sample. Droplet micro�uidics, which allows compartmentalization in nanoliter vol-
umes without complex integrated valves, has the potential to overcome this limit and, indeed, proof-of-concept 
experiments using droplet micro�uidics were reported since then12,13. However, most droplet based approaches 
to RT-PCR so far, followed the same spirit as developed for �digital PCR�14,15, e.g. the generation and pooling of 
a large quantity of individual droplets from a single liquid sample. Higher programmability was introduced by 
electro-wetting on dielectric technology (EWOD)16 and a device performing messenger RNA (mRNA) extrac-
tion, puri�cation and transcription has been recently described17. EWOD, however, requires complex microfabri-
cated devices with electrodes, bringing back the cost issues mentioned regarding microfabricated valves11. It also 
requires an additional upstream interface for sample and reagents loading.

Here we present a new platform aimed at bringing to the clinical world the advantages of droplet micro-
�uidics, addressing issues relevant to the speci�c challenges of clinical diagnosis, i.e. reliability, robustness to 
contamination, high multiplexing potential, versatility, user-friendliness, automation and cost reduction, while 
maximizing the compatibility and interoperability with currently validated and used protocols and work�ows. 
�e front-end of this platform is a simple motorized pipetting arm, which allows the direct sampling of samples 
and reagents from standard microtiter plates (MTP), for full compatibility with current sample storage strategies 
and equipment. As a main di�erence as compared to currently commercialized droplet platforms, such as those 
used in �digital PCR�, all droplets are kept equally spaced by oil in a highly con�ned state (a format also called 
�plug micro�uidics� in literature)18,19. �is way, inter-droplet contamination risk is reduced and the �identity� 
(originating well) of each droplet, built in the sequence of droplets all along the protocol, is known without need 
for internal tags. �ese di�erences alleviate several current limitations of droplet micro�uidics20. �e second 
original feature of the platform is the �magnetic tweezers� concept (Fig.�1), previously applied to ELISA21, and 
applied here for the �rst time to nucleic acids analysis. �is magnetic tweezers approach allows the transfer of 
functionalized magnetic particles between subsequent droplets, bringing into the droplet micro�uidics world the 
power of solid-state extraction and the �exibility of magnetic beads-based protocols. Here we use it to speci�-
cally capture and purify mRNA from a raw sample. Finally, the platform comprises a thermocycler, in which RT 
and pre-ampli�cation PCR cycles are performed in the droplets. �e whole protocol is programmed in a series 
of �trains� of con�ned droplets containing all the required reagents and samples. Several trains can be loaded 
sequentially and travel at constant distance from each other like in real railway. �is way, multiple samples can be 
processed in a fully automated way in a single capillary, without any contact with external environment, reducing 
labour needs, risks of manipulation errors and/or contamination, in addition to a strong reduction of reagents 
and samples needs.

Di�erent tests were performed in order to validate the platform, focusing on two genes of interest, the target 
gene HER2 and a reference gene named TBP (TATA-binding protein). As already introduced, HER2 is a major 
theranostic biomarker for breast cancer. TBP, a �house-keeping gene� with low variability of expression in breast 
cancer cells, is usually chosen in clinics as a reference in order to validate the quality of total RNA samples. A 
�rst series of experiments was performed with total RNA samples extracted from two human breast cancer cell 
lines: MCF7, which belongs to the luminal subgroup, has a normal expression level of HER2 and SKBR3, which 
presents an overexpression of this gene, displays a typical HER2�  status.

�e ability of the platform to perform RT and PCR in droplets was evaluated and quanti�ed. �e performance 
of PCR technologies depend on many factors, including thermal control, detection, data analysis and normal-
ization, and algorithms for Cycle threshold (Ct) determination are rather complex and apparatus-dependent. 
�ese developments are now integrated in conventional qPCR devices in a way transparent to end-users, and 
they constitute the frame in which biologists perform their analysis and draw their conclusions. �ese qPCR 
platforms have a relatively high sample and reagents consumption, and integrating �uorescence detection directly 
in the droplet format could induce strong gains regarding cost and sensitivity. However, in this �rst study of a 
new micro�uidic concept, we wanted to quantify its advantages and possible disadvantages without adding in the 
comparison other factors, such as the sensitivity and stability of a new detection scheme, the in�uence of which 
would combine with the micro�uidic part in a way di�cult to unravel. �erefore, in order to allow for a more 
reliable comparison, we chose to perform the �nal steps of the analysis in a conventional qPCR machine, taking 
advantage of the possibility o�ered by the platform to collect a�er processing individual samples in conventional 
microtubes or MTP.
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interoperability with current diagnosis platforms. �e system involves a high-precision syringe pump (Syringe 
1) dedicated to droplets sampling, a high volume syringe pump (Syringe 2) to push trains of droplets at con-
stant velocity (set at 0.1 � l/s) through the device, and a compact 1-arm motorized pipettor allowing programmed 
sampling from any well in a MTP. Sampling is performed by sequential aspiration of sample or reagents and oil. 
PDMS micro�uidic devices (Fig.�2c,d) are designed to operate as switching and storage junctions in order to 
create two independent �uidic circuits. Using those and a combination of pinch valves (Fig.�2b), the system is 
able to generate a train of droplets, while previously generated trains are �owing in the rest of the platform (see 
Methods). �is approach allows a continuous operation, wherein an intermittent pipetting process generates 
successive trains, while previously generated trains are processed at constant speed. It also allows �on-the-�ight� 
reprogramming, i.e. varying the samples and reagents combination for next trains, while a previously prepared 
train is studied, without interrupting operation.

In order to avoid any contaminations between di�erent wells by the capillary, the same PTFE capillary was 
used for sampling and droplets train transport. �e carrier oil was �uorinated oil (FC-40, by 3 M) containing 
a �uorinated surfactant (2% of 1H, 1H, 2H, 2H-per�uoro-1-decanol, by Fluorochem). In such conditions, the 
surface tension between the oil and the PTFE is low enough to guarantee that a small �lm of FC-40 is always 
present at the end of the capillary. Fluorinated oil also reduces the risk of molecules di�usion from the aqueous 
phase droplet into the continuous oil phase, avoiding cross-contamination problems24. �is has been demon-
strated performing systematically negative control tests, consisting in normal train of droplets where the RNA 
droplet is replaced by washing bu�er, interspaced between positive trains. In particular, a negative control train 
was systematically included every 7 positive trains and all trains of droplets were treated using the same protocol, 
from the droplet generation to the qPCR ampli�cation. In all the tests (total of more than 200 for the whole series 
of experiments presented in this work), the qPCR curves from the negative control droplets did not shown any 
ampli�cation. An example of this can be observed in Supplementary Fig. 2, which shows raw data obtained of the 
ampli�cation curves. In contrast with conventional droplet micro�uidics, in which surfactants are designed to 

Figure 2.  Micro�uidic platform for the generation of trains of droplets. (a) Scheme of the droplet 
micro�uidic generator module, which combines a MTP plate placed under a motorized pipettor arm (Cetoni), 
two syringes, two pinch valves (b) and two PDMS chips (c,d). �e connections between the PDMS chips 
inlets and the di�erent parts of the platform are numbered from 1 to 6 and the same numbers are reported 
on the scheme (a). Syringe 1 is connected with inlet 1 of PDMS chip 1 (Fig. 2c) while syringe 2 is connected 
with PDMS chip 2 (Fig. 2d) at inlet 5; inlets 2 and 3 are connected respectively to the pipettor head and to the 
PDMS device 2 (inlet 4), thanks to tubing passing through the two valves (V1 and V2). Finally, inlet 6 of the 
second PDMS chip is connected with the capillary in which droplets are driven between the magnetic tweezers. 
In order to generate droplets trains, while other droplets are �owing in the rest of the platform, homemade 
so�ware switches alternatively between two conditions represented by red and blue lines. In condition 1, V1 
is open and V2 is closed; syringe 1 is in aspiration mode generating and storing droplets in the PDMS device 
1 while syringe 2 is pushing oil in the rest of the circuit. �en, in condition 2 (V1 closed, V2 open), syringe 
2 is stopped and syringe 1 pushes the generated droplet train over PDMS device 2; a�er that, condition 1 
is reactivated, and a new droplet train can be generated while the previous one is �owing in the processing 
system. In order to avoid pinching of a droplet by a valve, 10 mm oil spacers were introduced between droplet 
trains, and pipetting and valving were synchronized to ensure that valves close only onto these spacers. Each 
train in the series of trains can be prepared from any arbitrary combination of samples and reagents. �e water 
and oil phase solutions are placed in the MTP, which is covered by a mineral oil �lm of 2�3 mm for avoiding 
contaminations or solution evaporations. �e length of the scale bar of (b�d) is 1 cm.
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pre-ampli�cation are performed in the droplet following RT, a shi� of 15 cycles in the calibration curves is 
obtained, showing that the platform allows inline mRNA puri�cation, reverse transcription and DNA ampli�ca-
tion with an e�ciency comparable to that observed in conventional PCR machines. To date, in the routine anal-
ysis developed at Saint-Louis Hospital, total RNA is used to minimize manipulations and risks of contamination. 
Indeed, mRNA puri�cation is not mandatory for all applications and is o�en avoided in conventional protocols. 
In our platform, however, this step can be included without additional sample manipulation or risk of contam-
ination, since it is performed entirely in the micro�uidic capillary. Implementing this additional puri�cation is 
thus a way to increase the robustness of the method, by getting rid of a large majority of spurious RNA, at no 
additional risk and with negligible increase in the whole process time. Additionally, it is interesting to note that 
new technologies such as RNA sequencing, require highly puri�ed samples to perform multiplex reactions and 
tend to use more and more o�en additional magnetic beads-based puri�cation steps to avoid any non-speci�c 
reactions33. �erefore, we believe that our platform, performing in �native� mode mRNA extraction by magnetic 
beads, Reverse Transcription and PCR pre-ampli�cation, will also make it an interesting front-end technique for 
these new massively parallel technologies34,35.

A blind test versus an established routine clinical diagnosis was then performed on a cohort of 21 patients for 
the determination of HER2 ampli�cation status, using the 2���Ct Method, typical for qPCR analysis. �e results 
show a good quantitative correlation of 0.84 between the Fd values. Moreover, in Fig.�4 the two populations of 
normal and overexpressed HER2 tumors are well identi�ed, demonstrating that all the 21 patient samples studied 
were well characterized by the micro�uidic platform in the blind test.

�e platform used here allowed the processing of one sample every 3 minutes, i.e. about 500 samples per 
day. �is is quite su�cient for most clinical diagnosis expression needs. Indeed, in research, experiments can 
be pooled and synchronized, in order to take advantage of devices processing in parallel many samples, but in 
clinical diagnosis, the ability to provide a fast response for each patient at a low cost is o�en as important or more 
important than theoretical throughput. Strategies involving parallel processing in disposable chips are thus poorly 
adapted, since the operation cost per chip is essentially independent of the number of samples processed in the 
chip, so that samples must be pooled up the full capacity of the chip or close to it, before processing to keep costs 
low. Our system, in contrast, does not use disposable chips, samples are processed sequentially and reagents are 
well protected under oil in the machine and can be kept for re-use on-demand. �erefore, the typical one hour 
response time can be maintained without signi�cant cost increase from a single sample per day to the maximum 
rate of 500 samples per day, making the platform particularly suitable and cost-e�cient for situations in which the 
number of samples to treat per day can vary widely, typically from a few to several hundred. It should be noted, 
however, that in order to best ful�ll clinical requirements, the machine used here was aimed at �exibility but not 
optimized for speed. For higher throughput applications, the use of a more industrial pipetting stage, for instance, 
could allow the parallelization of the droplet generation step. Additionally, both valves and magnetic tweezers 
used here could accommodate more capillaries with little modi�cation, so the throughput of the system could be 
increased by one or two order of magnitudes without major modi�cations.

�e presented micro�uidic platform shares with previous droplet micro�uidic systems the use of oil to com-
partmentalize aqueous media in multiple nanoliter scale microreactors and thus, the possibility to considerably 
reduce reagents and sample consumption but, besides this, it has very di�erent aims. Current droplet micro�uidic 
systems use high-throughput generation of droplets from one or a few streams, to achieve thousands to millions 
of independent reactions in discretized samples of the same mix. �is has opened, for instance, the route to 
digital �one molecule per droplet� approaches, leading to spectacular increases in sensitivity in PCR14, but the 
cost of analysis per sample remains high. Here, in contrast, we use compartmentalization to increase automation 
and reduce volume, but remain in the �one reaction per sample� paradigm. In other words, a combination of a 
single droplet of sample and a single droplet of PCR mix is su�cient for typing the sample regarding to the cor-
responding sequence. As consequence, sample and reagents consumptions are directly commensurate with the 
volume ratio between a single droplet and a MTP well. �is, combined with the magnetic tweezers permitting 
droplet-to-droplet extraction, puri�cation and transfer, allows the implementation of essentially any protocol 
currently implemented in pipetting robots. For instance, in this study, starting from the same liquid samples, 
we easily introduced in our protocols triplicates assays and negative control tests, which are fundamental in 
diagnostic analyses. �e micro�uidic platform also shares with current robotized platforms MTPs as common 
entry and exit points, allowing easy evolution from existing work�ows. However, it presents several advantages 
as compared to conventional robots, which remain in the MTP format through the whole protocol; at �rst, the 
reduction of the sample volume and RT reagents needed to obtain a data point is reduced by a factor between 40 
and 200. Even smaller volumes could be sampled with syringes of smaller diameters, but we did not consider this 
useful here, since a X40 volume reduction, in combination with the absence of microfabricated disposables, and 
a strong reduction in plastic consumables, are already su�cient to decrease consumables cost to a level negligible 
as compared to other costs in the work�ow, such as blood sampling and labor. Additionally, any sample contained 
in a single well (typically 20 to 100 � l) can be typed versus up to 100 PCR mixes contained in di�erent wells or, 
alternately, a single PCR mix of 20 to 100 � l can be used to screen up to 100 samples, in a fully programmable 
manner and in any combination of samples versus mixes. �is opens the route to multi-biomarkers screening 
from the same sample volume, to costs reductions and to the implementation of diagnostic sequences based on 
decision trees, without additional manipulation; for instance, a new train of droplets can be prepared from the 
same sample well with di�erent primers, following the result of a �rst test, in an operator-decided or automated 
way. Another advantage is a reduction of risks of human error or contamination, either by RNase (sample deg-
radation) or by DNA (false positives), thanks to the fact that operations are performed under oil all along the 
protocol. Indeed, the droplet platform was installed in a multi-purpose biochemistry lab, in which various other 
experiments involving ampli�cation of human DNA were also performed, without pre-PCR and post-PCR seg-
regation, and no event suggestive of contamination was observed during the whole study. �is contamination 
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