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Abstract

RT-qPCR represents a key method in cancer diagnostic, however the constant increase in patients and cancer
biomarker panels to screen requires the implementation of faster approaches allowing smaller reagents and
samples volumes consumption. To fulfil these needs, we present here a fully automated droplet microfluidics
platform that couples a specifically designed thermal system with a fluorescent excitation/detection module.
Additionally, the droplet generation and merging approaches allows the analysis of multiple samples and genes
with no risk of contamination. This platform has been initially validated by investigating HER2 overexpression
in two cancer cell lines starting from total RNA samples; these results have been successfully compared with
those obtained by a commercially available machine, showing no limitation in terms of number of processed
samples as well as reducing 200 times the analysis costs per patient. Finally, we have demonstrated its
capability in performing fast RT-qPCR, raising the throughput of analysis to a hundred samples in less than 20

minutes.

1 Introduction

Recent progresses in genomics led to a deep knowledge of tumour cells genetic characteristics, allowing to identify
mutations specific to a particular cancer subtype and, in some cases, to devoted therapies[1]. This approach, defined
as precision medicine[2] by the Food and Drug Administration (FDA), is nowadays a common practice in cancer
diagnostics and clinics. A typical example for this methodology is the status of HER2 (Human Epidermal growth
factor Receptor 2) gene in breast cancer, which presents an overexpression (HER2+ status) in 15-20% of primary
breast cancers[3] and is associated with an aggressive tumour. However, recently the patients’ outcome has been
drastically improved by the administration of targeted treatments (e.g. Trastuzumab and Pertuzumab)[4].

The number of identified mutations is continuously increasing, thus the physicians must deal with larger gene panels
to be analysed requiring higher sample amount, as well as larger reagents volumes leading to higher costs. To face
these needs, new technologies must be developed allowing fast and multigene analysis of patient tumour while
consuming a minimal amount of biological material. Current gold standards to achieve precision medicine diagnosis
of breast cancer are Immunohistochemistry (IHC), Fluorescent In Situ Hybridization (FISH) and Reverse

Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)[5]. All these techniques are based on the
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screening of specific proteins or nucleic acids expressed in the cancer cells, which are known to be markers for a
specific cancer subtype or associated with potential targeted therapy. Despite RT-qPCR methodology is quantitative,
highly reliable and more labour-saving than other strategies[6], it remains rather expensive, notably due to the cost
of reagents and because all the PCR-based diagnosis approaches require rigorous procedures and environments, in
order to avoid contamination[7,8] and sample degradation, which is particularly critical for RNA analysis[9].
Therefore, the implementation of these bioanalytical methods in a microfluidic format has a great potential to
overcome current limitations, as already attested by the approaches developed so far. The pioneer work of Quake et
al.[10] presented a system for quantitative RT-PCR based on integrated PDMS valves, currently commercialized as
IFC module by Fluidigm. Unfortunately, this disposable and expensive device processes a fixed number of samples
per run (48 or 96), therefore it is not well-adapted to a clinical environment, where the samples number varies on a
daily basis and the cost per run cannot be optimized. Droplet microfluidics[11,12] has the potential to bypass these
limitations, guaranteeing stable compartmentalization without complex valve systems and, especially, using reusable
devices since the droplets containing the samples never touch and contaminate the channel walls[13].

Nowadays, droplet microfluidics is well established for droplet-digital PCR protocols[14—16] (ddPCR), which
consists in single molecule or cell encapsulation in droplet, thermal-cycling amplification and final endpoint
detection. However, despite ddPCR allows to achieve single molecule analysis, required for example in circulating
tumour DNA detection[17], it provides comparable results in term of sensitivity regarding the quantification of the
expression level of target genes[18,19] that, as introduced above, represents the key aspect in current diagnostic
strategies. Additionally, high level of multiplexing remains rather problematic due to false positive results[20,21].
Therefore, considering also its higher cost[18], ddPCR is still limited to research purposes and it is not yet diffused
towards clinical laboratories[22], in which, common RT-qPCR technology is widely used. Unfortunately, droplet
microfluidic devices devoted to the latter protocol are much less common. This is partially due to some technological
challenges: differently from ddPCR, requiring one single endpoint detection[23,24], JPCR needs accurate and
comparable fluorescent detection after each thermal cycle. Some examples reporting gPCR in droplets circumvent
this issue by parking the droplets in a specific area of a microfluidic chamber[25-29] or on a EWOD device[30],
performing the fluorescent analysis on stationary compartments[31]. Such approaches strongly limit the number of
processed samples per run. Moreover, these devices are typically coupled with a fluorescent microscope, preventing
their use away from an equipped laboratory and increasing the total cost for the experimental setup[25,26,32].

An interesting approach has been proposed by Hatch et al.[33] demonstrating continuous flow qPCR in droplets,
generated by a T-junction. Despite this work represents the first proof-of-concept in the field, it suffers from several
limitations. The sample preparation step is manually performed off-chip, strongly limiting the automation and the
eventual capability for multiple gene analysis. Then, besides the large droplet volume (uL range), the optical module
shows low excitation light homogeneity, leading to important issues in the fluorescent detection. The latter has been
solved by drastically increase the fibers numbers and using high-sensitivity cameras[34], thus increasing the overall
complexity and cost of the setup.

In this work, we present a droplet microfluidic platform, named Drop-qPCR, in which droplets, transported in a
reusable capillary, alternatively flow through two areas kept at different constant temperatures[35], while the
fluorescent detection is performed by a devoted system obtained by widespread and low-cost technologies: 3D

printing, LEDs and a CMOS USB-camera. Additionally, Drop-qPCR allows automated analysis of different
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combinations of samples and genes, thus guaranteeing perfect compatibility with conventional diagnostic protocols.
In particular, the implemented droplet generation approach allows to sequentially produce pairs of droplets (sample
and Master Mix) that spontaneously merge exploiting their difference in interfacial tension[36]. To evaluate the
potential of the Drop-qPCR platform, it has been successfully compared with a commercial RT-qPCR equipment,
showing the capability of performing analysis with throughput competitive with the current microfluidic ultrafast-
gPCR system[32], which however is not based on droplets microfluidics. Finally, this platform implements for the
first time the complete RT and qPCR protocol, thus starting from total RNA samples which, as mentioned before,
are very delicate and prone to degradation. This represents an important skill for its implementation in routine clinical
practice.

In the following, we first describe the technological development of the platform and its characterization. Then, Drop-
gPCR is validated i) by determining the expression level of the HER2 gene starting from total RNA samples extracted
from cancer cell lines and ii) by comparing the obtained results with a commercially available gPCR system. Finally,
we evaluate and discuss the analytical throughput achievable by the developed technology, compared to state-of-the-

art microfluidic strategies.

2 Materials and Method

The Drop-qPCR platform is composed by several modules. Some of them have been developed during this work
and will be described in the “Results and discussion” section, while others that are commercial or have already
been presented in previously published works, will be introduced in the following.

The droplet generation system, presented in[37], is composed by an arm-robot (Rotaxys, by Cetoni) coupled with
two syringe pumps (Nemesys, by Cetoni) mounting two syringes (2.5mL and 250uL, by SGE) and two
customized pinch valves[38]. Aqueous phase droplets are thus generated by pipetting in fluorinated oil (FC40,
by 3M) with 2% w/w of a fluorinated surfactant (1H, 1H, 2H, 2H-perfluoro-1-decanol, by Fluorochem) and
transported in PTFE capillary (0.3mm/0.6mm inner/outer diameter, by Sigma Aldrich). Notably, the use of a
fluorinated oil (FC-40) mixed with fluorinated surfactant assures a complete wetting of the fluorinated capillary,
preventing any cross-contamination during the pipetting[37]. This will be additionally confirmed by the qPCR results
from the setup validation. Liquids used for droplet generation (aqueous and oil phases) are stored in a commercial
384-wells microtiter plate (AB1384Y, by Thermofisher).The different parts of the RT and qPCR modules, that are
detailed in the Results and Discussion paragraph, have been produced by micro-milling using the Mini-Mill
machine (by Minitech) or 3D printing, by using acrylonitrile butadiene styrene (ABS) plastic and DL-260 resin
(by DWS Systems). uPrint SE Plus (by Stratasys) and DigitalWax028J+ (by DWS Systems) printers are used for
the two materials in order to obtain low and high resolution parts[39], respectively.

For temperature control and monitoring, Peltier modules (CP2-127-06L, by Laird Technologies) controlled by
three independent PID boards (TC M PCB by Electron Dynamics) are coupled with three thermal sensors (PT100,
by RS Pro) placed in correspondence to the heated parts. All the surfaces in contact that require a good heat
exchange are firstly covered with thermal paste (by RS Pro). The temperature characterisation is performed with

small-sized thermocouples (0.23mm, IT-24P, by PHYMEP) inserted in the PTFE capillary.
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For the fluorescence detection part, several optical components have been used: LEDs (CP7P-GZHX-1, by
OSRAM), aspheric and cylindrical lenses (354140-A and LJ1598L1-A, by Thorlabs), filters (excitation 485/20
nm and emission 530/43nm, by Semrock) and a macro-lens (MLV7000, by Navitar) installed on a camera
(acA2500-60um, by Basler). The acquisition framerate is set in between 20fps and 40fps according with the
applied flowrate, in order to assure a correct visualization of the flowing droplets. The spectral filters are chosen
in agreement with the Tagman probe used during the qPCR experiments (FITC filter set).

Finally, the total RNA samples used during the RT-qPCR analysis are extracted from two human cell lines SKBR3
(ATCC® HTB-30™) and MCF7 (ATCC® HTB-22™) by spin columns method (RNeasy Mini Kit by Qiagen). The
Master Mixes, containing primers for the two investigated genes (HER2 and Actin-3, or ACTB) and Tagman probe,
are prepared using the CellsDirect™ One-Step qRT-PCR Kit (by Thermo Fisher Scientific) as indicated in ESI (see
Note S1), for both in-droplet experiments and commercial gPCR machine (SmartCycler II, by Cepheid). Each RT-
gPCR analysis is repeated at least twice for each sample. The kit has been chosen because it allows both RT and
gPCR from the same reaction solution. In detail, the PCR requires incubation times at two temperature conditions

(denaturation at T=95°C, annealing and elongation at T= 60°C).

3 Results and discussion

3.1 Drop-qPCR platform development

The droplet microfluidic platform is composed by three sequential modules for the implementation of three
different tasks: i) droplet generation, ii) Reverse Transcription (RT) and iii) gPCR. The first module, already
presented in[37,40], allows the pipetting of deterministic trains of confined droplets (between 50 and 300nL,
volume polydispersity <2%) from solutions stored in a conventional microtiter plate (see Figure la). This
approach provides high flexibility in programming the droplet content, which can be tuned by adjusting the
pipetting sequence. Additionally, the microtiter plate and capillary used ensure a minimal waste of reagent that
stay on the bottom of the well of 200nL (see Note S2 in ESI). Moreover, due to a combination of pinch valves
and PDMS devices[37], droplets generation can be performed while other droplets previously prepared are
flowing in the microfluidic device for the analysis. This allows to achieve a throughput which is not limited by
the droplet generation. Additionally, due to the combination of oil and capillary used, possible contaminations
between the different wells of the microtiter plate during the droplets sampling are prevented, as demonstrated
in[37]. Finally, this system enables decoupling the droplets generation and their processing in the platform,
allowing: 1) the parallelization between samples pipetting and analysis; ii) the control of the carrier liquid
flowrate, keeping constant the droplets size and the production rate.

During the experimental protocol, pairs of droplets (volumes of 100nL), containing respectively total RNA
sample and RT-qPCR Master Mix, are continuously generated. In parallel, to fulfil the clinical requirements,
negative controls are also analysed during the experiments. These can be easily implemented in the Drop-qPCR
platform by pipetting a water droplet instead of the total RNA sample. To induce the sample and the Master Mix
droplets merging, we have taken advantage of the interfacial tension difference between each droplet and the
carrier fluid (12.8+0.5mN/m and 2.9+0.2mN/m, respectively). As described in[36], when a confined droplet is

transported by a carrier fluid, its speed is a function of the interfacial tension (y) between the two liquids; notably,
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lower v leads to higher speed. Therefore, this effect has been exploited to induce a spontaneous droplets contact
and thus, their merging after a constant travelled distance (15¢cm=*1cm, see also ESIin [36]). Notably, being based
on the different interfacial tensions of the droplets with the oil phase, this approach ensure 100% merging efficiency,
as experimentally observed.

After the merging, the resulting daughter droplets flow in the second module devoted to the RT reaction, at a
flowrate of 120nL/s. This module is designed to incubate the flowing droplets at a fixed temperature for a desired
time, at 50°C for 11 minutes in this case. Therefore, as shown in Figure 1b, we have developed a RT module
composed by a brass part presenting a groove on its surface with a serpentine design that acts as capillary holder.
In order to assure the desired homogeneous temperature on the capillary, the brass plate is fixed on the Peltier
module which is coupled with a heatsink for the temperature dissipation. Finally, an ABS 3D-printed lid is placed
all around the module to guarantee thermal insulation from the external environment[41].

After the RT, droplets containing the resulting cDNA continuously flow in the third module dedicated to PCR
amplification and real-time fluorescence detection. This module allows both temperature cycling and
fluorescence measurements after each cycle and for each droplet. These two sections will be separately discussed

in the following.

Syringe 2 PTFE

mﬁ' : tubing Daughter
droplet

Syringe 1 \

(J oS

\ / &
ow
X,Y,Z robot QN Droplet
pinch merging
. valves

a) Microtiter plate b)

Peltier

Capillary

Heat sink

Figure 1: a) Module for droplet generation and flow (module 1). Two pinch-valves connected with two syringe pumps guarantee a continuous
pairs of droplets generation starting from solutions stored in a microtiter plate. The first droplet (yellow) contains the RNA sample and the
second (blue) the Master Mix for the RT-gPCR. After the generation, droplets are transported in the capillary towards the 2nd module of the
platform, during the flow, each pair spontaneously merges resulting in a daughter droplet (green) ready for the RT protocol. (b) Scheme of
the RT module (module 2): droplets experience a constant temperature (50°C) flowing in the capillary placed inside the brass part and then,
they are transported to the 3rd module for the gqPCR amplification.

qPCR module: Thermal cycling

As shown in Figure 2a, the third module of the platform is composed by two heating parts facing each other,
independently assembled and controlled, as for the RT module. The same capillary (approximatively Sm long) is
thus rolled-up in between the two parts in order to let the flowing droplets experience two temperatures in
alternate manner. This arrangement allows the production of a more compact device than using the common flat
configuration[15]. More details about the capillary installation are reported in ESI (see Note S3 and Figures
S1,S2). Additionally, in order to guarantee a homogeneous temperature around the capillary, we have designed

the brass plates with 45 straight and parallel pockets on the surfaces, having squared cross section (see Figure
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2b). Then, the two faced heating parts are held together by two screwed 3D printed structures, reported as dashed
rectangles in Figure 2a. In detail, a first U-shaped structure (left side in Figure 2a) fixes the plates position and
keeps them at a mutual distance of 1cm. Then, a second structure (right side in Figure 2a) presents a comb-like
shape in which the capillary is passed through, as shown in Figure 3a. These 45 vertical windows, aligned with
the pockets on the brass parts, assure the optical accesses required for the fluorescence measures.

Once the thermocycling part is assembled, we have verified the temperature homogeneity and stability by
inserting different thermocouples in the capillary hosted by the brass plates. As shown in Figure 2c¢, the device
takes about 4 minutes to reach the desired temperature and presents an average oscillation of 0.2°C. These are
crucial requirements for a proper DNA amplification; in fact, enzymes and primers involved in the annealing step
are designed to work at specific temperatures and any divergence may lead to low amplification efficiency
(<90%)[42,43].

Therefore, by keeping the two brass parts at the temperatures required for the amplification protocol, droplets
experience the 45 temperature cycles just flowing in the capillary. In detail, the experiment is designed to keep
them 25s at both 60°C and 95°C by applying a constant flowrate of 120nL/s, which allows to perform a complete
PCR cycle in approximately 1 minute. These times have been calculated as the ratio between, the width of the

brass plate multiplied by the capillary section, and the flowrate.
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Figure 2: gPCR module — thermal cycling part. a) The capillary (light blue) is rolled-up in between two brass plates (vellow) kept at defined
temperatures; b) the plates present straight and parallel pockets holding the capillary in a homogeneous temperature environment. c)
Temperatures monitoring on both brass plates: denaturation part (95°C, black dots) and annealing-extension (60°C, red dots). These
measurements are performed by thermocouples placed in a capillary installed in the device and the time=0min corresponds to the device

starting.

qPCR module: Fluorescence optical measurement

Typical qPCR curves are obtained in a commercial machine by performing a fluorescence measure of the sample
between each amplification cycle. Therefore, the same approach has been applied in the microfluidic device: the
detection is done in between every droplet turn in the capillary, which corresponds to a PCR cycle.

The fluorescence measure is performed through the observation windows integrated in the 3D printed part as
previously described (Figure 3a). More in detail, the excitation light is focused on the capillary’s portions passing
through the observation windows and the subsequent droplet fluorescence emission is collected by the camera placed
in front of it (see Figure 2a). Thus, knowing the droplet generation order, the qPCR curve is easily obtained for each
one, by plotting its fluorescence intensity versus the turn (or cycle) number. Notably, camera and macro-lens have
been chosen (see Material and Methods) in order to assure a field of view large enough to observe all the 45

observation windows in the same frame.
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Figure 3: scheme of the module 3. a) A 3D printed comb-like structure (grey) fixes the positions of the capillary on which the optical
fluorescence detection takes place. This part is designed to be aligned with the pockets of the brass plates and to avoid light pollution between
capillary turns during the detection. b) Scheme of the optical path followed by the LED light in order to obtain a beam homogeneously focused
on a line. Optical components are designed to irradiate specific areas of the capillary, which are imaged by an external camera. ¢) Image
processing workflow: for all the images, a ROI is defined for each capillary turn and its average pixel intensity value (I) is constantly
monitored; when the droplet crosses the detection window, a peak is observed and its maximum is taken as the fluorescence intensity value of
the droplet (Imax). To better visualize the droplet in the figure, in the images’ sequence, a saturated fluorescent image has been considered.

See Movie S1 to view an example of an acquisition of a quantitative experiment.

Since the fluorescence emission is proportional to the excitation light intensity, in order to compare the signals
coming from the different observation windows, thus from different PCR cycles, a homogenous irradiation is
required. This has been achieved by combining a custom-made optical setup and a post-processing signal analysis
algorithm. In detail, the setup is composed of a series of optical components aligned by a devoted micro-milled
structure, which is installed on top of the comb-like structure (see dashed line in Figure 3a and Figures S3,S4 in ESI).
As reported in Figure 3b, the light emitted by an array of 13 LEDs (peak emission centre 465 nm) is collected by
13 aspheric lenses; each LED-lens couple is placed in contact between each other in order to collect all the light
emitted by the LED. Being this distance smaller than the focal length of the aspheric lenses used (1.45mm), a
divergent light is obtained which is, at first, narrowed by a FITC excitation filter (485/20 nm), then focalized by
cylindrical lenses. The distance between the aspheric and cylindrical lenses has been experimentally optimized
at 4.5 mm, in order to collect all the light. Therefore, this optical structure is designed to collect the initial LED
light and to produce an elongated and homogenous beam, minimizing light loss, as typically obtained by using
conventional diffuser. Finally, an emission FITC filter (530/43nm) is installed in between the macro-lens and the
camera, to increase the signal/noise ratio. In this way, it is possible to continuously record the entire region
exposed to the excitation beam and to visualize the fluorescence emission of the droplets flowing in the capillary
(see Movie S1 in ESI). Importantly, since every portion of the capillary is embedded in the comb-like structure
(see Figure 3a), the walls act as optical insulators between the different observation windows (pictures of the
setup are reported in Figure S4 in ESI).

The acquired images are then analysed by a dedicated Matlab program. In each frame, 45 regions of interest
(ROIs, 170x170um?) are univocally associated to each of the 45 capillary portions, corresponding to the 45
amplification cycles, as shown in Figure 3¢. Therefore, for each frame the system allows to monitor in parallel
all the ROIs by measuring the fluorescence signal; the average pixel value (/) in the ROI is plotted as function of
the acquisition time. Initially, a constant background value is measured, then, when the droplet crosses the ROI,
a peak is observed as shown in Figure 3¢ and in Movie S1 (see ESI). The peak maximum /..y is the representative

value for the fluorescence intensity of a droplet in a given ROI, thus for the corresponding thermal cycle. Notably,
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by using a Tagman probe, which presents an initial detectable fluorescence signal, all droplets are discerned
starting from the first cycle therefore, being confined and preserving their generation order, they are also
univocally identified by their ordinal number.

In order to evaluate the homogeneity of the excitation/emission light, a droplet containing a fluorescence
calibration solution (400nM Tagman probe) is flown in the capillary recording its emission intensity from each
ROIL. A light uniformity higher than 82% is measured (see Figure S5 in ESI). Despite this represents a good result
that does not involve customized devoted lenses[44,45], it is found to be not high enough to compare the
emissions from the different 45 capillary’s portions. However, since the unwanted light modulation represents a
systematic error, a signal analysis post-processing has been applied to compensate this effect. In details, the signal
from each ROI is systematically normalized by the emission intensity measured by the calibration solution, on
the same ROI. In detail, 5 droplets of the calibration solution are flown in the capillary and the fluorescent signals
from each ROI are acquired; the average values are then used to normalize all the measured intensities from the
corresponding ROIs. Figure 4a reports two examples of qPCR curves before (top) and after (bottom) the
normalization, respectively. Therefore, by plotting the normalized droplet intensity as function of the ROI number,
we can achieve a conventional gPCR amplification curve of the corresponding sample. Finally, from this type of
curves, the cycle threshold (or Ct) associated to the analysed sample can be easily extracted as for standard qPCR
machines: the background probe signal is subtracted, resulting in curves aligned to the zero intensity, then the
fluorescence threshold is chosen within the range of exponential phases of the amplification curves[46—49]. As a
first proof of concept, Figure 4b reports data obtained with the Drop-qPCR platform for a sample of total RNA
extracted from SKBR3 cell line and a negative control. These results prove the feasibility of the Drop-qPCR
approach both in terms of DNA amplification and fluorescence detection. Finally, since the number of cycles
required for observing the qPCR amplification curve depends on the initial quantity of targets, if less than 45
cycles are sufficient, the unnecessary last ROIs can be simply ignored during the data analysis, without requiring

any adjustment in the setup nor extending the duration of analysis.
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Figure 4: a) Plot of the fluorescence intensity (Imax) for each droplet as a function of the capillary turn number, corresponding to the
amplification cycle, before(top) and after (bottom) the normalization,; data are related to ACTB gene of Total RNA sample (Ing) from MCF7
cell lines (red). b) Examples of normalized and shifted gPCR curves obtained for the ACTB gene from the total RNA samples extracted from
MCEF7 cell lines at Ing/drop (red dots) and 125pg/drop (blue dots), and negative control (black dots). The intersections between the threshold

(green dashed line) and the amplification curves give the Ct values for each sample (red and blue arrows).
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3.2 RT-qPCR analysis

To further evaluate the Drop-qPCR platform, analyses have been performed using total RNA samples extracted
from two cell lines: SKBR3 and MCEF7, that are known to overexpress and non-overexpress HER2,
respectively[37]. In detail, these samples have been analysed in order to obtain calibration (or standard) curves
for this gene, which is particularly relevant for breast cancer, using ACTB as reference gene. Such dual gene
analysis allows to analyse the obtained data by the ACt method[50], which is typically applied to compare the gene
expression across different samples or experimental conditions. Notably, for each calibration curve the droplets
train is composed by 8 pairs of droplets: 7 for the two-fold dilutions of RNA (between 1ng/drop and 15pg/drop)
and one negative control (DEPC-treated water). This range of concentration is lower than the typical quantities used
for routine quality check of clinical samples (6 to 25ng per assay)[37] and the lowest calibration point (15pg/drop)
corresponds to the average total RNA amount in a single cell.

Figure 4a reports the calibration curves for HER2 and ACTB genes in SKBR3 and MCF7 cell lines obtained using
the Drop-qPCR. Each data point is the average result of the repeated experiments and the corresponding standard
deviation is considered as the error bar. Coefficients of variation (CVs) are found always lower than 2.5%, showing
an excellent repeatability. In order to evaluate the performance of the Drop-qPCR approach, the fit parameters, the
coefficient of determination R2, as well as the resulting PCR efficiencies, are summarised in Table 1. The calibration
curves obtained for the total RNA extracted from the two cell lines (Figure 4a and Table 1) present a linear trend
(R>>0.95) and amplification efficiencies higher than 90%. These aspects are particularly important since they
demonstrate that: i) the device design guarantees optimal and homogeneous thermal actuation and reliable
fluorescence detection; ii) the results for the two investigated genes, can be analysed by ACt method. In fact, the
latter can be applied only if the amplification efficiencies of the genes are comparable. Figure 4a also shows that the
platform allows to clearly distinguish between 2-fold serial dilutions, which corresponds to the resolution limit of
conventional qPCR assay[51]. Furthermore, considering the gene of interest for clinics (HER2), we observe that the
MCEF7 curve is shifted upward with respect to the SKBR3 one, indicating the expected overexpression of SKBR3.
This is also shown by the resulting ACt values reported in the Table 1 (ACtmcr7> ACtskrrs), confirming that Drop-
gPCR allows to clearly differentiate between the two sample populations whatever the initial quantity of mRNA and
down to single-cell level. Finally, since experiments are performed pipetting from the highest to lowest
concentrations, plus a negative control, these results confirm that any cross-contaminations between the wells of the
microtiter plate or droplets happened.

Furthermore, the performances of our device have been further evaluated by doing a systematic comparison between
the data obtained by the Drop-qPCR and a commercially available gPCR system (SmartCycler II, by Cepheid). This
comparison has been performed in the same conditions: genes, cell lines and initial quantity of total RNA. The
obtained results show that the data by the Drop-qPCR platform and the SmartCycler are perfectly comparable (see
Figure 4b and Table 1). In fact, both PCR efficiencies and ACt values for the two cell lines correspond within the
propagated errors. This demonstrates that the droplet microfluidic platform provides an accurate quantification as the
commercial system, despite the cost reduction in terms of reagents (Master Mix volumes reduction of 200 times).
Finally, comparing Figures 4a and 4b, a decrease of about 6 Ct values is observed using the droplet platform. Since

the fluorescence intensity of a molecule is proportional to its concentration, this effect is probably due to the total
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RNA confinement in droplet, as already reported in micrometric size reaction chamber[52,53]. This may lead to the

capability in detecting gene typically poorly expressed.
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Figure 5: calibration curves obtained using the (a) droplet microfluidic device and the (b) commercial system (SmartCycler), using Total RNA
sample extracted from MFC7 (red dots) and SKBR3 (black dots) cell lines, to determine HER?2 (squared dots) and ACTB (circle dots) genes
expression level. Error bars are not visible if smaller than associated data point. The solid and dashed lines are the linear fits of data related

to the HER?2 and ACTB genes, respectively. The parameters of the fits are reported in Table 1.

Table 1: Comparison of the results obtained in the droplet microfluidic platform and in the conventional gPCR machine. Investigated factors

include fit parameters (Slope, Intercept and R2) of curves reported in Figure 4. PCR efficiencies and ACts.

Slope Intercept R? PCR Eff. ACt

x HER2 | -3.42+0.04 | 28.75+0.08 0.998 96%
O | SKBR3 3.610.2
> ACTB | -3.44%0.06 | 25.18+0.14 | 0.997 95%
s HER2 | -3.49+0.35 | 36.29+0.76 0.946 93%
5 MCF7 9.840.8

ACTB | -3.60£0.17 | 26.50%0.36 0.986 90%
S

HER2 | -3.51+0.09 | 34.89+0.20 0.996 93%
< | sKBR3 ° 3.5:0.2
S ACTB | -3.30:0.07 | 31.42+0.14 | 0.998 101%
=)
© HER2 | -3.51#0.21 | 41.30+0.45 0.980 93%
£ MCF7 9.440.6
) ACTB | -3.56%0.17 | 31.86%0.37 0.987 91%

3.3 Fast RT-qPCR evaluation

To investigate the analytical throughput of the Drop-qPCR platform, the workflows described above have been tested
increasing the flowrate of the carrier oil between 150 and 600nL/s. In this way, droplets spend different residence
times on the heating brass parts. Knowing the oil flowrate and the device geometry, the times required to perform
one turn in the capillary, or one PCR cycle (cycling period), ranges between 47 and 12 seconds (see inset Figure 6a),
corresponding to a residence time between 18.8 and 4.7 s at each temperature.

In order to quantitatively compare the different throughput conditions, Ct and amplification efficiency[47] are
evaluated for a fixed total RNA quantity in 5 replicates (1ng of total RNA extracted from MCF7 cells for ACTB
gene). Figure 6a reports the Ct values obtained as function of the flowrate. They are constant (average Ct=15.8) with

CV<0.8% up to 450nL/s, while a higher Ct (=21.0) showing higher variability (CV=2.24%) is found at 600nL/s; this
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indicates the upper speed limit of the protocol. Similarly, Figure 6b shows that PCR efficiencies and the related R?
are constant within the error bars and present small CV (<5.3% and CV<0.1%, respectively) up to 450nL/s, while
they decrease and are associated with higher variabilities (CV=13.7% and CV=1.7% respectively) at 600nL/s.
According to the heat exchanger model presented in[54], droplets experience a complete thermalization in less than
2 seconds for all investigated droplets’ speeds. Since the shortest residence time on the brass part per cycle (for
600nL/s) is 4.7 seconds, the decrease in RT-qPCR performance at this flowrate is probably limited by the kinetics of
the reactions: DNA denaturation (95°C) and/or annealing/elongation (60°C). According to general guidelines for
nucleic acid amplification, the elongation time is the slowest and the limiting process. Similar limitation in time are
also found in[32]. It is also worth noting that to get constant Ct values using the commercial gPCR machine
(SmartCycler), at least 3 times longer cycling period have to be applied. This can be partially explained by the longer
thermalization required for the larger reaction volume (25puL) and by the temperature ramp needed by the machine
during the PCR cycles (see Note S4 and Figure S6 in ESI for more details).

Altogether, these results demonstrate that the Drop-qgPCR platform allows performing the qPCR protocol (45 cycles)
in less than 12 minutes (corresponding to a flowrate of 450nL/s and a cycling period of 15.7s), which not only is
much faster than commercially available machines, but it is also consistent with the actual state-of-the-art in the
monophasic microfluidic devices (cycling period: 14s)[32]. However, the latter is strongly limited by the number of
samples that can be analysed per run; in fact, in order to parallelize the analysis for different samples, several
disposable microfluidic chips must be employed. Differently, our platform allows sequential analysis of different
samples, without presenting drastic limitation in the throughput. Additionally, once the droplets are generated and
stored in the capillary at a mutual distance of 14 mm (corresponding of 1puL of oil), the time required for the total

RT-qPCR analysis of 1 or hundred samples, differ of less than 5 minutes (15min for 1 sample and 20min for 100

samples).
82 . 100 1.0 [ PCR Efficiency
28| g% R
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Figure 6: a)Cts, b)PCR Efficiency and related R’ obtained for different flowrate conditions and thus, different cycling periods related to the
qPCR (see a,inset). The results are consistent up to 450nL/s.
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4 Conclusion

In this work, we present a novel microfluidic platform implementing samples and reagents merging, the entire
RT and qPCR protocols, starting from total RNA samples. We demonstrated its ability to discriminate cells with
different gene expression levels in perfect agreement with a commercial system, and despite a higher sensitivity
and a 200-fold reduction in reagents volume. The latters allow fulfilling clinical laboratories needs in order to,
respectively, 1) increase the number of genes that can be screened starting from identical sample quantity and ii)
reduce the cost per analysis, as it is mainly based on reagents consumption. Moreover, the Drop-qPCR was
designed fully-automated and versatile to customize the number and the combinations of samples/genes, without
the need for a trained user nor an external pipetting robot. Thus, leading to further cost reduction.

However, the increase in the gene panel per patient raise a major question of analysis duration. For that purpose,
we showed that compared to other state-of-the-art systems, our platform presents the unique capacity of
performing 30 qPCR cycles in less than 8§ minutes for a single sample and in less than 12.5min for a hundred
samples. Consequently, the Drop-qPCR is perfectly adapted to both small and large number of samples with fast
analysis time, and thus being highly suitable for diagnosis applications.

Considering that the highest achievable throughput is limited by the kinetic of the PCR reaction, optimization in
the reaction buffer solution [32,55] can represent important perspectives for further timing improvements of this
technology. Finally, the lower RNA amount considered for the calibration curve corresponds to the one of a
single cell (about 15pg/drop), thus future outlooks include the coupling of this technology with a single cell-

encapsulation device [56].

, thus validating its suitability and potentialities for routine cancer screening in clinics. Notably, the results
obtained are in perfect agreement with a commercial system, despite a strong reduction of both reagent and
sample volumes required (up to 200 times). The latter is a crucial aspect in clinical laboratory in order to 1)
increase the number of genes that can be analysed starting from the same sample quantity and ii) reduce the cost
per analysis, asnyrhfhngbf mainly based on the reagents consumption.

Additionally, Drop-qPCR has been designed to be a versatile tool allowing the automated screening of a
customizable number and combinations of samples and genes, leading to a further reduction of costs in term of
alternative pipetting robot or long manual operation performed by trained user. Then, the platform allows the
application of the same pipeline used in diagnostic, which consists in multiple analysis per sample and negative
control experiments. Moreover, to face the increasing number of gene panels to screen, the platform is able to
perform hundred reactions in less than 20 minutes, presenting at the same time the unique capability of being
suitable for both small and large number of samples, resulting therefore, perfectly suitable for diagnostic
applications.

Since the highest achievable throughput is limited by the kinetic of the PCR reaction, optimization in the reaction
buffer solution[32,55] can represent important perspectives for further improvements of this technology. Finally,
the lower RNA amount considered for the calibration curve corresponds to the one of a single cell (about 15pg/drop),

thus future outlooks include the coupling of this technology with a single cell-encapsulation device[56].
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