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Improving food safety is crucial in the context of a “One Health” approach. To guarantee product quality

and safety, the food industry, which has a very high turnover rate, needs short time-to-result analyses.

Therefore, user-friendly systems at the point-of-need are necessary, presenting relevant analytical

information and fulfilling the current regulations. To answer these challenges, a microfluidic platform

integrating sample preparation and subsequent multiplex qPCR detection has been developed for on-site

testing. The system consists of a fully automated instrument driving a microfluidic cartridge dedicated to

the detection of multiple allergens in complex food matrices. The first part of the microfluidic cartridge

contains pumps, reservoirs, valves and a filter to achieve DNA extraction, concentration and purification.

Multiplex qPCR detection is carried out in the second part of the cartridge including a negative control

chamber and five chambers for target analyte detection. The in-house developed instrument contains all

functions to autonomously drive the microfluidic cartridge: pneumatic control for fluid actuation, thermal

control for qPCR amplification and an optical system using three fluorescent wavelengths for multiplex

detection of the target analytes and controls. We demonstrate the simultaneous detection of four different

allergens – gluten, sesame, soy and hazelnut – from various complex food matrices. The turn-around-time

from sample to result is close to two hours and controls in place validate the obtained results. For gluten, a

direct comparison with ELISA shows that the regulatory threshold of 20 ppm is comfortably fulfilled.

Moreover, all results are in agreement with external laboratory analyses performed in parallel on the same

samples. Our findings confirm that the system can be used safely on-site without the risk of cross

contamination between the various samples being analysed. In conclusion, our microfluidic platform offers

a robust method for on-site allergen management.

Introduction

The WHO highlights that a “One Health” approach is critical
to address health threats, in particular improving food safety
and environmental monitoring. More specifically, new
challenges to food safety will continue to emerge, largely due
to (i) evolution in food diversity, production and supply,
including the importation of foods on an unprecedented
scale, (ii) food contamination due to evolution in the
environment (e.g. allergens, bacteria, toxins, plants…), and
(iii) evolution in consumer preferences and habits.1–3 In most

cases, central lab testing remains the gold standard despite a
strong urge to shorten the time-to-result. Raw material
suppliers are requested to provide analysis certificates that
establish clearly allergen safety in their products.4 Waiting
one week for a central lab analysis for these suppliers results
in storage expenses and requires a large place for these bulky
materials. In addition, this storage increases the risk of
allergen contamination between various batches of raw
materials. Lastly, one-week analysis is not compatible with
perishable goods. Therefore, the food industry, having a very
high turnover rate to guarantee product quality and safety,
would benefit tremendously from a short time-to-result.
Indeed, successful examples of commercial point-of-need
analytical systems exist for certain applications such as
diagnosis of COVID-19,5–7 diagnostic systems (cobas® Liat®
system (Roche Diagnostics) and BioFire® FilmArray® Panels
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(bioMérieux)). Nevertheless, some domains, such as the food
industry, are still behind in this respect.

Challenges for allergen detection involve the great variety
of complex sample matrices and targets, the trace levels
needed to be detected (concentration levels on the order of
ppm, for example, the gluten regulatory threshold of 20
ppm), and the analysis of large sample volumes required for
representativity.8 In addition, allergen contamination is
sometimes limited to specific ‘hot spots’ rather than being
distributed homogeneously throughout the whole sample,
particularly when analysing whole grains for gluten.9

Therefore, to avoid false positive/negative results in allergen
detection, a large sample amount (i.e. several grams or
millilitres) is mandatory. To ensure that a representative test
will be obtained, conventional methods use homogenization
(i.e. thorough grinding to a powder) of a sufficient amount of
the food matrix, typically around 5 g.10–13 Usually only 5% of
this homogenized sample is actually used for the extraction
of the target analytes.

Methods for detecting allergenic substances can be
categorized into two types: protein-based and DNA-based.
Immunoassays quantify allergenic proteins responsible for
the immune reaction in sensitive people, whereas DNA-
based techniques like PCR identify the genetic material of
the allergenic food, serving as a surrogate for the allergen.
DNA amplification techniques such as the polymerase chain
reaction (PCR) are commonly used because of their speed,
efficiency and simplicity.14 These amplification techniques
are reliable, highly specific and sensitive and show an
excellent limit of detection down to 1 mg kg−1 or 1
ppm.2,15–17 However, quantitative PCR (qPCR) requires a
high degree of purification in order to detect and quantify
fragmented and low-concentration DNA in highly processed
foods.18 Furthermore, food matrices that have complex
compositions19 may contain PCR inhibitors such as fat and
polyphenols, which are present in high amounts for
example in chocolate, ham and green vegetables.20–24 In
addition, DNA presents an elevated stability upon thermal
treatment, pH alteration or partial hydrolysis, processes
that are frequently used in the food industry. It should be
noted that food processing can increase or decrease or
leave unaffected the allergenic properties of food
proteins.10,25–27 Complex food matrices are more
challenging for immunoassay methods than for
biomolecular methods.28–30 Indeed, numerous studies have
shown that different pre-processing methods affect ELISA
results.

All those challenges need to be taken into account in
microfluidic approaches to ensure efficient concentration
and purification. Therefore combining on-site both rigorous
sample preparation (SP) and subsequent analyte detection in
fully automated systems is mandatory. In addition,
considering that future analytical methods will require
sensitivity, specificity, robustness, repeatability,
quantification and a high dynamic range for any food matrix
(e.g. fat, sterilized foods), orthogonal approaches may be

required to ensure the safety and health of allergic
individuals.

To meet the demand for point-of-need methods in the
food industry, various microfluidic approaches are employed
to detect food allergens. In our laboratory, a microfluidic
technology based on pneumatically collapsible chambers was
used for the development of an immunoassay for gluten
detection exhibiting a dynamic range of 10–30 ppm with
good sensitivity (2 ppm) and specificity.31 Passive
microfluidics also demonstrated its usefulness: simple, fast
and accurate electrochemical detection of one peanut
allergen has been demonstrated using a microfluidic paper-
origami based nano-aptasensor, integrating aptamers as
bioreceptors.32 Also for peanut allergens, Ma et al. developed
a microfluidic droplet device for amplifying peanut DNA.33

Multiplex allergen detection was also addressed, for example
using circular fluorescence probe-mediated isothermal
amplification (CFPA) in a microfluidic device to detect food
allergen genes,34 or using colorimetric LAMP in a
microfluidic device for detecting the allergen genes of
peanut, sesame, and soybeans.35 Recently, Natsuhara et al.
designed a microfluidic device with passive stop valves to
achieve sequential liquid dispensing into an array of 10
microchambers. Using a colorimetric LAMP assay, they
demonstrated simultaneous detection of multiple food
allergens including controls without cross contamination
between the microchambers.36

To provide integrated point of need devices, microfluidic
approaches have to ensure efficient concentration and
purification of either the protein allergens or the
corresponding DNA. Indeed, sample preparation is a
prerequisite of microfluidic devices exhibiting sample-to-
result capabilities.9 Nevertheless, very few examples of
integrated microfluidic allergen sample preparation are
described in the literature. Magnetic beads can be used prior
to use of the microfluidic device for efficient extraction of
protein allergens.37 DNA adsorption, purification and
extraction from a complex food matrix (plants seeds) was
demonstrated prior to in-tube LAMP detection for peanut
and soybeans, using a paper-based microfluidic chip.38

Although great achievements in detection have been made,
the complete integration of multiple functions that combine
both sample preparation and subsequent analyte detection in
fully automated systems for allergen management by food
companies is still required.9,39

In this paper, we demonstrate a generic fully automated
microfluidic system suitable for on-site testing from sample
to result. The system includes a sample preparation module
for DNA sample extraction, concentration and purification
from complex food matrices that is combined with a
multiplex detection module based on qPCR. An over-
representation step of low-concentred target allergens in
heterogeneous food matrices is performed40 to be able to
analyse a much larger sample volume than conventional
methods and thus ensure good sample representativity. DNA
extraction, concentration and purification is achieved in one
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part of the microfluidic cartridge, using integrated microfluidic
pumps, valves, reservoirs, and a filter membrane. The second
part of the microfluidic cartridge is dedicated to multiplex qPCR
detection, including a negative control chamber and five
chambers for target analyte detection. As a proof of concept, we
focused our work on the detection of gluten, sesame, soy and
hazelnut. We show that our on-field deployable system can
easily deal with different complex food matrices (namely flour,
spread, seed mix, flavouring mix or canned food) for effective
detection of all allergens. All of those matrices may naturally
contain allergens and/or were spiked with a known amount of
allergenic food. In a fully automated way, DNA preparation and
multiplex qPCR detection for gluten, soy, sesame and hazelnut
are successfully demonstrated within a single microfluidic
cartridge. The developed method proves to be robust since the
controls in place validate the results and the outcomes are in
agreement with external laboratory analyses (using gold
reference methods) performed in parallel on the same samples.

Experimental
Microfluidic system

The instrument and cartridges are developed and realised
in-house as described in detail below. The microfluidic

system, as shown in Fig. 1, consists of an autonomous
instrument (Fig. 1A–C) that drives the microfluidic cartridge
operations (Fig. 1D–G) in order to automatically realise all
of the protocol steps. A generic fluid pneumatic actuation
pilots the microfluidic cartridge.41 In the developed
instrument, the use of three fluorescence signals allows the
inclusion of a microfluidic filling control and an internal
positive control in each of the six qPCR chambers. Data
analysis of the qPCR fluorescence signals is done using
three different fluorescence wavelengths to obtain valid
quantification cycle (Cq) values and avoid false positives or
false negatives (Fig. 2) as described in the corresponding
section below.

Microfluidic cartridge

The microfluidic cartridge (84 × 54 × 6 mm3) is International
Organization for Standardization (ISO) 22 916: 2022
compliant.42 It is composed of four layers of cyclic olefin
copolymer (COC) (Fig. 1G) that are structured by high-
precision micro milling (Datron M7HP). The top layer (layer
1) contains openings for stretchable reservoirs and Luer ports
into which cut off syringes can be plugged to be used as fluid
reservoirs. The fluidic layer (layer 2) contains the fluidic

Fig. 1 Instrument and microfluidic cartridge. (A) In-house developed instrument (25 × 25 × 50 cm3) containing all functions to drive the
microfluidic cartridge. (B) Detailed view of the microfluidic cartridge, fully equipped with all reservoirs, placed on the instrument. (C) Schematic
representation of the instrument showing the main technical modules: pneumatic control for operation of valves and pumps, thermal control
driving a Peltier element for qPCR cycling, optics for fluorescence imaging and a clamping area for pneumatic and thermal interfacing between
cartridge and instrument. (D) Photographs of microfluidic cartridges containing either only the sample preparation circuit (top left) or only the
qPCR circuit (bottom right). (E) Photograph of the complete microfluidic cartridge. (F) Schematic representation of the complete microfluidic
cartridge showing the fluidic path (blue lines), the valves (blue and black circles), Luer ports (L1–L5), pumps (P1–P2), stretchable reservoirs (R1–R2),
filters (F1–F2), qPCR chambers (C1–C6) and pneumatic control lines (uncolored). (G) Exploded view of the cartridge assembly showing the 5 layers:
1) top layer with Luer ports for reservoirs, 2) fluidic layer, 3) pneumatic layer with filters and elastic valve membranes, 4) bottom layer with the
qPCR chambers, and 5) adhesive film sealing the cartridge.
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channels that interconnect the inlet/outlet ports, the various
valves, pumps and filters and the qPCR chambers that are
located in the bottom layer. The pneumatic layer (layer 3)
contains the pneumatic channels to actuate valves and
pumps. The elastic membranes for the valves and pumps, as
well as the filter membranes are sandwiched between the
fluidic and pneumatic layer at designated locations. The
valves are actuated by deforming their elastic membranes by
compressed air or vacuum to respectively close or open the
valve. The pumps are actuated in the same way, where a
negative pressure fills the pump volume with liquid and a
positive pressure empties the pump volume. The stretchable
reservoirs R1 and R2 (Fig. 1F) are also covered with an elastic
membrane, which has several advantages. First, it allows for
large variations in the volume. Second, the reservoir can be
emptied completely without leaving much residue. Last, and
most importantly, the reservoir is closed, which prevents
contamination of the environment of the system. The qPCR
chambers are located in the bottom layer (layer 4) to provide
good thermal contact with the heating element of the
instrument. The four COC layers are bonded by thermal
bonding and the bottom layer is closed off with an adhesive
film (layer 5, MicroAmpTM, Applied Biosystems) to
hermetically seal the qPCR chambers. Primers and probes for
each allergen target (FAM fluorescence) and for the internal
control (Cy5 fluorescence) as well as DNA for the internal
control are dried overnight under vacuum in the qPCR
chambers before sealing the cartridge with the adhesive film.
Cartridges are stored at room temperature in the dark prior
to use. In order to test the sample preparation circuit and the

DNA amplification circuit separately from each other, two
preliminary cartridges were developed (Fig. 1D) before
fabricating the complete cartridge (Fig. 1E).

Instrument hardware and software

An autonomous instrument of about 25 × 25 × 50 cm3 that
contains hardware components for fluid driving, thermal
control and optical detection drives the microfluidic
cartridge. Fig. 1 shows a photo of the instrument and a
schematic drawing indicating the main technical modules.
Fluid driving is based on pneumatic actuation of elastic
membranes forming either valves or pumps. The instrument
is therefore equipped with 3 pressure controllers (SMC, ITV
series), 32 solenoid valves (SMC, VV061 series) and a
dedicated homemade electronics board. The cartridge holder
forms a pneumatic interface between the 32 pneumatic
control lines of the instrument and the pneumatic channels
on the cartridge. By placing the cartridge onto the
instrument, the 32 pneumatic connections are made instantly
in a single step.41 Thermal control is realised through a
Peltier heating element in direct contact with the bottom of
the cartridge, covering a zone of 20 × 20 mm2 right under the
qPCR chambers. A dedicated electronics board (TEC
Microsystems, DX5100) ensures proportional–integrative–
derivative (PID) control of the Peltier element using a Pt1000
temperature sensor that is integrated in the heating area.
Optical detection is based on fluorescence imaging. The
instrument has a cover to make sure that the imaging takes
place in the dark, to avoid the interference of ambient light

Fig. 2 Interpretation of the fluorescence signals for qPCR analysis. The main fluorescence signal representing an allergen qPCR result (C) is
interpreted with the aid of two supplementary fluorescence signals: a fluidic control (A) and an internal qPCR control (B). For each qPCR cycle
those three fluorescence signals are obtained, of which the supplementary signals (ROX, green fluorescence and Cy5, red fluorescence) are used
to validate or invalidate or correct the main signal (FAM, blue fluorescence). The curves in the graphs are schematic examples of cases that can be
encountered with best case examples in green, acceptable cases in orange and examples of cases that invalidate the qPCR assay in red. (A) The
fluidic control represents a constant number of fluorescent molecules present in the qPCR master mix, which would normally stay constant at an
expected level (A1). A sudden (A2) or gradual (A3) decrease in the signal typically indicates bubble formation or leakage of liquid from the chamber.
The data of such a change in the fluidic control signal can be used to correct the other fluorescence signals. A very low level (or complete
absence) of fluorescence signal (A4) typically indicates the qPCR chamber is not filled correctly, which invalidates the qPCR assay. (B) The internal
qPCR control represents an independent qPCR reaction that takes place regardless of the allergen content of the sample. It would normally show
an exponential curve with an expected Cq value between 32 and 38 (B1). A slightly shifted curve (B2) typically indicates a low and therefore
acceptable inhibition of the qPCR reaction. The amount of shift could be used to correct the main signal, but when the amount of inhibition is too
large (B3) the qPCR assay is invalidated. The complete absence of amplification results in a flat curve, which invalidates the qPCR assay as well. (C)
The allergen qPCR signal represents the actual qPCR assay to determine the quantity of targeted allergen in the sample. All curves represent a
reliable result when both the fluidic control and the internal qPCR control are valid. The first curve (C1) represents a higher allergen content
compared to the second curve (C2), which represents a lower allergen content. The third curve (C3) represents a non-detectable allergen content,
because the Cq value is larger than 42. The fourth curve (C4) shows no sign of amplification and therefore represents a non-detectable allergen
content as well.
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on the fluorescence signals. A monochrome CMOS-type
camera (IDS, UI-3060CP) takes images of the qPCR area. To
multiplex the actual allergen qPCR detection with two
supplementary controls, this system has been designed to
detect the three fluorophores of interest, while remaining
compact for on-site experiments. The fluorescence
measurements were intended for the detection of the
following probes (center wavelength/bandwidth): FAM
excitation 472 nm/30 nm, emission 512 nm/25 nm (blue);
ROX excitation 559 nm/34 nm, emission 600 nm/14 nm
(green); and Cy5 excitation 632 nm/22 nm, emission 676 nm/
29 nm (red). It is equipped with three LED sources
(Thorlabs), each with a dominant wavelength centered on the
fluorophore absorption peak. Each of these three sources is
coupled to a high-core multimode optical fiber (Thorlabs), a
collimator and a spectral filter to illuminate the total surface
qPCR area with sufficient power density to excite the
fluorophores. Fluorescence emissions are collected by an
optical system comprising an achromatic doublet (Thorlabs),
a filter wheel (Thorlabs) equipped with three spectral filters
(Semrock) and a tube lens (Thorlabs) for imaging the area of
the 6 qPCR chambers on the camera. The spectral filters used
to collect fluorescence emissions have been specifically
chosen so that their spectral bands recover only the signal
emitted by the associated fluorophore. This is particularly the
case for ROX and Cy5, for which absorption curves overlap,
and therefore the bandwidth of the ROX emission filter is
chosen short enough to avoid collecting the Cy5 emission.
This choice of spectral filter pairs (excitation/emission)
eliminates the need for digital processing to correct
fluorescence signal levels. An LED driver (Mightex) controls
the intensity of each of the LEDs individually and thus
enables together with the filter wheel to switch wavelength as
desired. A USB hub integrated in the instrument connects all
elements by a single cable to a PC from which everything can
be controlled via an in-house developed software application
(uFlu factory). Using Python scripts, a fully autonomous
functioning of the complete protocol is achieved.

Protocol steps

The procedure for extraction and purification of the allergen
DNA was adapted from state of the art protocols.40,43,44 The
first step of the protocol consists of the extraction of DNA
from 10 g of food matrix using 80 mL of lysis buffer. Because
of this large volume, which is needed to achieve a high
representativity of the sample, this step takes place outside
the microfluidic cartridge. A fraction of the extract is
transferred into reservoir L1 of the microfluidic cartridge
(Fig. 1F) through a Whatman GD/X syringe filter to avoid
clogging due to large particles. Allergen DNA was extracted
from various food matrices such as flour, spread, seed mix,
flavouring mix and canned food (French cassoulet). In
addition, surface sampling (wet wipe) was used to analyse the
presence of allergens on a surface, following the same
extraction protocol with lysis buffer. Allergen free matrices

were spiked with a known concentration of wheat flour,
hazelnut, sesame or soy to evaluate the analytical
performance (e.g. limit of detection, accordance with
regulations). Some samples were spiked with two or three of
those allergens to perform multiplex analyses. Some matrices
naturally contain various amounts of these allergens.

The remainder of the sample preparation procedure
consists of the purification of the extracted DNA and all steps
are executed automatically by the microfluidic system
following the instructions of a predefined Python script.
Fig. 1F shows a map of the fluidic circuit (blue lines) with all
elements labelled for reference. After placing the cartridge on
the instrument the script closes all valves to allow the user to
manually fill the fluid reservoirs attached to the Luer ports as
follows. L1 is filled with the filtered sample of crude
extracted DNA. A minimum of about 150 μL is required, but
the system automatically aliquots the exact volume of 105 μL
needed for the protocol. L2 is filled with 250 μL of ethanol
(96%) and L3 with 250 μL of ethanol (70%). L4 is filled with
100 μL of Luna qPCR master mix (New England Biolabs
Luna® Universal Probe qPCR Master Mix M3004E), which
contains a passive reference dye (ROX) and Hot Start Taq
DNA Polymerase. L5 is left empty and serves as a waste
reservoir. First, chamber C1 is filled with qPCR mix from L4
by applying a negative pressure above the hydrophobic filter
F2. After its upstream and downstream valves have been
closed, an image is taken to verify if the chamber has been
filled correctly using the fluorescent signal of the passive
reference dye (ROX). Then, 105 μL of sample is pumped from
L1 to reservoir R1 by one single stroke of pump P1.
Subsequently, 105 μL of ethanol (96%) is pumped from L2 to
reservoir R1 by one single stroke of pump P1 so that the
sample is mixed with ethanol in an exact 1-to-1 ratio. In order
to improve mixing, and thus promote the precipitation of
DNA, the liquid is pumped in back-and-forth movements
between R1 and P1 a couple of times before an incubation of
3 minutes takes place in reservoir R1. After incubation, the
liquid containing precipitated DNA is pumped from R1 over
the filter F1 towards the waste reservoir L5 by several strokes
of pump P1. Then, the complete content of 250 μL of ethanol
(70%) is pumped from L3 over the filter F1 towards the waste
reservoir L5 by several strokes of pump P1. Initially, part of
the volume is passed via R1 to recover any leftover traces of
the DNA sample, then the remainder of the volume is passed
directly over the filter and finally air from the empty L3
reservoir is pumped over the filter to eliminate residual
ethanol acting as a PCR inhibitor. The precipitated DNA is
now retained on the filter while all the excess liquid has been
removed towards the waste reservoir L5. The qPCR master
mix is then pumped from L4 over the filter F1 to reservoir R2
by several strokes of pump P2. The pellet of precipitated DNA
on the filter is dissolved by the qPCR master mix and, in
order to improve this dissolution, the liquid is pumped in
back-and-forth movements between R2 and P2 a couple of
times before leaving the qPCR master mix with the purified
DNA in reservoir R2. Then the qPCR chambers C2–C6 are
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filled with the liquid in R2 by applying a negative pressure
on the hydrophobic filters F2. After closing all of the
upstream and downstream valves, an image is taken to verify
if all the chambers have been filled correctly using the
fluorescent signal of the passive reference dye (ROX).
Thermal cycling is then started with an activation phase of 3
min at 95 °C for the Hot Start polymerase followed by 50
cycles of the following profile: 30 sec at 95 °C and 40 sec at
60 °C at which temperature the three fluorescence images
(FAM, Cy5, ROX) are recorded sequentially.

qPCR data analysis

In order to make the qPCR detection robust against various
artefacts, the fluorescent detection uses three different
fluorescent dyes that are all present simultaneously in each
chamber. The first supplementary fluorescence signal
represents the fluidic control. It is an ROX dye (green) that is
present in the qPCR master mix as a passive reference at a
known quantity, which would normally stay constant at an
expected level. Any fluidic artefact such as incomplete filling,
bubble formation or leakage would affect this baseline signal.
The second supplementary fluorescence signal represents the
internal qPCR control, a TaqMan probe labelled with a Cy5
dye (red) that is specific to a chosen DNA sequence other
than the targeted allergens. Because a known quantity of this
chosen DNA sequence was dried in each qPCR chamber, at
least one amplification will always take place in each
chamber. It is thus a positive control from which the amount
of inhibition, related to the purity of the DNA sample, can be
estimated. The main fluorescence signal representing the
allergen qPCR result is a TaqMan probe labelled with FAM
dye (blue). As illustrated in Fig. 2, showing different cases of
potential artefacts, the allergen qPCR result is only
interpreted when both the fluidic control and internal qPCR
control are valid. The fluorescence images, taken at each of
the 50 cycles of the qPCR assay, are treated as follows. Six
regions of interest (ROI) defined as the exact locations of the
six chambers are used to measure the average fluorescence
intensity for each chamber. These values are then plotted
against cycle number to obtain an amplification curve from
which the Cq values are determined by finding the maximum
value of the second derivative. Signal conditioning, such as
the moving average, and some additional criteria, such as a
minimum fluorescence level or a minimum cycle number,
were used to be robust against imperfections of the
fluorescence signal. Finally, the results were displayed for
each chamber as “valid” or “invalid” based on the controls
and for each allergen as “detected” or “not detectable” based
on the Cq values.

Results and discussion
Performance of the sample preparation assay in the
microfluidic cartridge

The first part of our work was focused on the integration of a
sample preparation assay into the microfluidic cartridge,

leading to a cartridge containing only the sample preparation
circuit (Fig. 1D). Three different food matrices (seed mix,
millet flour and sunflower spread) were spiked with 200 ppm
of wheat flour in order to obtain contaminated samples with
20 ppm of gluten. In addition, a non-spiked sunflower spread
was used as a gluten-free matrix. The 10 factor
correspondence between the ppm of wheat flour and ppm of
gluten was determined by ELISA (RIDASCREEN® Gliadin kit,
R-Biopharm), i.e. 10 ppm of wheat flour correspond to 1 ppm
of gluten. Following a short millifluidic sample pretreatment,
the sample preparation circuit in the microfluidic cartridge
effectuates the following major steps: precipitation,
purification, concentration and elution of the DNA leading to
an automated sample preparation procedure of 20 minutes.
Each food matrix was processed using a representative
number of replicates to assess the validity of these sample
preparation steps (n > 10) (Fig. 3A). Then, qPCR analysis of
the microfluidic prepared DNA was performed in-tube using
a commercial device (QS5, Thermo Fischer) using three
fluorescent wavelengths (ROX, Cy5 and FAM). Internal qPCR
controls (IC) show a low and therefore acceptable level of
inhibition with Cq values comprised between 34.6 and 36.5,
thus validating the efficacy of the purification level of our
sample preparation method. For gluten detection, Cq values
were found between 29.4 and 30.3 with a variation of below
5%. The gluten-free sample presents a very high Cq value of
46.8, thus confirming the absence of gluten in this food
matrix. To complete these results, we investigated a large
range of gluten contamination varying from 10 to 5000 ppm
by spiking gluten-free sunflower spread with various amounts
of wheat flour (Fig. 3B). Using the same approach as
described above, the results of the 20 samples that were
analysed show that the Cq values varied from 32.4 at 10 ppm
down to 24.3 at 5000 ppm, following a reasonable linear
regression (R2 = 0.93). Moreover, for all of the spiked samples
the presence of gluten was confirmed even at low
concentrations. The International Food Standard (IFS),
namely the Codex Alimentarius,4 defines the 20 ppm gluten
threshold as a limit: below 20 ppm of gluten a food is
considered to be “gluten-free”, and between 20 and 100 ppm
of gluten a food is classified to have “low-gluten content”.
Thus, with a limit of detection of 10 ppm of wheat flour -
corresponding to 1 ppm gluten – our sample preparation
method indeed meets the sensitivity requirement of the IFS.

Performance of the qPCR assay in the microfluidic cartridge

The second part of our work was focused on the integration
of the qPCR assay into the microfluidic cartridge, leading to
a cartridge containing only the qPCR circuit (Fig. 1D). Prior
to testing the amplification in the cartridge, the thermal
profile of the system was assessed and the results showed
that the Peltier module controls the temperature in a
satisfactory manner, as measured by the Pt1000 (Fig. S1†).
Primers and probes were dried inside the qPCR chambers
and different targets were distributed over the chambers as
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follows (Fig. 3C). Chambers C2, C3 and C6 contain dried
reagents for gluten detection, chambers C4 and C5 contain
dried reagents for hazelnut detection, while chamber C1
contains dried reagents for multiple allergen targets.
Furthermore, each chamber includes control DNA for the
internal control test as detailed in Fig. 2B. To evaluate the
performance of the qPCR assay in the microfluidic cartridge,
we used DNA purified from wheat using standard laboratory
preparation protocols. We chose a rather low concentration
of DNA, corresponding to an equivalent of 2 ppm of gluten,
to ensure sufficient sensitivity. All chambers were filled with
PCR reagents containing wheat DNA, even chamber C1,
mimicking the case of a potential DNA contamination of the
qPCR reagents to evaluate the function of this chamber.

Fig. 3D shows the raw fluorescence image (FAM) after 50
cycles for all qPCR chambers before any signal conditioning.
One can easily observe that chambers C1, C2, C3 and C6,
containing the gluten primers and probes, show

fluorescence, whereas chambers C4 and C5, containing only
hazelnut primers and probes, stay dark at the end of the
amplification reaction. Fig. 3E represents the corresponding
qPCR amplification curves resulting from the image analysis
as described earlier. As expected, the amplification curve of
chamber C1 presents an increase in fluorescence signal after
30 cycles in the presence of the target DNA. This validates
undoubtedly that this chamber containing multiple allergen
targets can be used as a negative control. In further
experiments, chamber C1, which is completely isolated from
the other chambers, was filled with qPCR mix only, so that it
could be used as a control for the absence of DNA
contamination in the qPCR mix. The curves for chambers C2,
C3 and C6 also clearly show that amplification occurs as
expected in the presence of the targeted DNA. At the same
time, the fluorescence of chambers C4 and C5 (hazelnut)
does not vary over time, as expected, indicating the absence
of non-specific amplification despite the presence of non-

Fig. 3 Results demonstrating the functionality of the sample preparation cartridge (A and B) and the qPCR cartridge (C–G) separately (see Fig. 1D).
(A) On-cartridge sample preparation followed by in-tube qPCR for gluten detection in seeds, flour or spread food matrices (only sunflower spread
is gluten free, all other matrices are low gluten <20 ppm). (B) On-cartridge sample preparation and in-tube qPCR for gluten detection in sunflower
spread samples spiked with 10 to 5000 ppm wheat flour (10 ppm n = 2, 20 ppm n = 1, 100 ppm n = 2, 200 ppm n = 9, 300 ppm n = 2, 1000 ppm
n = 3, 5000 ppm n = 1). (C) Schematic representation of qPCR chambers each with specific allergen target. Chamber 1 contains multiple allergen
targets for qPCR control. (D) Fluorescence image (FAM) of the corresponding qPCR chambers after 50 cycles. (E) Corresponding qPCR
amplification curves. (F) Corresponding measured Cq values and results for gluten and hazelnut detection using DNA purified from wheat
(equivalent to 2 ppm gluten) as well as Cq values of internal control validating the results. (G) Comparison of qPCR Cq values for on-cartridge and
commercial instruments using DNA purified from wheat (CFX and QS5: 20 ppm n = 3, 200 ppm n = 2, 1000 ppm n = 1, 5000 ppm n = 4. qPCR
cartridges: 20 ppm n = 9, 200 ppm n = 3, 1000 ppm n = 3, 5000 ppm n = 3).
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target primers and probes. It is also important to note that
no migration of fluorescence is detected between chambers
whether amplification has occurred or not. Indeed, each
chamber behaves as an independent reactor despite the fact
that these five chambers belong to the same fluidic circuit, a
point which is of utmost importance for simultaneous
detection of multiple targets in the same sample.36 Moreover,
the internal qPCR control, as represented by the red (Cy5)
fluorescent signal, shows correct amplification regardless of
the presence or absence of a target amplification in each
chamber, which thus validates the obtained results (Fig. 3F).
Data analysis of the FAM fluorescence signals leads to Cq
values that correspond to the following results as expected:
the positive control is validated since a multiplex is detected
in chamber C1, gluten is detected in chambers C2, C3 and
C6, and hazelnut is not detectable in chambers C4, C5. Cq
values for gluten detection ranged from 33.1 to 34.1
validating the detection of an equivalent of around 2 ppm of
gluten (20 ppm of wheat flour). To further assess the
performance of our microfluidic qPCR assay, we compared
our microfluidic results to the ones obtained in-tube using
two different commercial instruments (CFX, Biorad and QS5,
Thermo Fisher). Fig. 3G shows the Cq values obtained with
various concentrations of wheat purified DNA with the three
qPCR systems. In addition, data shown on Fig. 3G
demonstrated similar slopes between on-chip amplification
and commercial systems, validating that PCR efficacy is the
same: this indicates that the temperature is identical on-chip
and in tube. Compared to the qPCR assays in commercial
real-time qPCR instruments, one can conclude that our
results obtained from our microfluidic qPCR assay are very
similar in terms of dynamic range and sensitivity, and also in
their duration of about 1 h 45 min. However, our
microfluidic qPCR assay has the advantage of being
automatically coupled with sample preparation. Compared to
previously published more rapid (60 min) isothermal
amplification methods described for allergen detection,34–36

our device offers the advantage of an internal control in each
reaction chamber amplified simultaneously with the target
allergen. In addition, our integrated and automated system
demonstrates that qPCR can be achieved without the need of
highly trained personnel and laboratory equipment.

Gluten detection using the complete microfluidic cartridge

After successfully implementing the sample preparation assay
and qPCR assay independently in two microfluidic cartridges
as described above, we combined both protocols in one
single microfluidic cartridge (Fig. 1E), resulting in a full
protocol of 2 hours 10 minutes from sample-to-result without
any user intervention. This 2 h 10 min time-to-results
protocol is similar to other sample preparation and
biomolecular amplification microfluidic studies on food
allergens,35 with the great advantage of presenting a fully
integrated protocol directly from sample to results. In
addition, commercial sample-to-answer systems used in
central laboratories45 present comparable turnaround times,
with manual sample preparation steps of one hour followed
by PCR lasting 1 h 30 min. Four different food matrices
(sunflower spread, millet flour and canned food) were
prepared with various gluten contents and each sample was
tested in a complete microfluidic cartridge. Following a short
millifluidic sample pretreatment, the sample preparation
circuit of the cartridge allowed for precipitation, purification,
concentration and elution of the DNA, which was then
amplified in the qPCR microchambers by thermal cycling.
Fig. 4A shows the resulting amplification curves representing
the fluorescence signal with baseline subtraction of chamber
2 (containing the gluten target) for all four cartridges. The
curve corresponding to sample 1 (gluten-free sunflower
spread) shows a slight increase in fluorescence at around 45
cycles. Since this weak increase is situated above the Cq value
of 42 (see Fig. 2C), the gluten content of sample 1 should be
considered as not detectable. For the three other samples,
much lower Cq values were found, which indicates that all of
those three samples should be considered as gluten positive.
To further assess these results, we made a direct comparison
with a recently developed microfluidic architecture to
perform ELISA assays31 by analysing the same four samples
on both microfluidic systems. As presented in Fig. 4B, the
results of both systems are found to be in agreement, except
for sample 2. In this particular case of very low gluten
content (0.4 ppm of gluten), the qPCR resulted in “detected”,
whereas the ELISA reported “not detectable”. This is,
however, in agreement with the fact that the limit of

Fig. 4 Gluten detection using complete microfluidic cartridges with four different gluten content samples. (A) qPCR amplification curves obtained
with complete microfluidic cartridges. FAM fluorescence measured in chamber 2 (baseline subtracted) inside four different cartridges. (B)
Comparison of in-house and external laboratory analysis for both qPCR and ELISA. In-house ELISA results are obtained using the microfluidic
platform and cartridges previously described.45
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detection of the microfluidic ELISA is at 2 ppm and confirms
that qPCR is a more sensitive method than ELISA.46,47 For
the low gluten content sample (millet flour) and the high
gluten content sample (cassoulet) the results are consistent
with both methods reporting “detected” as expected. To
provide an additional independent comparison to these
results obtained with novel microfluidic systems, we
submitted the same four samples to an external laboratory
for routine analysis by both qPCR and ELISA. The reported
results from the external laboratory were received after one
week and are identical to the results obtained with the
microfluidic systems in only 2 h 10 min. This illustrates the
added value of our microfluidic approach.

The comparison of qPCR and ELISA in the context of food
allergen detection is not an obvious one, since both methods
target different macromolecules. Allergic reactions in
sensitive patients are due to the presence of proteins that
trigger an immune response, and a non-exhaustive list of
proteins is known for this. For example, currently twelve
different proteins are known for hazelnut allergenicity of
which six were identified in 2003, three in 2008, one in 2013,
one in 2019, and one in 2022.48 As a consequence,
immunoassay tests need to evolve continuously to take into
account new discoveries. It should be noticed that the FDA
uses two different types of ELISA kits to test food samples
before confirming any test result.49 On the contrary, DNA
does not trigger any immune response but reflects the
presence of a particular food (e.g. hazelnut, soy, sesame). It is
a more stable molecule than proteins and therefore rarely
degrades to induce failing of a qPCR test. Therefore, it
appears valuable to use DNA analysis to complement protein
analysis, as mentioned in other studies.28,47,50,51

When comparing the analytical performance of qPCR and
ELISA, we show that our microfluidic qPCR is more sensitive

than our microfluidic ELISA, with gluten detected in samples
containing as little as 0.4 ppm of gluten (4 ppm wheat flour),
whereas the ELISA limit of detection is 2 ppm.31

Furthermore, ELISA is a quantitative method presenting a
fine resolution allowing one to distinguish between 10, 20
and 30 ppm of gluten, but over a limited dynamic range (2–
60 ppm).31 If a sample is out of this dynamic range (high
concentration), it is considered as positive, but it has to be
diluted and analysed again to obtain quantification. In
comparison, qPCR presents an extended dynamic range from
0.4 ppm up to 500 ppm of gluten without any dilution of the
sample. However, the results are qualitative (“detected” or
“not detectable”) even if a clear correlation can be observed
between the concentration of the allergen and the measured
Cq value.

Multiplex allergen detection using the complete microfluidic
cartridge

We focused the last part of our work on the detection of
multiple allergens simultaneously from the same sample.
Thanks to the different qPCR microfluidic chambers, we were
able to target four different allergens simultaneously: gluten,
soy, sesame and hazelnut. We decided to use a wide range of
food matrices (flour, spread, seed mix, flavouring mix,
canned food - French cassoulet) and included surface
sampling (wet wipe) to address the cleaning process of a food
production line. We used raw samples and also the same
samples spiked with the various targeted allergens for a total
of 20 processed food samples from industrial production
lines. Table 1 summarises all the obtained outcomes with
their Cq values and corresponding result.

Gluten, soy, sesame and hazelnut are not detectable in
raw quinoa flour nor in raw sunflower spread. Subsequently,

Table 1 Simultaneous detection of four allergens in the same sample using the complete microfluidic cartridge. Measured Cq values in raw and spiked
samples result in the presence or absence of the specific allergen. A wide range of food matrices was used: flour, spread, seed mix, flavouring mix,
canned food (French cassoulet) and surface sampling (wet wipe). Flavouring mix contains Provence herbs, fried onions, dried tomatoes, parsley, red
paprika and sunflower seeds
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these samples were spiked with various amounts of allergen.
As expected, quinoa flour spiked with wheat flour leads to
gluten detection with Cq values of 32.1 and 28.2 for 20 ppm
and 2000 ppm, respectively. No other allergens were detected.
Sunflower spread was spiked either with only wheat flour
from 2000 ppm down to 4 ppm, or with both wheat flour and
a high amount of other allergen (sesame seeds or crushed
hazelnut) to evaluate the impact on gluten detection. Gluten
is detected in all the samples spiked with only wheat flour,
even at very low concentrations, such as 4 ppm
(corresponding to 0.4 ppm gluten), with a Cq value of 39.2.
Moreover, the presence of allergens other than gluten in huge
amounts in those samples does not alter the gluten
detection. Gluten is unambiguously detected in spiked wheat
flour samples containing sesame seeds or crushed hazelnut.
Furthermore, sesame and hazelnut are also correctly detected
in those samples. Moreover, the addition of dried fruit,24

containing glucose susceptible to affect PCR amplification
does not alter the gluten detection either in a sample
containing 200 ppm wheat flour and crushed hazelnut. In
addition, we can observe a clear trend between the Cq values
and the amount of spiked wheat flour in sunflower spread.
Finally, we investigated several potentially challenging
samples, namely a flavouring mix (containing Provence
herbs, fried onions, dried tomatoes, parsley, red paprika and
sunflower seeds), a canned food matrix (highly processed
French cassoulet) and a surface sampling wet wipe (used on
a contaminated surface). With the controls in place
validating the outcome, this demonstrates that our platform
is robust when working with those challenging samples. The
results show that the flavouring mix presents gluten and
hazelnut. Logically, French cassoulet contains gluten and
soy, as is mentioned on its label. Finally, the wet wipe from a
production line sampling reveals the presence of gluten, soy
and sesame.

Numerous studies report matrix effects on allergen
detection by PCR.24,52–55 Indeed, enzymatic reactions like
PCR are sensitive to inhibitors that originate from the sample
or from the extraction/purification process. For plant studies,
PCR inhibition has been demonstrated to occur from
contamination by polysaccharides and polyphenols, such as
cellulose, starch, glucose, dextran sulfate, pectin, flavanol,
gallic acid, resveratrol, and secoisolariciresinol. Many steps
in the PCR process can be affected by those inhibitors,
leading to reduced sensitivity or even false negatives.
Numerous modes of inhibition include: (i) competitive
binding of inhibitor and template to the Taq polymerase,
preventing the enzymatic reaction; (ii) nucleic acid cross-
linking/interaction that hampers nucleic acid isolation by
changing the chemical properties; (iii) magnesium cofactor
depletion leading to decreased enzyme activity.24 With the
food samples we tested, we observe matrix effects.
Nevertheless, gluten is always correctly detected, even in seed
mix and millet flour spiked with wheat flour in the presence
of sesame seeds, crushed hazelnut, dried fruit, spices or soy.
For all of the tested food matrices the expected results were

obtained on the four targeted allergens. Moreover, the
controls in place (negative control, fluidic control and
internal positive control) validate consistently the outcome of
the full process from sample preparation to qPCR detection.

Based on all these results (Table 1), we can conclude that
the developed method is robust: the controls in place validate
the outcomes of all 20 samples and the results are in
agreement with the actual known presence of allergens. All
samples (n = 12) containing 200 ppm (or less than 200 ppm)
of wheat flour, corresponding to the 20 ppm gluten
regulation threshold criteria, are clearly detected in all food
matrices. We also addressed the method specificity and we
observed no inhibition nor cross reactivity for gluten
detection in the presence of other allergens or in challenging
samples containing fat, polyphenols, spices and/or aromatic
herbs.20–23,56–58 In addition, during all experiments we
observed systematically that the control chamber C1 never
presents any amplification for gluten, sesame, soy or
hazelnut. This confirms the absence of environmental cross
contamination despite the numerous food samples that were
manipulated in the same room, which is most probably
thanks to the confined format of our microfluidic cartridge.
This demonstrates that our integrated microfluidic system
can be used safely on-site.

Point-of-need systems for both diagnosis and food safety
require methods that need to be certified, because the
associated results are crucial for patient health.59 Therefore,
the full analytical chain, from the raw sample up to the result
display on-site, is mandatory for certification. Currently, no
point of need instruments address the food industry market.
In that context, our system is able to respond to the following
constraints: detect trace of targets at the ppm level, address a
variety of samples and analyse multiple targets. In clinics,
commercial biomolecular diagnosis point-of-need devices
(cobas® Liat® system (Roche Diagnostics) and BioFire®
FilmArray® Panels (bioMérieux)) deal with various human
specimens i.e. swabs, blood cultures or soft/watery stools.
Similarly, our system is able to prepare and analyse multiple
agro-food samples such as raw materials, wet wipes or
canned foods. Diagnosis requires simultaneous testing of
multiple targets for comprehensive results and appropriate
therapy management (BioFire® FilmArray® Panels
(bioMérieux)). In the same spirit, our system currently
performs the detection of four different allergens at the same
time to initiate and ensure multiplexing implementation.

Conclusions

Our work focuses on the development of a microfluidic
platform for the integration of complex biological protocols.
In the perspective of future industrialization of the system,
microfluidic cartridges are made of COC, a material that can
be easily manufactured by injection molding for large volume
production. Our microfluidic cartridge includes both sample
preparation and multiplex biomolecular detection with
internal controls and is driven by an autonomous instrument
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for easy-to-use on-site operation. The microfluidic
architecture has been designed to perform DNA extraction,
purification, concentration, elution in PCR reagents, and
finally qPCR amplification that takes place in six
microchambers containing specific dried primers and probes
for each allergen and for controls. The instrument drives the
cartridge in a fully automated way from sample to result
without any intervention of the user, taking care of all fluidic
handling, thermal cycling and fluorescent imaging to obtain
results in close to two hours.

We evaluated the system in the context of food safety for
on-site allergen management. We illustrate that four
allergens (i.e. gluten, sesame, hazelnut and soy) are
unambiguously detected in various food matrices. The same
microfluidic platform could be used to detect other allergens
of interest, just by adapting the embedded primers and
probes. Here, we pay particular attention to gluten and we
fulfil comfortably the regulation threshold criteria of 20 ppm
of gluten, even in challenging samples. In addition, we
demonstrate on various food matrices that our PCR results
are in agreement with (or even more sensitive than) another
orthogonal analysis method, namely ELISA, as well as being
in accordance with independent external laboratory analyses
(PCR and ELISA). Considering that future analytical methods
will require sensitivity, specificity, robustness, repeatability,
quantification and high dynamic range, orthogonal methods
are mandatory to ensure the safety and health of allergic
individuals. Based on our previous study31 and taken
together with these new results, our global approach could
pave the way for on-site allergen management, with the
development of a validated and accredited method,60

including both ELISA and PCR analysis as complementary
approaches.
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