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A B S T R A C T

The field of microfluidics holds great promise for the development of simple and portable lab-on-a-chip systems.
The use of capillarity as a means of fluidic manipulation in lab-on-a-chip systems can potentially reduce the
complexity of the instrumentation and allow the development of user-friendly devices for point-of-need
analyses. In this work, a PDMS microchannel-based, colorimetric, autonomous capillary chip provides a
multiplexed and semi-quantitative immunodetection assay. Results are acquired using a standard smartphone
camera and analyzed with a simple gray scale quantification procedure. The performance of this device was
tested for the simultaneous detection of the mycotoxins ochratoxin A (OTA), aflatoxin B1 (AFB1) and
deoxynivalenol (DON) which are strictly regulated food contaminants with severe detrimental effects on
human and animal health. The multiplexed assay was performed approximately within 10 min and the achieved
sensitivities of < 40, 0.1–0.2 and < 10 ng/mL for OTA, AFB1 and DON, respectively, fall within the majority of
currently enforced regulatory and/or recommended limits. Furthermore, to assess the potential of the device to
analyze real samples, the immunoassay was successfully validated for these 3 mycotoxins in a corn-based feed
sample after a simple sample preparation procedure.

1. Introduction

The development of microfluidic devices, allowing the manipulation
of liquids in confined channels with characteristic dimensions ranging
from tens to hundreds of micrometers, provide several key advantages
within the field of analytical chemistry. Based on properties such as
high surface-to-volume ratios, low reagent consumption, prevalence of
viscous and capillary forces and laminar flows, several strategies have
been developed using microfluidic devices with the objective of
implementing desired features such as portability, high sensitivity,
integration of several multi-functional modules, low-cost per test, short
response times, reproducibility and high-throughput (Mark et al.,
2010). Taking advantage of these properties, microfluidic devices can
ideally be used directly at the point-of-need, which is an important
advantage for applications such as medical diagnostics, food safety and
environmental monitoring.

However, one of the main barriers to the adoption of microfluidics
for point-of-need has been the complexity of the liquid handling
systems and of the signal transduction (Ng et al., 2010). For this
reason, a number of approaches are currently being explored to

overcome these challenges such as the simplification and optimization
of immunoassay architectures (Soares et al., 2016a, 2016b, 2017a;
Gervais and Delamarche, 2009; Gervais et al., 2011), the development
of autonomous liquid insertion mechanisms for capillary driven flow
(Juncker et al., 2002), the evolution of capillary pumps (Mohammed
and Desmulliez, 2014) as well as the miniaturization and integration of
transducers (Soares at al, 2017a; Borecki et al., 2010), aiming at
rendering these systems more user-friendly (Jung et al., 2015; Streets
and Huang, 2013). The application of passive microfluidic liquid flow
systems based on capillary forces in particular correspond to generally
simpler fluidic handling approaches in which the flow dynamics can be
precisely controlled in space and time with a high degree of versatility
through the microchip design and the control of surface properties
(Volpatti and Yetisen, 2014; Zimmermann et al., 2007). This is in
contrast to classical paper-based lateral flow assays which have been
under development and commercialized for several decades (Haeberle
and Zengerle, 2007; Martinez et al., 2008), but which have a less
versatile and controllable flow regime and a much lower degree of
miniaturization.

One application that has still not been addressed using capillary
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microfluidics is the detection of mycotoxins in food and feed samples, a
critical global food safety concern (Guo et al., 2015; Temba et al., 2016;
Gong, 2010) which could benefit greatly from simple, point-of-need
compatible and rapid methods for analysis (Turner et al., 2015). These
toxins, such as ochratoxin A (OTA), aflatoxin B1 (AFB1) and deoxyniva-
lenol (DON) are produced by fungi during transport or storage of food and
feed products and are associated with many harmful effects to both
human and animal health including carcinogenic, genotoxic and hepato-
toxic effects. Several of these toxins can be present simultaneously in a
particular sample of feed or food, making multiplexed analyses particu-
larly relevant (Marin et al., 2013; Anfossi et al., 2016). Strict regulatory
limits for mycotoxin presence in foods and feeds have been imposed by
the European Union, which further increases the demand for rapid point-
of-need detection in order to enforce regulations, prevent productivity
losses, and avoid toxic effects. The regulatory limits are in the range of 2–
12 ppb for AFB1, 2–10 ppb for OTA and 200–750 ppb for DON,
considering foods for consumption by human adults (European
Commission Regulation 1881/2006). In the case of the regulatory limits
established for animal feeds, only limits for AFB1 are currently being
enforced (Directive 2002/32/EC of the European Parliament and of the
Council) and are between 5 and 50 ppb. Nevertheless, maximum
recommended limits for OTA (50–100 ppb) and DON (0.9–5 ppm) have
also been published, which are still highly relevant, particularly in the
livestock industry in order to prevent animal weight losses (European
Commission Recommendation 2006/576/EC).

To provide point-of-need mycotoxin detection, this work presents a
novel colorimetric capillary chip, which is able to perform a rapid
multiplexed immunodetection of OTA, AFB1 and DON at relevant
limits in approximately 10 min. Furthermore, to simplify the assay and
make it compatible with a point-of-need application, colorimetric
signal transduction was performed and the signal was acquired using
a mid-range smartphone camera with 8 megapixel resolution coupled
to a simple image processing procedure. This chip design is versatile
and can be extended to other immunoassay architectures with the
appropriately tailored sequence of fast and slow pumps. Along these
lines, the approach described here can be extended to a wide variety of
point-of-need biosensor applications.

2. Experimental methods

2.1. Chemicals and biologicals

Polyethylene glycol (PEG) with a molecular mass of 8 kDa, phos-
phate buffered saline (PBS) tablets (137 mM NaCl, 2.7 mM KCl,
10 mM phosphate, pH 7), 1,1′-Carbonyldiimidazole (CDI), acetone
(99%), anhydrous ethanol, anhydrous methanol, bovine serum albu-
min (BSA), ochratoxin A (OTA), aflatoxin B1 (AFB1), deoxynivalenol
(DON), Anti-Mouse IgG (whole molecule), OTA-BSA conjugates and
AFB1-BSA conjugates were purchased from Sigma-Aldrich. DON-BSA
conjugates were prepared in-house using CDI chemistry according to
the same procedure previously described in detail (Soares et al.,
2017a). The stock solutions of mycotoxins were prepared as follows:
OTA was dissolved in a 1:2 parts methanol and water solution (100 µg/
mL), AFB1 was dissolved in anhydrous ethanol (200 µg/mL) and DON
was dissolved in anhydrous methanol (1 mg/mL). Affinity purified
anti-OTA polyclonal antibodies conjugated with horseradish peroxi-
dase (HRP) were purchased from Immunechem Pharmaceuticals
(Burnaby, Canada), anti-AFB1 mouse monoclonal antibodies (AFA-1)
were purchased from Abcam (Cambridge, UK) and anti-DON mouse
monoclonal antibodies were purchased from Biotez (Berlin, Germany).
The anti-AFB1 and anti-DON antibodies were conjugated with HRP
using an HRP labelling kit, purchased also from Abcam. TMB was
purchased from Thermo Scientific as a ready to use 1-Step™ Ultra
TMB-Blotting Solution. All solutions were prepared using ultrapure
water obtained from a MilliQ® system from EMD Millipore. All feeds
under study were kindly supplied by a major feed producer.

2.2. Microfabrication of PDMS structures

The microfluidic structures were fabricated in polydimethylsiloxane
(PDMS) using standard soft lithography techniques, described in detail
elsewhere (Soares et al., 2016b). The mask was designed in CAD
software and transferred to an aluminum coated substrate using a
Heidelberg DWLII direct write lithography system followed by wet
chemical etching of the Al pattern with a commercial Al etchant. This
mask was subsequently used to pattern SU-8 (SU-8 50, Microchem,
Newton, MA, USA). The SU-8 was spin-coated on top of a clean Si
substrate to an average thickness of 50 µm, soft baked at 65 °C for
3 min, followed by 8 min at 95 °C. Then, the mask was placed on top of
the substrate and the SU-8 was exposed with a 400 W UV light source
for 25 s. After a post-exposure bake for 1 min at 65 °C and 7 min at
95 °C the non-exposed regions were developed for 5–10 min in
propylene glycol monomethyl ether acetate (PGMEA) (99.5%, Sigma-
Aldrich) and then hard baked at 150 °C for 15 min. To fabricate the
PDMS structure, a Sylgard 184 silicon elastomer kit (Dow-Corning)
with a curing agent to elastomer ratio of 1:10 was poured over the mold
and then baked for 1 h 30 min at 70 °C. Afterwards, the structures were
cut and peeled from the mold and each of the four chambers was
spotted with 0.4 μL of α-mouse with a concentration of 0.1 mg/mL in
chamber 1 (used as an internal control and henceforth referred to as
reference chamber) and with a concentration of 1 mg/mL of the three
respective toxin-BSA conjugates in chambers 2–4. After letting the
solvent in the spots evaporate at room temperature, the structures were
reversibly sealed against clean glass treated using an expanded Harrick
Plasma cleaner (800 mTorr oxygen, 1 min at medium intensity) leaving
the inlets and outlets open to the air.

2.3. Immunoassay experiments

5–10 min after sealing the structure (time optimized based on the
change of contact angle over time , Fig. S1), 4 μL of BSA 4% were
flowed through the chambers in order to block the surface and avoid
nonspecific adsorption. In the case of a single-inlet microfluidic
structure, after flowing the entire volume of BSA solution, 2 μL of a
mixture containing 5 μg/mL of α-OTA-HRP, 5 μg/mL of α-AFB1-HRP
and 10 μg/mL α-DON-HRP antibodies mixed with defined concentra-
tions of the free toxins were introduced at the inlet. Finally, after
exhausting the previous solution, 4–6 μL of TMB plus hydrogen
peroxide were introduced at the inlet in order to generate a colori-
metric signal in each of the chambers. Fig. 1 shows a schematic of the
assay steps. This single inlet structure was used to perform all assays in
this paper with the exception of the analysis of a pre-processed corn
sample. In this case, after inserting the solution in the first inlet, the
solutions corresponding to the second and third inlets were added
sequentially and the immunoassays were autonomously performed
with solutions flowing in sequence. Details about the autonomous
sequential liquid insertion structure are discussed in Section 3.1.1.

2.4. Signal acquisition and data analysis

The colorimetric signal was acquired using a smartphone camera
(Samsung Galaxy Grand Prime Value Edition SM-G531F, 8 MP, 3264 ×
2448 pixels) in ambient lighting. Pictures were taken manually at a
focal distance of approximately 30 cm. Subsequently, the photos were
analyzed using ImageJ software (NIH, Bethesda, MD, USA). A square
area of 600 pixels2 centered at the colorimetric spot was defined, which
included the total area of the spot. The measured signal in terms of gray
scale (32-bit) is proportional to the transmittance after computing the
difference between minimum (center of the spot) and maximum
(background) gray scale intensity values according to Eq. (1), where
S is the signal for a given spot, Tmax is the maximum of transmittance
in AU and Tmin is the minimum of transmittance in AU. To normalize
the signal, the S value was divided by the signal provided by the
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